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Introduction

Vascular calcification (VC) increases with age, with chronic 
kidney disease, hypertension, and diabetes all contributing 
to this process.1 VC occurs mainly in the intima and middle 
layers of the aorta and was initially thought to be a passive 
process, referring mainly to deposition of calcium phosphate 
minerals on the intima of arteries.2,3 However, phenotypic 
switching of vascular smooth muscle cells (VSMCs) in the 

mid-vascular layer was shown recently to act as an essen-
tial factor in regulating VC.1,4 Vascular smooth muscle cells 
are transformed to be an osteoblast phenotype after disease, 
with this alteration decreasing the VSMC makers, SM22α 
and SMα-actin, and increasing bone formation markers, 
RUNX2 and alkaline phosphatase (ALP).5,6

Curcumin (CUR) is a natural polyphenol extracted from 
the plant turmeric. Ongoing research on CUR’s action has 
shown it has anti-inflammatory, antioxidant, anti-tumor, 
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Abstract
Vascular calcification (VC) is the most widespread pathological change in 
diseases of the vascular system. However, we do not have a good understanding 
of the molecular mechanisms and effective therapeutic approaches for VC. 
Curcumin (CUR) is a natural polyphenolic compound that has hypolipidemic, anti-
inflammatory, and antioxidant effects on the cardiovascular system. Exosomes 
are known to have extensive miRNAs for intercellular regulation. This study 
investigated whether CUR attenuates VC by affecting the secretion of exosomal 
miRNAs. Calcification models were established in vivo and in vitro using vitamin 
D3 and β-glycerophosphate, respectively. Appropriate therapeutic concentrations 
of CUR were detected on vascular smooth muscle cells (VSMCs) using a cell 
counting kit 8. Exosomes were extracted by super speed centrifugation from the 
supernatant of cultured VSMCs and identified by transmission electron microscopy 
and particle size analysis. Functional and phenotypic experiments were performed 
in vitro to verify the effects of CUR and exosomes secreted by VSMCs treated with 
CUR on calcified VSMCs. Compared with the calcified control group, both CUR 
and exosomes secreted by VSMCs after CUR intervention attenuated calcification 
in VSMCs. Real-Time quantitative PCR (RT-qPCR) experiments showed that 
miR-92b-3p, which is important for alleviating VC, was expressed highly in both 
VSMCs and exosomes after CUR intervention. The mimic miR-92b-3p significantly 
decreased the expression of transcription factor KLF4 and osteogenic factor 

RUNX2 in VSMCs, while the inhibitor miR-92b-3p had the opposite effect. Based on bioinformatics databases and dual luciferase 
experiments, the prospective target of miR-92b-3p was determined to be KLF4. Both mRNA and protein of RUNX2 were decreased 
and increased in VSMCs by inhibiting and overexpressing of KLF4, respectively. In addition, in the rat calcification models, 
CUR attenuated vitamin D3-induced VC by increasing miR-92b-3p expression and decreasing KLF4 expression in the aorta. In 
conclusion, our study suggests that CUR attenuates vascular calcification via the exosomal miR-92b-3p/KLF4 axis.
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Impact Statement

Vascular calcification (VC) underlies the patho-
physiology of multiple diseases and is a major risk 
factor for cardiovascular disease. Therefore, under-
standing the pathogenesis of VC and identifying 
potential therapeutic targets is urgently required. 
This study showed that curcumin (CUR) attenu-
ated VC by affecting exosomes secreted by vas-
cular smooth muscle cells (VSMCs). Exosomes 
can be absorbed by vascular smooth cells and act 
via the miRNAs they carry. We found that the high 
expression of miR-92b-3p in exosomes secreted 
after CUR intervention had a major effect of alleviat-
ing VC. The miR-92b-3p/KLF4 axis was involved in 
the pathological regulation of VC. Moreover, CUR 
attenuated VC by increasing miR-92b-3p expres-
sion and decreasing KLF4 expression in vivo. This 
study provides a new option for the treatment and 
prevention of VC.
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hypolipidemic, and anti-atherosclerotic effects, with mini-
mal toxic side effects.7–10 It has also been reported that CUR 
inhibits apoptosis of VSMCs11 and is involved in regulating 
VC12,13 by inhibiting JNK/Bax signaling pathway-mediated 
apoptosis.14 While there is increasing evidence that CUR can 
protect the cardiovascular system,15,16 the molecular mecha-
nism by which CUR attenuates VC remains unknown.

Exosomes (EXO) have been found in calcified human 
aortic valves and in the aortic mesentery.17 Exosomes are 
extracellular vesicles, sized between 30 to 150 nm, that are 
secreted by various cell types and contain miRNA, mRNA, 
and proteins for intercellular communication.18 Normally, 
VSMCs secrete exosomes to regulate other cells. However, 
in disease conditions, calcified VSMCs also secrete exosomes 
that affect the growth of normal VSMCs, thereby exacer-
bating VC.19–23 On the basis of this finding, we undertook 
a study to verify whether CUR attenuated VC through a 
mechanism affecting exosome secretion.

Materials and methods

Ethical statements

All the animal experiments were approved by the Ethics 
Committee of Guangxi Medical University (Approval 
Number: 201910033). The study conformed to the guidelines 
for the care and use of laboratory animals published by the 
Chinese Academy of Health Sciences.

Reagents

Curcumin (A0086) was obtained from Chengdu Must Bio-
technology Co., Ltd, China. β-glycerophosphate (50020), 
PKH26 (PKH26PCL), and GW4869 (D1692) were bought 
from Sigma-Aldrich (St. Louis, MO, USA), while the 
NucleoZOL RNA isolation kit (740404) was purchased 
from Macherey-Nagel (Düren, Germany). DMEM cul-
ture medium (319-006-CL) was purchased from Wisent 
Biotechnology (Canada) and Runx2 (ab23981, 1:1000) from 
Abcam (Cambridge, MA, USA). GAPDH (60004-1-Ig, 1E6D9, 
1:20000), KLF4 (11880-1-AP, 1:500), and ASMA (14395-
1-AP, 1:1000) were purchased from Proteintech (Wuhan, 
China), the mRNA RT-qPCR detection kit (R323-01) from 
Nanjing Vazyme Biotech Co., Ltd, China, and the miRNA 
RT-qPCR detection kit (QP115) and all primers used in this 
study from GeneCopoeia (Guangzhou, China). KLF4 siRNA 
(siB0858163956-1-5), miR-92b-3p mimic (miR10005340-1-5), 
the inhibitors miR-92b-3p (miR20005340-1-5), and their cor-
responding comparators were purchased from Guangzhou 
RiboBio Co., Ltd, China. Overexpressed (OE) KLF4 plasmid 
was purchased from Shanghai Genechem Co., Ltd, China. 
The ALP assay kit (P0321 S), alkaline phosphatase color 
development kit (C3206), Alizarin Red S staining solution 
(C0140), calcium colorimetric assay kit (S1063 S), cell count-
ing kit-8 (C0038), DAPI (C1105), Western and IP cell lysate 
(P0013J) were purchased from Beyotime (Shanghai, China). 
Fetal bovine serum (10099133C), the Bicinchoninic Acid 
(BCA) protein assay kit (23225), and Lipofectamine™ 3000 
transfection reagent were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA). The enhanced chemilu-
minescent (ECL) reagent kit (BL520A) was obtained from 

Biosharp (Shanghai, China) and exosome-free fetal bovine 
serum (C38010050) from Biological Industries (Kibbutz Beit 
Haemek, Israel).

Cell culture and interventions

Rat VSMCs were bought from Kunming Cell Bank, Chinese 
Academy of Sciences, and cultured in DMEM medium con-
taining 10% fetal bovine serum and 1% penicillin/strep-
tomycin in a fixed environment at 37°C and 5% CO2. The 
medium was updated each 2 days to promote better cell 
growth. To establish a model of calcification of VSMCs, the 
cells were induced in DMEM medium containing 10 mM  
β-glycerophosphate (β-GP). CUR was dissolved in DMSO and 
co-intervened for 14 days with VSMCs induced by calcifica-
tion to determine the regulatory effect of CUR on calcification. 
Transient transfection of KLF4 siRNA with overexpressed 
KLF4 plasmid, miR-92b-3p mimics, and suppressors was car-
ried out in VSMCs in six plates using Lipo3000TM based on 
the manufacturer’s instructions. All the experiments were 
conducted separately for a minimum of three times.

Toxicity analysis of CUR

The toxic effect of CUR on VSMCs was determined using the 
cell counting kit 8. VSMCs were inoculated into 96-well cell 
culture plates at a density of 1500 cells per well according to 
the manufacturer’s directions. After the addition of differ-
ent concentrations of CUR (0, 0.1, 1, 10, and 100 µM) to the 
VSMCs, the absorbance at 450 nm was analyzed at 24 h and 
48 h using an enzyme marker.

Isolation, purification, and identification of 
exosomes

To exclude the interference of exosomes in fetal bovine serum 
and to collect only exosomes secreted by VSMCs, we cultured 
VSMCs in DMEM medium prepared with exosome-free fetal 
bovine serum. After 48 h of incubation, differential centrifu-
gation was used to collect the cell supernatant for isolation 
and purification of the exosomes. This involved centrifuga-
tion at 300 g for 10 min and then 2000 g for 10 min to clear the 
suspended cells, followed by centrifugation at 10,000 g for 
30 min to remove cell debris, and then by ultracentrifuga-
tion at 110,000 g for 90 min. The exosomes were treated once 
with phosphate buffered saline (PBS), centrifuged again at 
110,000 g for 90 min, and finally mixed in PBS. According to 
the manufacturer’s directions, we measured the protein levels 
of exosomes using the BCA protein assay kit. A transmission 
electron microscope (Hitachi HT7800, Japan) was used for 
morphological analysis and a nanoparticle tracking analyzer 
Zetaview (Particle Metrix, Germany) for particle size analysis 
of the exosomes. The marker protein for exosomes, TSG101, 
was measured using western blotting. The exosomes were 
labeled with PKH26 to observe their uptake by VSMCs using 
a confocal microscope (Leica TCS SP8, Germany) according 
to the manufacturer’s directions.

RT-qPCR experiments

Total RNA was obtained from aortic tissue and VSMCs using 
the NucleoZOL RNA isolation kit, according to the maker’s 
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directions. To measure the expression of miR-92b-3p, KLF4, 
and RUNX2, the extracted RNA was subjected to reverse 
transcription and the real-time fluorescence polymerase 
chain reaction using ABI 7500 Fast (Applied Biosystems, 
Darmstadt, Germany).

RUNX2 forward 5′-CATGGCCGGGAATGATGAG-3′ 
and reverse 5′-TGTGAAGACCGTTATGGTCAAAGTG-3′; 
KLF4 forward,5′-CGGGAAGGGAGAAGACACTGC-3′ 
and reverse 5′-GCTAGCTGGGGAAGACGAGGA-3′;  
β-actin forward 5′-GGAGATTACTGCCCTGGCTCCTA-3′ 
and reverse 5′-GACTCATCGTACTCCTGCTTGCTG-3′; 
miR-92b-3p(CGCAGTATTGCACTCGTC). miR-7a-
5p(TGGAAGACTAGTGATTTTGTTGTAAA). KLF4 and 
RUNX2 expressions were normalized by β-actin and miR-
92b-3p expression by U6, with the relative expressions 
calculated by comparison with the 2-ΔΔCT method. All 
experiments were repeated three times independently.

Western blotting

We extracted proteins from the VSMCs and determined 
the protein concentrations using the BCA protein assay 
kit. An equivalent quantity of protein sample (20 µg) was 
then electrophoresed and transferred to polyvinylidene 
fluoride (PVDF) membranes. We closed the strips with 5% 
skim milk powder for 1 h, followed by incubation with a 
primary antibody (RUNX2, KLF4, or GAPDH) at 4°C over-
night. The membranes were washed the next day and soaked 
with the appropriate secondary antibody for 1 h at room 
temperature, followed by detection using the FluorChem 
FC3 (ProteinSimple, San Jose, CA, USA) imaging system in 
conjunction with the ECL chemiluminescent substrate kit. 
The protein expression was then quantified using Image J. 
All experiments were repeated three times independently.

Cellular Alizarin Red S staining, ALP staining, and 
activity assay

Six-well plates containing VSMCs were flushed lightly with 
PBS, followed by the addition of 4% paraformaldehyde for 
10 min. Calcium ions were detected by staining with an 
Alizarin Red S solution for 10 min, according to the manu-
facturer’s directions. After staining with the ALP color devel-
opment kit for 30 min, photographs were taken under a light 
microscope and the results were analyzed by Image J.

For measurement of ALP activity, six-well plates of cul-
tured cells were washed lightly three times and lysed by add-
ing 100 µL of Western and IP cell lysis solution. According to 
the manufacturer’s directions, we used the ALP assay kit to 
measure ALP activity and the BCA assay kit to measure pro-
tein density. ALP activity was expressed relatively by protein 
levels as U/mg of protein.

Immunofluorescence

We used 4% paraformaldehyde to fix the VSMCs for 10 min 
and 0.1% Triton X-100 to penetrate the cells for 10 min, closed 
them with 10% bovine serum albumin blocking solution, and 
then incubated them with primary antibody at 4°C over-
night. The next day, the cell surface was rinsed gently with 
PBS and immersed with the corresponding fluorescent sec-
ondary antibody for 1 h at room temperature. The cells were 

then soaked in the DAPI solution for 10 min. An inverted 
fluorescence microscope (IX71-olympus, Japan) was used to 
observe the fluorescence of the cellular proteins.

Transwell co-culture system

To verify the role of the secreted exosomes affecting VSMCs 
after CUR intervention, we cultured VSMCS using the 
Transwell co-culture system (Corning-3450, NY, USA). In 
this system, both the upper and lower chamber of the culture 
dish are used to grow the VSMCs. We used CUR-containing 
medium for VSMCs in the lower chamber, with or without 
GW4869 (an exosome secretion inhibitor). The changes in the 
VSMCs in the upper chamber of the petri dish were analyzed 
after 48 hr.

Luciferase reporter assay

The online public databases (miRDB (http://mirdb.org/
index.html) and Targetscan (http://www.targetscan.org)) 
were used to identify possible mRNA binding sites that were 
regulated by rat miR-92b-3p. After examining the intersec-
tion analysis of the results, we considered that KLF4 was a 
significant binding target. To further determine the regula-
tory relationship between miR-29b-3p and KLF4, we per-
formed a dual-luciferase reporter gene assay in HEK293T 
cells. In this experiment, we transfected wild-type KLF4 
3′-UTR or mutant KLF4 3′-UTR and miR-92b-3p mimics or 
the relative controls in HEK293T cells. A luciferase detection 
system (Promega Corporation, Madison, Wisconsin, USA) 
was used to analyze firefly luciferase activity, according to 
the manufacturer’s directions.

Animal research

We obtained male Sprague Dawley rats aged about 3 months 
with an average weight of 200 g from the Experimental 
Animal Center of Guangxi Medical University for the stud-
ies. The animals were divided randomly into three groups 
each containing five animals. A rat model of VC was estab-
lished by intraperitoneal injection of vitamin D3 (Vit D3) 
300,000 IU/kg once daily for 14 days and represented the cal-
cification control group. Negative control rats were admin-
istered equal amounts of saline by the same route for the 
same duration. In the CUR treatment group, in addition to 
the dose of Vit D3 received by the calcified control group, 
50 mg/kg of CUR dissolved in olive oil was added daily by 
gavage for 14 days. To comply with the univariate principle 
of the experiment, the negative control and calcified control 
groups were administered equal amounts of olive oil by gav-
age. At the end of the experiment, the rats were executed 
by cervical dislocation and their thoracic aorta collected. 
Followed by fixation of the specimen, 8 mm sections were 
prepared for Alizarin Red S staining, Von Kossa staining, and 
the immunohistochemical experiments. RNA and protein 
were extracted from the other aortic structures.

Alizarin Red S staining, Von Kossa staining, and 
immunohistochemistry of the aorta

The thoracic aorta was fixed in 4% paraformaldehyde for 24 
hr, immersed in wax, and then sliced into 8 mm thick sec-
tions as described previously.24 Xylene was used to dewax the 
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sections, followed by dehydration in an alcohol solution. For 
Alizarin Red S staining, the sections were placed in the stain-
ing solution for 5 min, according to the manufacturer’s direc-
tions, and then photographed under a light microscope. For 
the Von Kossa staining, we incubated the sections in 1% silver 
nitrate in the sunlight for 1 h, then in 5% sodium thiosulfate 
for 2 min, and then photographed with a light microscope,25 
according to the manufacturer’s directions. Positively stained 
areas were detected using Image J analysis.

For immunohistochemical staining of rat thoracic aorta, 
the tissue was cut into 5 µm size sections as described previ-
ously.26 Briefly, the sections were stripped of wax, dehydrated 
in graded alcohol solutions, closed with 5% fetal serum for 
1 h and the immersed overnight in primary antibodies for 
KLF4 and RUNX2 at 4°C. The sections were then incubated 
with the corresponding secondary antibody at room for 1 h 
and treated with the Diaminobenzidine (DAB) kit, according 
to the manufacturer’s guidelines. The nuclei were stained 
with hematoxylin, followed by photography using a light 
microscope (Nikon ECLIPSE CI, Japan). Image J was used 
for analysis of the positively stained areas.

Statistical analysis

All the results were presented as mean ± SD. Statistical analy-
sis of the experimental data of two sample groups was per-
formed using Student’s unpaired t test and one-way analysis 
of variance for ⩾3 groups using GraphPad Prism (version 8.0, 
CA, USA). The correlation between KLF4 and miR-92b-3p 
expression was analyzed using Pearson correlation analysis. 
Statistical significance was defined as p values < 0.05.

Results

CUR attenuates the calcification of VSMCs

As shown in Figure 1(A), CUR concentrations of 0.1 μM,  
1 μM, and 10 μM had no statistically significant effect on 
the growth of VSMCs, although the concentration of 100 μM 
CUR had a significant toxic effect on growth. We found that 
10 μM CUR was most effective in attenuating the calcification 
of VSMCs. RT-qPCR showed that 10 μM CUR inhibited the 
expression of RUNX2 mRNA in a dose-dependent manner 
(Figure 1(B)). Meanwhile, western blot analysis also showed 
that expression of RUNX2 protein was dose-dependently 
inhibited by 10 μM CUR (Figure 1(C)). We therefore used 
a concentration of 10 μM for all interventions with CUR in 
later studies. We also showed that osteogenic differentiation 
and calcification of VSMCs were inhibited after CUR treat-
ment using the ALP activity assay (Figure 1(D)), Alizarin Red 
S staining (Figure 1(E)), and alkaline phosphatase staining 
(Figure 1(F)). These studies demonstrated that CUR attenu-
ated calcification in VSMCs.

Secretion of exosomes after CUR intervention in 
VSMCs attenuates the calcification of VSMCs

Exosomes isolated from the cell supernatant of VSMCs incu-
bated with CUR were analyzed to determine whether they 
affected the calcification of VSMCs. Transmission electron 
microscopy showed that these vesicles had a typical cup-
shaped or spherical morphology (Figure 2(A)). Nanoparticle 

tracking analyzer analysis confirmed that most VSMCs 
secreted exosomes, sized about 30–150 nm (Figure 2(B)). 
Western blot analysis showed that TSG101, a protein marker 
for exosomes, was expressed significantly in these vesicle 
enrichments compared with that in the cell supernatant 
(Figure 2(C)). These findings confirm that we had extracted 
exosomes from the cell supernatant.

To investigate whether the exosomes excreted by VSMCs 
after CUR intervention were absorbed by other VSMCs, we 
used PKH26 to label the exosomes. The labeled exosomes 
were then incubated with VSMCs. We used confocal micros-
copy to show that the labeled exosomes could be absorbed 
by VSMCs (Figure 2(D)). To investigate whether exosomes 
secreted after incubation of VSMCs with CUR inhibited the 
calcification of VSMCs, we collected cell supernatants of the 
cultures and isolated the exosomes by differential centrifuga-
tion. These exosomes were shown to inhibit the calcification 
of other VSMCs using RUNX2 mRNA expression (Figure 
2(E)), Alizarin Red S staining (Figure 2(F)), ALP staining 
(Figure 2(G)), and ALP activity assay (Figure 2(H)).

CUR affects exosomes secreted by VSMCs to 
attenuate the calcification of VSMCs

To confirm whether the exosomes secreted after incubation 
of VSMCs with CUR inhibited calcification, VSMCs were 
cultured in an exosome-free fetal bovine serum medium. 
The following subgroups were prepared for the experiment. 
The negative control was VSMCs without any intervention, 
while the experimental groups included VSMCs incubated 
with CUR with or without GW4869, an exosome secretion 
inhibitor. As shown in Figure 3(A) to (C), the addition of 
CUR attenuated osteogenic differentiation (Figure 3(A)) and 
alkaline phosphatase activity (Figure 3(B)) in VSMCs com-
pared with that observed in negative controls. The marker 
protein (alpha-smooth muscle actin (ASMA)) was increased 
in VSMCs (Figure 3(C)), although these inhibitory effects 
disappeared after the addition of GW4869. These results 
showed that CUR impairs the calcification of VSMCs due to 
its effect on the exosome secretion from VSMCs.

To verify the mutual regulation of secretory exosomes in 
VSMCs, the cells were cultured in the Transwell co-culture 
system using an exosome-free fetal bovine serum medium. 
As shown in Figure 3(D), VSMCs in the lower chamber 
of this system were incubated with CUR, with or without 
GW4869, while normally growing VSMCs were co-cultured 
in the upper chamber. The results indicated that RUNX2 
mRNA expression (Figure 3(E)) and ALP activity (Figure 
3(F)) were increased in VSMCs in the upper chamber and 
in the lower chamber containing GW4869, compared with 
cells with no addition of GW4869. These data confirm that 
exosomes interact among VSMCs and are influenced by 
GW4869. In summary, CUR affects exosomes secreted by 
VSMCs, thereby impairing the calcification of VSMCs.

CUR increases miR-92b-3p expression in 
exosomes and VSMCs to suppress calcification  
of VSMCs

Numerous reviews have indicated that exosomes excreted by 
VSMCs are enriched with miRNAs and that these miRNAs 
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play a vital regulatory role in VC. Using RT-qPCR, we detected 
several miRNAs associated with calcification (miR-7a-5p, 
miR-92b-3p) and found that miR-92b-3p was expressed with 

a greater level in exosomes secreted after CUR intervention 
(Figure 4(A)). Similarly, miR-92b-3p was also highly expressed 
in CUR-intervened VSMCs (Figure 4(B)). To confirm that 

Figure 1.  CUR attenuates the calcification of VSMCs. (A) Cell viability of VSMCs measured at 24 h and 48 h after incubation with different concentrations of CUR  
(0, 0.1, 1, 10, 100 µM). (B and C) Expression of RUNX2 measured after incubation of VSMCs with different concentrations of CUR (0, 0.1, 1, 10 µM). (B) RUNX2 
mRNA expression. (C) RUNX2 protein expression. (D to F), VSMCs cultured in media supplemented with negative control, β-GP, or CUR + β-GP. (D) Alkaline 
phosphatase activity assay. (E) Six-well plates of cultured VSMCs subjected to Alizarin Red S staining, photographed as a whole with a cell phone and partially with 
a light microscope. The scale bar represents 200 µm. Positively stained regions were analyzed using Image J software. (F) Six-well plates of cultured VSMCs stained 
for alkaline phosphatase and photographed as a whole with a cell phone and partially with a light microscope. Positively stained regions were analyzed by Image J 
software. The scale bar stands for 200 µm. *p < 0.05, **p < 0.01, ***p < 0.001. (A color version of this figure is available in the online journal.)
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miR-92b-3p attenuated calcification in VSMCs, we trans-
fected miR-92b-3p mimics into VSMCs. RT-qPCR showed that 
miR-92b-3p was significantly upregulated in VSMCs (Figure 
4(C)). Fluorescence microscopy proved that the miR-92b-3p 
mimic was taken up by VSMCs (Figure 4(D)). To validate 
the regulatory role of miR-92b-3p in VC, we transfected the 

cells with miR-92b-3p mimic and miR-92b-3p inhibitor and 
their corresponding controls. As shown in Figure 4(E) and 
(F), transfection of VSMCs with miR-92b-3p mimics decreased 
RUNX2 mRNA and protein expression, while transfection 
with the miR-92b-3p inhibitor increased expression. We sug-
gest that VSMCs secrete exosomes containing high levels of 

Figure 2.  Exosomes secreted after CUR intervention in VSMCs inhibit the calcification of VSMCs. (A) Transmission electron microscopy images of exosomes. 
The scale bar represents 200 nm (red). (B) Nanoparticle tracking analysis of exosomes. (C) Western blot analysis showing that exosomes highly express TSG101 
compared with that in the cell supernatant. (D) Confocal micrograph of PKH26-labeled exosomes or PBS (negative control) after co-culture with VSMCs for 12 h.  
The scale bar represents 40 µm (yellow). (E to H) Comparison of calcified VSMCs cultured with or without exosomes secreted by CUR-intervened calcified VSMCs. 
(E) Relative RUNX2 mRNA expression. (F) Alizarin Red S staining of cells. The positive staining areas were measured using Image J software. The scale bar 
represents 200 µm. (G) Cells were stained with alkaline phosphatase and the positive staining areas measured with ImageJ software. The scale bar represents 
200 µm. (H) ALP activity assay. *p < 0.05, **p < 0.01, ***p < 0.001. (A color version of this figure is available in the online journal.)
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miR-92b-3p after CUR intervention, which plays a role in 
attenuating calcification in VSMCs.

KLF4 is a target gene regulated by miR-92b-3p and 
is involved in the calcification of VSMCs

We used multiple bioinformatic databases to predict the 
downstream binding regulatory sites of miR-92b-3p. The 
combined results indicated that KLF4 was the highest 

scoring target (Figure 5(A)). To confirm whether miR-92b-3p 
can bind to KLF4 3′ UTR, we constructed the predicted 
miRNA binding sites containing wild-type or mutant KLF4 
(WT-pMIR-KLF4 and MUT- pMIR-KLF4) in the luciferase 
reporter gene assay. As shown in Figure 5(B), transfection 
with the miR-92b-3p mimic did not affect the luciferase 
activity of VSMCs cells. The miR-92b-3p mimic inhib-
ited KLF4 3′-UTR luciferase activity, while MUT- pMIR-
KLF4 eliminated this inhibition. These data suggest that 

Figure 3.  CUR affects exosomes secreted by VSMCs and attenuates the calcification of VSMCs. (A to C) VSMCs cultured with the media supplemented with negative 
control, CUR, or CUR + GW4869. (A) Relative RUNX2 mRNA expression. (B) ALP activity assay. (C) Immunofluorescence of ASMA and measurement of average 
optical density (AOD) using ImageJ software. The scale bar represents 100 µm. (D) Schematic diagram of the Transwell co-culture system used to analyze the 
interaction between exosomes in VSMCs. (E and F) VSMCs were cultured in the lower chamber of this system in medium supplemented with CUR, with or without 
GW4869, and co-cultured with normally growing VSMCs in the upper chamber. (E) Relative RUNX2 mRNA expression. (F) ALP activity assay. *p < 0.05, **p < 0.01, 
***p < 0.001. (A color version of this figure is available in the online journal.)
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miR-92b-3p directly targets the 3′ UTR of KLF4. The results 
of RT-qPCR showed that the miR-92b-3p mimic reduced the 
expression of KLF4 mRNA, while the inhibitor increased 
this expression (Figure 5(C)).

We verified whether this was related to the calcification 
of VSMCs by inhibiting or overexpressing KLF4. The results 
of RT-qPCR confirmed that the expression of KLF4 mRNA 
in VSMCs decreased markedly after transfection with KLF4 

siRNA, accompanied by a decline in the expression of osteo-
genic factor RUNX2 mRNA (Figure 5(D)). Meanwhile, we 
analyzed the RT-qPCR results to show that the expression of 
KLF4 mRNA increased dramatically after transfection with 
plasmids overexpressing KLF4, accompanied by an increase 
in the expression of osteogenic factor RUNX2 mRNA in 
VSMCs (Figure 5(E)). Western blot analysis validated the 
above results (Figure 5(F)).

Figure 4.  After VSMCs were incubated with CUR, the expression of miR-92b-3p was increased, which in turn suppressed the calcification of VSMCs. (A) Relative miRNA 
expression in exosomes after CUR intervention. (B) Relative miR-92b-3p expression in VSMCs after CUR intervention. (C) RT-qPCR results showing the efficiency of 
transfection with the miR-92b-3p mimic. (D) Fluorescence microscopy showing transfection with the miR-92b-3p mimic. The scale bar represents 200 µm (yellow). (E 
and F) Verification of the regulatory role of miR-92b-3p in VC, transfected with mimic control, miR-92b-3p mimic, inhibitor control, and miR-92b-3p inhibitors. (E) Relative 
RUNX2 mRNA expression. (F) Relative RUNX2 protein expression. *p < 0.05, **p < 0.01, ***p < 0.001. (A color version of this figure is available in the online journal.)
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Figure 5.  KLF4 is a target gene regulated by miR-92b-3p and is involved in the calcification of VSMCs. (A) Prediction of the binding site of miR-92b-3p to KLF4 3′ 
UTR using the RNA22 database. (B) Luciferase reporter analysis in HEK293T cells using WT or MUT carrying KLF4 3′ UTR to certify the regulatory relationship 
between miR-92b-3p and KLF4. (C) RT-qPCR showing that transfection with the miR-92b-3p mimic and miR-92b-3p inhibitor regulated the expression of KLF4 
mRNA. Expression of RUNX2 mRNA in RT-qPCR results after transfection with KLF4 siRNA (D) or KLF4 plasmid (E) in VSMCs. (F) Relative protein expression of 
RUNX2 after KLF4 siRNA and overexpression of KLF4 plasmid intervention in VSMCs. *p < 0.05, **p < 0.01, ***p < 0.001. (A color version of this figure is available in 
the online journal.)
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CUR attenuates vascular calcification by 
increasing the expression of miR-92b-3p  
in the aorta

To demonstrate the effect of CUR on VC in rats, we pre-
pared the following subgroups for comparison; negative 
control group, calcified control group, and CUR-treated cal-
cified group. A schematic flow chart of the rat experiment 
is shown in Figure 6(A). Rat thoracic aorta was extracted 
for RT-qPCR analysis that showed the expression of miR-
92b-3p was decreased in calcified aorta compared with 
that in the negative control (Figure 6(B)). The expression 
of both RUNX2 and KLF4 mRNA was significantly higher 
compared with that in the negative control (Figure 6(C)). 
Meanwhile, correlation analysis showed a negative corre-
lation between the expression of KLF4 mRNA and miR-
92b-3p (r = −0.664, p = 0.0002), as shown in Figure 6(D). The 
size of positive areas of Von Kossa staining and Alizarin 
Red S staining (Figure 6(E)), as with the expression levels of 
RUNX2 and KLF4 proteins in immunohistochemical assays 
(Figure 6(F)), was significantly higher in the calcification 
control group compared with that observed in the nega-
tive control group. These results indicate that the establish-
ment of the rat vascular calcification model was successful. 
However, these effects were attenuated in the CUR-treated 
calcification group. In summary, CUR attenuated vitamin 
D3-induced VC by increasing miR-92b-3p expression and 
decreasing KLF4 expression in the aorta.

Discussion

This study showed that CUR attenuates vascular calcification 
via the exosomal miR-92b-3p/KLF4 axis. The study proposes 
a molecular mechanism for the attenuation of VC caused by 
exosome secretion. The expression of miRNAs to attenuate 
VC was mediated by the exchange of exosomes between 
VSMCs. We discovered that miR-92b-3p in exosomes and 
VSMCs were increased significantly when CUR affected 
VSMCs and targeted the expression of KLF4 to attenuate VC. 
Therefore, we conclude that CUR inhibits VC by increasing 
the content of miR-92b-3p in exosomes secreted by VSMCs, 
thereby regulating the expression of KLF4. The expression 
of KLF4 also influences the expression of osteogenic factor 
RUNX2 to regulate vascular calcification.

With the development of traditional Chinese medicine, 
the treatment of diseases by herbal medicine is receiving 
increased attention. It has been shown that CUR has protec-
tive effects on the cardiovascular system, with its effect on 
atherosclerosis through regulation of cholesterol metabo-
lism, low-density lipoprotein (LDL) oxidation, and inflam-
matory factors having been widely reported.27,28 Long-term 
CUR treatment lowers the level of blood lipids and liver 
cholesterol, thereby reducing the progression of atheroscle-
rotic lesions.29 The middle aortic layer is composed mainly 
of VSMCs with elastic fibers, with phenotypic transition, 
differentiation, and apoptosis of these cells related closely 
to VC. While there is evidence that CUR attenuates calcifica-
tion in VSMCs by inhibiting the JNK/Bax signaling path-
way,14 its effect on VC remains unclear. In a study on the 
effects of CUR on glomerulonephritis by Gaedeke,30 they 
used CUR at doses of 10, 50, 100, and 200 mg/kg and found 

that a concentration of 50 mg resulted in the most significant 
reduction in the production of transforming growth factor 
beta (TGF-β),30 which plays a very close role in VC.31 In addi-
tion, in our preliminary experiments, we found that CUR 
at a concentration of 100 mg/kg was not readily absorbed 
by rats. Meanwhile, to avoid the toxicity of long-term CUR 
administration to rats, we chose a dose of 50 mg/kg for our 
in vivo experiments. Our study showed that supplementa-
tion with CUR in vitro and in vivo attenuated VC.

Exosomes are extracellular vesicles produced by many 
cells that contain miRNAs, mRNAs, and proteins having 
an essential role in intercellular communication by trans-
porting various biological active substances to other cells, 
under both physiological and pathological conditions.32 It 
has been shown that in a pathological setting VSMCs secrete 
calcified extracellular vesicles, which contain more calcifi-
cation-related markers and fewer inhibitors of calcification, 
and that calcified extracellular vesicles induce increases in 
bone-derived genes (RUNX2, SMAD1, SP7)33 which pro-
mote osteogenic differentiation and calcification in normal 
VSMCs.21,34 Extracellular vesicles have also been reported to 
induce medial arterial calcification resulting in the acceler-
ated VC observed in chronic kidney disease patients.35 In this 
study, we extracted exosomes secreted after CUR interven-
tion in VSMCs, and demonstrated, by using PKH26 labeling, 
that they could be absorbed by VSMCs. We also found that 
exosomes secreted after CUR intervention in VSMCs inhib-
ited the calcification of VSMCs, although the addition of 
GW4869 weakened this impact. In addition, the Transwell 
co-culture system showed increased RUNX2 expression and 
ALP activity in VSMCs in the upper chamber in the CUR 
plus GW4869 treatment group compared with that observed 
in the CUR plus vector group. These findings prove that 
CUR inhibits the calcification of VSMCs by affecting the 
exosomes secreted from VSMCs.

Exosomes are rich in miRNAs that have a significant effect 
on intercellular communication. There is proof that miRNAs 
bind to the mRNA 3′UTR region and regulate mRNA expres-
sion for biological functions and that miR-29b-3p regulates 
VC via gelatinase matrix metalloproteinase-2.36 In addition, 
miR-182 adjusts the calcification of VSMCs through regula-
tion of SORT1.24 Our experiments identified increased pro-
duction of miR-92b-3p after CUR intervention in VSMCs. 
Some studies have demonstrated that miR-92b-3p is involved 
in the proliferation of VSMCs37,38 and is also involved in ovar-
ian cancer tumor growth and tumor-associated angiogen-
esis.39 Validation by bioinformatic prediction and the dual 
luciferase gene reporter assay led us to conclude that the tar-
get for the miR-92b-3p-regulation might be KLF4. KLF4 is an 
important transcription factor, located mainly in the nucleus, 
with the ability to regulate VSMC phenotype.40 KLF4 has 
been reported to activate the transcription factor RUNX2 to 
induce VC.41–43 In addition, KLF4 regulates vascular calcifica-
tion via the Jak/Stat signaling pathway.44 Our experiments 
showed that the activity of the osteogenic factor RUNX2 was 
decreased or increased by inhibition or overexpression of 
KLF4, respectively. On the basis of these results, we suggest 
that CUR affects exosomes secreted from VSMCs that are 
rich in miR-92b-3p, which in turn, play a vital role in VC by 
adjusting the expression of KLF4.



1430   Experimental Biology and Medicine   Volume 247   August 2022

Figure 6.  CUR attenuates vascular calcification by increasing the expression of miR-92b-3p in the aorta. (A) Schematic diagram of the intervention model for rats in 
animal experiments. Relative expressions in RT-qPCR of miR-92b-3p (B) and RUNX2 and KLF4 mRNA (C) in rat aorta. (D) Correlation analysis of KLF4 mRNA and 
miR-92b-3p expression. (E) Alizarin Red S-staining and Von Kossa staining of rat aorta. The positively stained regions were analyzed using ImageJ software. The 
scale bar represents 500 µm (black) and 200 µm (red). (F) Expression of RUNX2 and KLF4 proteins in the thoracic artery detected by immunohistochemistry and 
the mean optical density values analyzed by ImageJ software. The scale bar represents 500 µm (black) and 200 µm (red). *p < 0.05, **p < 0.01, ***p < 0.001. (A color 
version of this figure is available in the online journal.)
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Conclusions

Our study showed that CUR attenuates VC via the exoso-
mal miR-92b-3p/KLF4 axis. CUR attenuates VC by affect-
ing the exosomes secreted by VSMCs, which provides us 
with a new option for the treatment and prevention of this 
vascular abnormality. However, our experiments had some 
limitations in that we did not carry out in vivo experiments 
on the possible inhibitory effects of miR-92b-3p on VC. The 
pathogenesis of VC is complex. Whether vitamin D3 and 
β-glycerophosphate that have been used as models of cal-
cification in vivo and in vitro are applicable to VC caused by 
various diseases needs to be investigated further. In future 
studies, we plan to use agomir miR-92b-3p and antagomir 
miR-92b-3p to validate the effect of miR-92b-3p on VC caused 
by vitamin D3 and chronic kidney disease, respectively.
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