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1  | INTRODUC TION

Vascular calcification is increasingly afflicting the aging popu-
lation, driven by the dysmetabolic milieus of diabetes, chronic 
kidney disease (CKD), and arterial stiffness.1-4 Although it has 
always been considered as an independent predictive factor of 
cardiovascular events and associated morbidity, the precise re-
lationship between aging and vascular calcification is not well 
understood.

Aging has been demonstrated as a complex multifactorial 
process, converse to the previous models built on single fac-
tors.5 Therefore, we focused on carnosine (β-alanyl-l-histidine), 
a naturally occurring dipeptide that is abundant in the brain tis-
sue and muscles.6 It performs multiple biological functions, 

including anti-inflammation, anti-oxidation, chelating metal ions, 
and anti-glycosylation.6-8

As previously mentioned, the complexity of the aging process 
has superseded previous constructs based on single factors. Recent 
reports show that carnosine may improve the treatment outcome 
of aging-related diseases, such as atherosclerosis, type 2 diabetes, 
and Alzheimer’s disease.9-11 Studies show that carnosine suppresses 
cell senescence in cultured human fibroblasts12 and delays aging in 
senescence-accelerated mice and drosophila.13-15 In addition, some 
in vitro/in vivo studies using human and animal models show that 
synthesis of carnosine decreases with age.15

Recent research reports that carnosine can alleviate aging-re-
lated vascular diseases, such as atherosclerosis and type 2 diabetes. 
Vascular calcification is a complication that also occurs during aging, 
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Abstract
Objective: Vascular calcification is prevalent in the aging population, as we know that 
arterial calcification is associated with aging. Recent studies have demonstrated that 
carnosine, a naturally occurring dipeptide, performs the treatment of aging-related 
diseases, such as atherosclerosis and type 2 diabetes. Here, we investigated the role 
of carnosine in a calcification model of vascular smooth muscle cells (VSMCs).
Methods: In this research, we used an in vitro model of VSMC calcification to inves-
tigate the role of carnosine in the progression of rat VSMC calcification.
Results: Carnosine treatment attenuated calcium deposition in a dose-dependent 
manner, detected by Alizarin Red S staining and calcium content assay. Carnosine 
also reduced the protein level of Runx2, bone morphogenetic protein 2 (BMP-2), and 
cellular reactive oxygen species (ROS) production. Further, carnosine inhibited the 
activation of the mammalian target of rapamycin (mTOR) pathway.
Conclusion: Carnosine attenuated the VSMC calcification via inhibition of osteoblas-
tic transdifferentiation and the mTOR signaling pathway.
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in particular in association with atherosclerosis and type 2 diabe-
tes.1,2,4 Accordingly, this research sought to discern this hypothesis 
with regard to vascular calcification.

2  | METHODS

2.1 | Primary VSMC culture and in vitro calcification

Rat vascular smooth muscle cells (VSMCs) were obtained by a tissue 
explant culturing method.16

Thoracic aortas were harvested from 8-month-old male 
Sprague-Dawley rats. After removing the adventitial layers and 
intima membrane, the tunica media was cut into small pieces 
(1-2 mm3) and placed in a culture dish. The explanted tissue was 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone) 
supplemented with 15% fetal bovine serum (FBS), 100 U/mL penicil-
lin, and 0.1 mg/mL streptomycin. The culture was incubated at 37°C 
under a humidified atmosphere of 5% CO2. VSMCs were obtained 
from the explants after 7-10 days of culturing. The expression of 
the alpha smooth muscle actin was detected using immunohisto-
chemistry methods. For this experiment, cells are not used beyond 
passage 8.

When the VSMC reached 95% confluence, cells were incubated 
for 10 days in calcification medium (DMEM containing 15% FBS and 
2.6 mmol/L inorganic P [Pi]). The medium was changed every other 
day.

2.2 | Detection and quantification of mineralization

Von Kossa staining and a calcium assay were used to evaluate the 
degree of calcium deposition. Briefly, cells were fixed for 15 min-
utes with 4% paraformaldehyde, washed thrice with ultrapure water, 
incubated for 1.5 hours in 5% silver nitrate under 100-W bulb, and 
then rinsed thrice with ultrapure water. Cell fixation was performed 
at room temperature.

Cellular calcium quantification was performed using a calcium 
assay following the manufacturer’s instructions. In brief, the VSMCs 
were treated for 1 hour at room temperature with 10% hydrochlo-
ric acid. The calcium content of the HCl supernatants was deter-
mined using the o-Cresolphthalein complex one method (Beyotime 
Biotechnology) and normalized relative to the protein concentration 
of the same culture well. Experiments were performed in triplicate 
on three different cultures (n = 3).

2.3 | Western Blot

Protein lysate preparation and immunoblotting were performed 
using a RIPA lysis buffer (Thermo Scientific) as previously de-
scribed.17 Here, proteins were first separated by SDS-PAGE, trans-
ferred to Polyvinylidene Fluoride Membrane (PVDF) membranes, 

and then incubated with 5% skim milk. They were then incubated 
overnight at 4°C with primary antibodies, followed by a second in-
cubation with secondary antibodies at room temperature. Finally, 
the PVDF membranes were incubated with enhanced chemilumi-
nescence reagent (Thermo Scientific) to detect the protein level.

2.4 | Intracellular level of oxidative stress

The concentration of cellular reactive oxygen species (ROS) 
was measured using dichlorodihydrofluorescein diacetate 
(DCFH-DA). Here, VSMCs were treated with or without carno-
sine in calcification medium for 72 hours, washed twice with 
phosphate-buffered saline, and cultured for 30 minutes with 10 
uM DCFH-DA fluorescence probes. The concentration of ROS 
level was quantified based on measured fluorescence intensity 
of eight fields per dish. The quantification was performed using 
an in-built microscope system. Controls were not subjected to 
carnosine treatment.

2.5 | Ex vivo aortic ring culture

The rat thoracic aortas were first isolated under a sterile opera-
tion.18 After removing the adventitia and endothelium, the vessels 
were cut into 1-2 mm rings and placed in either calcification culture 
medium (2.6 mmol/L Pi) or normal culture medium, and incubated 
for 10 days at 37°C under 5% CO2. The culture medium was changed 
every other day.

2.6 | Statistical analysis

Continuous quantitative data from the three independent experi-
mental setups were presented as SEM and compared using one-way 
analysis of variance. The analyses were performed using GraphPad 
Prism 5 (GraphPad Software). Statistical significance between 
groups was set at P < 0.05 or P < 0.01.

3  | RESULT

3.1 | Carnosine attenuates Pi-induced calcification 
in VSMCs

First, this research aimed at establishing the inhibitory effect of 
carnosine on mineralization of VSMCs by using a well-established 
vascular calcification model. After incubating a confluent of 
VSMCs in a calcification culture medium, we treated VSMCs with 
2.5, 5, or 10 mmol/L carnosine. Alizarin Red S staining revealed 
that after 10 days, carnosine treatment had attenuated calcium 
deposition and that the process was dose-dependent (Figure 1A). 
The level of calcium and alkaline phosphatase (ALP) activity in 
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VSMCs significantly decreased after the addition of carnosine 
(Figure 1B,C). In addition, carnosine treatment reduced the ex-
pression of osteogenic markers Runx2 and bone morphogenetic 
protein 2 (BMP-2), but had no effect on SM22 markers on smooth 
muscle cells (Figure 2A-D). These findings demonstrate that car-
nosine may impair Pi-induced mineral deposition, and that the in-
hibition is dose-dependent.

3.2 | Carnosine inhibits Pi-induced oxidative stress

To explore the mechanism with which carnosine attenuates calci-
fication, we tested its effects of cellular oxidation. After culturing 
VSMCs in calcification medium for 6 days, we found that, compared 

with controls, 10 mmol/L of carnosine significantly decreased the 
production of ROS (Figure 2B).

3.3 | Carnosine inhibits the activation of mTOR-
signaling pathway

Previous studies show that carnosine regulates mamma-
lian target of rapamycin (mTOR) signaling. This pathway 
on its part regulates vascular osteoblastic differentiation. 
Consequently, we investigated whether carnosine regulates 
mTOR signaling.

Carnosine inhibited mTOR phosphorylation in a time-de-
pendent manner (Figure 3A) and in a concentration-dependent 

F I G U R E  1   Carnosine attenuation of vascular smooth muscle cell (VSMC) calcification. (A) Alizarin Red S staining of VSMCs treated with 
inorganic P (Pi) with or without carnosine (2.5, 5, and 10 mmol/L) for 10 d. (B) Calcium content and (C) alkaline phosphatase (ALP) activity of 
VSMCs at Day 10. *P < 0.05,**P < 0.001, compared with the Pi group. [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  2   The inhibition effect of carnosine on the osteogenic differentiation of vascular smooth muscle cells (VSMCs). (A) Western 
blotting analysis of Runx2, bone morphogenetic protein 2 (BMP-2), and SM22 markers on VSMCs after a 7-d exposure to inorganic P (Pi; 
2.5 mmol/L). Semi-quantitative analysis of (B) Runx2, (C) BMP-2, and (D) SM22. Relative levels of target proteins were quantified using 
the program Image J. *P < 0.05,**P < 0.001, compared with the Pi group. (E) The oxidative status of VSMCs by dichlorodihydrofluorescein 
diacetate fluorescence after a 3-d calcification of VSMCs in 10 mmol/L of carnosine (mean ± SEM, n = 6). GAPDH, glyceraldehyde 
3-phosphate dehydrogenase.

F I G U R E  3   Effects of carnosine (Car) 
on the expression of AMPK/mammalian 
target of rapamycin (mTOR) pathway of 
vascular smooth muscle cells (VSMCs). (A) 
Western blots showing the expression of 
protein in VSMCs treated for 0, 10, 30, 
and 60 min, with or without 10 mmol/L 
carnosine. (B) Representative Western 
blots of protein expression level in 
VSMCs treated for 60 min with different 
concentrations of carnosine and inorganic 
P (Pi). (C) Effects of leucin (Leu, 4 mmol/L) 
on Pi-induced mTOR level in VSMCs. 
GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase.
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manner (Figure 3B). To test whether carnosine-mediated calci-
fication inhibition is dependent on the mTOR-signaling pathway, 
VSMCs were treated with leucine, an amino acid that activates 
mTOR. Western blot analysis showed that leucine augmented 
phosphorylation of mTOR and deposition of calcium. This find-
ing demonstrated that leucine reverses the suppression of mTOR 
by carnosine (Figure 3C). Taken together, these findings revealed 
that carnosine prevents osteogenic differentiation of VSMCs by 
suppressing mTOR signaling.

3.4 | Carnosine attenuates 
calcification of organ culture

We then investigated whether carnosine could inhibit mineralization 
in vessels exposed to a high phosphorus environment. It was found 
that phosphorous significantly increased mineralization in rat aortic 
rings. However, carnosine also prevented deposition of minerals in 
the aortic rings (Figure 4).

4  | DISCUSSION

This study revealed that carnosine inhibition of VSMC calcification 
occurs in a concentration-dependent manner. Mechanistically, 
carnosine inhibited osteogenic differentiation and oxidative 
stress by impairing the expression of mTOR. To our knowledge, 
this is the first study to show how carnosine prevents vascular 
calcification.

Carnosine is a naturally occurring dipeptide with multiple bene-
ficial properties, such as modulation of inflammation, oxidation, and 
glycolysis. Recent in vivo and in vitro studies suggested that car-
nosine may prevent development of cardiovascular disease linked 
to vascular calcification, including atherosclerosis, diabetes, and 
chronic renal failure. However, the effects of carnosine on vascular 
calcification in VSMC have not been established.

Osteoblastic differentiation of VSMCs is critical in the devel-
opment of vascular calcification.19 Differentiation of VSMCs to os-
teoblast-like cells that express osteoblast transcription factors and 
bone matrix-related proteins has been confirmed in vitro and in vivo. 
VSMCs exposed to high phosphorus lose expression of the smooth 
muscle contractile proteins SM22α and SM α-actin and express the 
bone markers Runx2, osteopontin, osteocalcin, and ALP.

In this study, we showed that carnosine inhibited Pi-induced 
VSMC calcification by attenuating VSMC calcium levels and ALP 
activity. Vascular calcification is not just a passive process of cal-
cium and phosphate absorption, but an active process of regulation.1 
It shares many similarities with skeletal mineralization, osteogenic 
gene expression, and loss of VSMC markers. In this study, carnosine 
treatment significantly suppressed expression of two osteogenic 
markers (Runx2 and BMP-2).

The mTOR is a serine/threonine kinase that regulates cellular 
metabolism.20 It also regulates cell growth and proliferation in re-
sponse to a wide range of cues.21 The mTOR signaling pathway is de-
regulated under many human diseases. Its signaling is also involved 
in osteoblastic differentiation of VSMCs.22-24 A recent study demon-
strated that carnosine inhibited the activation of mTOR. These find-
ings suggest that carnosine inhibits phosphorylation of mTOR via 
osteoblastic differentiation of VSMCs.25

Increased production of ROS is a contributing factor in the devel-
opment and progression of vascular calcification. To explore the effect 
of carnosine in high Pi-induced oxidative stress, we used the DCFH-DA 
probe to determine the level of reactive oxygen (Figure 2E). It is inter-
esting that previous studies have also documented mTOR-pathway 
participation in ROS production. Rapamycin is an mTORC1 inhibitor 
and glutathione levels and lipid peroxidation are significantly reduced 
in rapamycin-treated db/db mice hearts.26 For instance, this drug pro-
tects the mitochondria against oxidative stress and improves endothe-
lial function27 and vascular contractility28 by reducing oxidative stress.

Although further studies are required to verify the mechanisms 
by which carnosine attenuates vascular calcification of VSMCs, our 
experiments have shown that carnosine can indeed inhibit both in 

F I G U R E  4   Carnosine inhibits inorganic P (Pi)-induced mineralization of aortic rings. Aortic rings from Sprague-Dawley rats were 
incubated in (A) control medium (Dulbecco’s modified Eagle’s medium [DMEM] + 15% fetal bovine serum [FBS]), (B) phosphate-enriched 
culture medium (DMEM + 15% FBS + 2.8 mmol/L Pi), or (C) phosphate medium plus carnosine (10 mmol/L) for 10 d. Von Kossa staining 
shows the degree of calcium deposit (bar = 100 µm). [Colour figure can be viewed at wileyonlinelibrary.com]

(A) (B) (C)
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vitro and ex vivo vascular calcification. As such, it is potentially ther-
apeutic against vascular calcification.
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