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IL-18 Mediates Vascular Calcification
Induced by High-Fat Diet in Rats With
Chronic Renal Failure
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Jingfeng Wang ™

" Cardiology, Sun Yat-sen Memorial Hospital, Guangzhou, China, ? Cardiology, The Eighth Affiliated Hospital, Sun Yat-sen
University, Shenzhen, China

Objective: Vascular calcification (VC) is an important predictor of cardiovascular
morbidity and mortality in patients with chronic renal failure (CRF). It is well-known that
obesity and metabolic syndrome (OB/MS) predicts poor prognosis of CRF patients.
However, the influence of OB/MS on VC in CRF patients isn’t clear. IL-18 mediates
OB/MS-related inflammation, but whether IL-18 is involved in OB/MS -mediated VC in
CRF patients hasn’t been studied. In this study, it was explored that whether OB/MS
caused by high-fat diet (HFD) can affect the level of serum IL-18 and aggravate the
degree of VC in CRF rats. Furthermore, it was studied that whether IL-18 induces rat
vascular smooth muscle cells (VSMCs) calcification by activating the MAPK pathways.

Approach: The rats were randomly assigned to the sham-operated, CRF and
CRF + HFD groups. CRF was induced by 5/6 nephrectomy. Serum IL-18 levels and aortic
calcification indicators were compared in each group. Primary rat VSMCs calcification
were induced by B-glycerophosphate and exposed to IL-18. VSMCs were also treated
with MAPK inhibitors.

Results: The weight, serum levels of hsCRP, TG and LDL-C in CRF + HFD group
were significantly higher than those in sham-operated and CRF groups (p < 0.05).
Compared with the sham-operated group, the calcium content and the expression of
BMP-2 of aorta in CRF and CRF + HFD groups were significantly increased (p < 0.05).
Moreover, the calcium content and the expression of BMP-2 of aorta in CRF + HFD
group was significantly higher than those in CRF group (p < 0.05). And the serum IL-18
level was positively correlated with aortic calcium content. It was also found that p38
inhibitor SB203580 can suppress the VSMCs calcification and osteoblast phenotype
differentiation induced by IL-18. But the JNK inhibitor SP600125 can’t suppress the
VSMCs calcification and osteoblast phenotype differentiation induced by IL-18.

Conclusions: These findings suggest that obesity-related inflammation induced by
high-fat diet could exacerbate VC in CRF rats. Furthermore, serum IL-18 level had a
positive correlation with the degree of VC. It is also found that IL-18 promoted osteogenic
differentiation and calcification of rat VSMCs via p38 pathway activation.
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Vascular calcification (VC) is a pathological process which is
increased by age and aggravated in chronic diseases including
chronic kidney disease (CKD), hypertension, diabetes mellitus
and bone-mineral disorders (1, 2). VC is a common vascular
complication in patients with chronic renal failure (CRF), which
induce a series of adverse effects on hemodynamics, and is an
important factor responsible for the increase in the morbidity and
mortality of cardiovascular diseases in patients with CRF (3, 4).
VC is believed to be an actively regulated process which is similar
with bone formation and is initiated by phenotype change of
vascular smooth muscle cells (VSMCs) to osteoblast-like cells (5).

Inflammation is known to be a key factor in promoting
the formation of VC, but the exact pathological mechanism of
inflammation-mediated VC is not yet fully understood (6, 7). IL-
18 (interleukin-18) is a proinflammatory cytokine that belongs to
the IL-1 superfamily and is produced by macrophages and other
cells, including VSMCs (8). Our previous study had found that
IL-18 is an important inflammatory factor that induces VSMCs
calcification (7). Many studies have found that serum IL-18 levels
in patients with CRF are significantly higher than those with
normal renal function (9, 10). It is well-known that VC is the
most common vascular complication in patients with CRE, but
whether IL-18 is involved in the development of VC in patients
with CREF is not clear.

Energy-dense food with a high fat content is identified
to implicated in the pathogenesis of obesity and metabolic
syndrome (OB/MS) (11). It is well-known that obesity can cause
kidney damage, and its mechanism is more complicated. Current
research believes that obesity damages the kidneys through
four ways: hypertension, hyperglycemia, hyperlipidemia, and
hyperuricemia. And at the same time, the four factors affect
each other, forming a vicious circle (12, 13). Adipose tissue
is also an important endocrine system of the body. It can
produce a variety of adipokines, including leptin, adipocytokines,
adiponectin, etc., as well as tumor necrosis factor-a, monocyte
chemotactic factor and angiotensin II. These substances may have
a direct effect on the occurrence and development of CRF (14).
VC is an important vascular complication in patients with CRE,
which indicates increased cardiovascular and death risk. Our
previous research suggested that in subjects without CRE, those
with OB/MS had higher incidence VC and the OB/MS-related
inflammation might be involved in regulating the formation of
VC (15, 16). However, the influence of OB/MS on VC in patients
with CRF has not been studied in detail. A large amount of
research evidence confirms that IL-18 mediates OB/MS-related
inflammation (17). However, whether IL-18 is involved in the

Abbreviations: ALP, alkaline phosphatase; Apo, apolipoprotein; BMI, body mass
index; BMP-2, bone morphogenetic protein-2; BSA, bovine serum albumin; Ca,
calcium; CHE, cholinesterase; Cr, creatinine; CRF:chronic renal failure; CVD,
cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein;
MAGC, medial arterial calcification; MAP, mean arterial pressure; MetS, metabolic
syndrome; OB/MS, obesity and metabolic syndrome; OR, odds ratio; P, phosphate;
PVDE, polyvinylidene difluoride; SBP, systolic pressure; SD, standard deviation;
SOD, superoxide dismutase; TC, total cholesterol; TG, triglycerides; UA, uric acid;
VC, vascular calcification; VSMCs, vascular smooth muscle cells.

pathogenic mechanism of OB/MS -mediated VC in patients with
CRF has not yet been studied.

The mitogen-activated protein kinase (MAPK) pathway is
responsible for conveying information about the extracellular
environment to the cell nucleus and is known to play a critical
role in osteoblast differentiation and mineralization (18). JNK
and p38 are the main MAPK signaling pathways. At present,
studies suggest that the MAPK pathway is involved in the
development of VC (19, 20). Studies have also proved that IL-
18 can cause biological effects by activating MAPK pathway
(21, 22). Therefore, we speculate that IL-18 may promote
VSMC:s calcification and osteoblast phenotype differentiation by
activating the MAPK signaling pathway.

This study was based on a rat model of CRF to observe
whether OB/MS caused by high-fat dietary (HFD) can affect the
level of serum IL-18 in rats, aggravate the degree of VC, and
initially reveal the relationship between IL-18 and OB/MS-related
VC in CREF rats. Furthermore, we explore whether IL-18 induces
rat VSMC:s calcification and osteoblast phenotype differentiation
by activating the MAPK pathways, so as to further clarify the
mechanism of IL-18 inducing VC.

MATERIALS AND METHODS
Animal Model and Grouping

The animal experiments were approved by the Committee on
Ethics of Animal Experiments and conducted in accordance
with the Guidelines for Animal Experiments, Sun Yat-sen
University and the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

Male Sprague-Dawley rats with an average body weight
of 200-250g were used in this study. All the animals were
housed in an environmentally controlled room at 24 £ 1°C
with a 12h light/dark cycle and fed with tap water. The
rats were randomly assigned to the CRF and sham-operated
groups. CRF was induced by 5/6 nephrectomy (5/6 Nx) with
surgical excision of two-thirds of the left kidney, followed by the
complete right nephrectomy 1 week later. Sham-operated group
underwent similar surgical procedures but with only removal
of the renal envelope. The operations were carried out under
general anesthesia (pentobarbital sodium, 50 mg/kg ip) using
strict hemostasis and aseptic techniques. The 5/6 Nx rats were
randomly divided into CRF and CRF + high fat diet (HFD)
groups. The sham-operated and CRF groups were fed a standard
laboratory diet with a total fat content of 4.3%. The CRF +
HFD group were fed a HFD with a total fat content of 34.9%.
Six animals were included in each group. Six months later,
rats were sacrificed and serum levels of IL-18 were measured
with commercially available kits (Ab Frontier). The aortas were
dissected for calcium deposition assay, von Kossa and Alizarin
red S staining, RNA and protein extraction.

Cell Culture

Primary aortic VSMCs of 2-month-old male Sprague-Dawley
rats were obtained as described previously (7) and maintained in
the high glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium

Frontiers in Cardiovascular Medicine | www.frontiersin.org

November 2021 | Volume 8 | Article 724233


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhang et al.

High-Fat Diet Induce Vascular Calcification

(DMEM, Gibco) containing 10% fetal bovine serum (FBS),
100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in
a humidified atmosphere containing 5% CO;. The cells at
passages 4-8 were used for the experiments. Each experiment
was repeated for at least three times. VSMCs calcification
was induced by calcifying medium, DMEM containing 10%
FBS, 10 mM sodium pyruvate, 100 U/ml penicillin, 100 mg/ml
streptomycin and 10 mM B-glycerophosphate (B-GP, Sigma)
for 14 days with medium changes every 2 days 4. After
using IL-18 (R&D) to interfere with rat VSMCs for 2, 5, 10,
15, and 30 min, the phosphorylation and non-phosphorylation
protein expression levels of two MAPK pathways including
p38 and JNK were detected by Western blot. Rat VSMCs
were pre-incubated with p38 inhibitor SB203580 (Sigma) at
a final concentration of 10 wmol/L for 2h, and then treated
with B-GP (10 mmol/L) or IL-18 (100ng/ml) + B-GP (10
mmol/L) for 14 days, respectively. Rat VSMCs were also pre-
incubated with JNK inhibitor SP600125 (Sigma) at a final
concentration of 10 wmol/L for 30 min, and then treated with p-
GP (10 mmol/L) or IL-18 (100 ng/ml) + B-GP (10 mmol/L) for
14 days, respectively.

Serum Analyses

Blood of mice was collected from the caudal vein and serum
concentrations of creatinine (Cr), calcium (Ca), phosphate
(P), total cholesterol (TC), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C) and high-sensitivity C-reactive protein
(hsCRP) were measured by a standardized and certified
program with an automatic biochemical analyzer (7170A,
HITACH]I, Japan).

Measurement of Systolic and Mean Blood

Pressures

Systolic blood pressure (SBP) and mean blood pressure (MBP)
were obtained by a tail-cuff measurement (BP-98A, Softron,
Tokyo, Japan). Conscious rats were placed in a restrainer with
an electrical warming pad for 20-min and trained for 1 week
before testing. In order to avoid variations of the SBP and MBP,
all measurements were carried out between 8 and 11 am. At least
three measurements of each rat were taken at 2 min intervals and
the mean values of MBP and SBP were calculated.

Alizarin Red S Staining

Alizarin red S staining method was used to determine the
calcification of rat aortas and VSMCs (7). The paraffin sections
of the rat aortas were deparaffinized twice with xylene. And
then the aortic slices were subjected to gradient concentration
of ethanol and pure water each time for 5min. After that,
the sections were washed with phosphate buffered saline (PBS,
Gibco) and stained with 2% Alizarin (sigma) for 30 min. Finally,
the sections were washed with PBS before air-dry, and then sealed
with neutral gum. VSMCs were with PBS and then fixed with
4% paraformaldehyde. After that, the cells were washed with
PBS and exposed with 2% Alizarin Red S for 10 min, and then
observed under the microscope. Positively stained cells displayed
ared color.

Von Kossa Staining

The rat aorta and VSMCs slides were fixed with ice acetone
at —20°C and washed with PBS. Von Kossa staining was
performed as described previously (23). Five percentage silver
nitrate solution was added to the slides. Discard the silver nitrate
solution and add 1 ml of 5% sodium thiosulfate solution. Back
staining with 1% basic fuchsin for 10s. The slides are dehydrated
with anhydrous. Finally, Seal the film with neutral gum and
observe the calcium nodules under a light microscope.

Hematoxylin-Eosin Staining of Rat Aorta

Paraffin sections are deparaffinized with xylene, washed with
water after gradient ethanol. After hematoxylin staining for
5min, the sections were washed with water for 1 min. Then,
the sections were differentiated with 1% hydrochloric acid
alcohol and stained with saturated lithium carbonate. Finally, the
sections were stained with eosin, then dehydrated and sealed.

Quantification of Calcium Deposition
Quantification of VSMCs and aortic calcium deposition
was performed as described previously (24). VSMCs were
collected and dissolved in 2 mol/L HNO3 overnight. Thereafter,
VSMCs were re-dissolved with a blank solution (27 nmol/L
KCl, 27 pmol/L LaCls in de-ionized water). The calcium
deposition of VSMCs was measured by an atomic absorption
spectrophotometer at 422.7nm (Hitachi, Z-5000). Calcium
deposition of VSMCs was normalized by protein concentration.
Take the rat aorta (10-20 mg) and dry it thoroughly at 80°C,
and weigh. Add 2 mol/L concentrated nitric acid to digest for
24h, put the digestion tube into the automatic control electric
heating digester to digest until all the acid is volatilized. After
cooling, reconstitute it with deionized water containing 27
nmol/L KCl and 27 pmol/L LaCl3 overnight. Then add 1%
strontium chloride and measure the optical density value of
each tube at 422.7 nm wavelength with an atomic absorption
spectrophotometer. Repeat the measurement for each sample
three times and take the average value, and then convert it into
the calcium content of the tissue (jumol/gdw).

Alkaline Phosphatase Activity Assay

The cells were washed with PBS and treated with 1% Triton
X-100 in 0.9% NaCl. After centrifugation at 12,000 rpm at
4°C for 10 min, the supernatants were harvested to detect for
alkaline phosphatase (ALP) activity with the use of ALP assay
kit (Jiancheng Bioengineering Co., Nanjing, China). ALP activity
was measured colorimetrically as thehydrolysis of p-nitrophenyl
phosphate and the results were normalized to the levels of
total protein.

Immunohistochemistry

For the detection of bone morphogenetic protein-2(BMP-2),
immunohistochemical staining was performed. Rat aortas were
embedded in paraffin blocks for immunohistochemical staining.
Endogenous peroxidase activity was blocked by 3% H,O»,.
Sections were incubated with anti-BMP-2 antibody (dilution
1:250, Santa Cruz, California, US) overnight at 4°C, then washed
with PBS. Thereafter, sections were incubated with secondary
antibody of anti-horseradish peroxidase (HRP) (dilution 1:50,

Frontiers in Cardiovascular Medicine | www.frontiersin.org

November 2021 | Volume 8 | Article 724233


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhang et al.

High-Fat Diet Induce Vascular Calcification

Santa Cruz, California, US) at room temperature for 30 min,
then washed again three times with PBS prior to staining with
3, 3/-diaminobenzidine (DAB) at room temperature for 4 min.
BMP-2 protein expression was visualized as brown deposits
using a microscope.

Quantitative Real-Time Polymerase Chain

Reaction

Trizol and liquid nitrogen were added to every 1cm rat aorta.
Then the tissue was grinded into powder and centrifuged at
1,2000g at 4°C for 5min. And the supernatant was aspirated
and transferred into a new EP tube. Total RNA from VSMCs and
rat aortas was isolated by the Trizol method (TaKaRa, Japan)
and was reverse-transcribed with the PrimeScript RT reagent
kit (TaKaRa, Japan) following the manufacturer’s recommended
protocol (7). Amplification reactions were set up in 20 pl reaction
volumes containing amplification primers and SYBR Premix
Ex Taq TM 1II (Takara, Japan). One pl cDNA was used in each
amplification reaction. Preliminary experiments were carried out
to optimize primer concentrations. The PCR primers were as
follows: BMP-2, forward 5-ACCG TGCTCAGCTTCCATCAC-
3’ and reverse5’-CTATTTCCCAAAGCTTCCTGCAT TT-3;
GAPDH, forward 5-GGCACAGTCAAGGCTGAGAATG-3
and reverse5’-ATGGTGGTGAAGACGC CAGTA-3". Each
sample was run in triplicates and each experiment was repeated
at least once. Amplification data were analyzed using the
LightCycler 480 real-time PCR instrument (Roche, Germany).
Quantification was performed using the AACt method. The
results were normalized to GAPDH and expressed as percentage
of controls.

Western Blot Analysis

The rat aortas were treated with RIPA lysis buffer (Beyotime,
Haimen, China) and comminuted with homogenizer on ice.
VSMCs were washed twice with cold PBS and treated with
RIPA lysis buffer on ice for 30 min. After centrifugation at
12,000 rpm at 4°C for 10 min, the supernatants of the aortic
homogenate and VSMCs were harvested to determine the
protein expression. The protein samples were mixed with
the loading buffer and boiled at 95°C for 5min. The boiled
samples were separated on the SDS-polyacrylamide gels, and
the proteins were transferred to the polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were incubated
in a blocking buffer containing 5% (w/v) bovine serum
albumin (BSA). The blots were then incubated with primary
antibodies: anti-total p38 antibody, anti-phospho-p38 antibody,
anti-total ERK1/2 antibody, anti-phospho-ERK1/2 antibody,
anti-total JNK antibody, anti-phospho-JNK antibody, anti-
GAPDH antibody (dilution: 1:1000, Cell signaling technology,
Danvers, US), anti-BMP-2 antibody (dilution: 1:300, Santa Cruz,
California, US) in TBST containing 5% (w/v) BSA (antibody
buffer) overnight at 4°C. The members were then washed and
incubated with the horseradish peroxidase-linked secondary
antibody (dilution: 1:1000, Cell signaling technology, Danvers,
US) and then visualized with the enhanced chemiluminescence
(Thermo Fisher Scientific, Waltham, US). The bands were
analyzed semi-quantitatively.

TABLE 1 | Comparison of body weight and serum biochemical indexes of rats in
each group.

Sham-operated CRF CRF + HF
Weight (g) 360 + 10 334 +37.2 401 + 40.8%
Ca (mmol/L) 2.52 4+ 0.40 1.92 +0.14% 1.92 4+ 0.22#
P (mmol/L) 1.07 £ 0.01 1.72 £ 0.21% 1.75 4+ 0.26"
Cr (wmol/L) 56.67 £ 4.73 104.31 + 14.44% 110.47 + 19.01*
HsCRP (mg/L) 4.45 4+ 0.62 8.29 + 1.25* 9.91 + 1.81%
CHOL (mmol/L) 210+ 0.34 2.09 £+ 0.35 2.38 £ 0.51
TG (mmol/L) 0.64 + 0.10 0.58 +0.13 1.41 + 0.45%
LDL-C (mmol/L) 0.39 4 0.06 0.34 +£0.10 0.49 £ 0.17%
HDL-C (mmol/L) 1.00 £ 0.20 0.94 +0.16 0.91+0.18

*n < 0.05 vs. CRF group; *p < 0.05 vs. sham-operated group.

Statistical Analysis

Each experiment was repeated three times independently. Data
were expressed as means £ SD. The results were compared with
one-way ANOVA followed by Student-Newman-Keuls test for
post-hoc comparison among more than two groups. Pearson’s
correlation analysis was used to analyze the relationship between
serum IL-18 levels and aortic calcium content. All statistical
analyses were performed using the software SPSS 17.0. For all
statistical tests, two-tailed P-value < 0.05 indicated the statistical
significance of the results.

RESULTS

Comparison of Weight and Serum
Biochemical Indexes Among CRF, CRF +
HFD and Sham-Operated Rats

The weight and biochemical indexes of rats in three groups
are shown in Table 1. Compared with sham-operated rats, CRF
and CRF + HFD rats had higher serum levels of Cr, P and
hsCRP (p < 0.05) and lower level of Ca (p < 0.05). And the
weight, serum levels of TG and LDL-C in CRF + HFD rats
were significantly higher than sham-operated and CRF rats (p <
0.05). Furthermore, the serum level of hsCRP in CRF + HFD rats
significantly higher than CRF rats (p < 0.05).

Comparison of the Blood Pressure of Rats
in Each Group

The blood pressure of the rat tail was measured before the
operation and 1, 4, 7, 10, and 13 weeks after the operation. The
results showed (Figures 1A,B) that the systolic blood pressure
(SBP) and mean arterial pressure (MAP) in the CRF and CRF
+ HFD groups showed an upward trend after surgery, but the
SBP and MAP in the sham-operated group did not change
significantly. From the first week after surgery, the SBP and MAP
in CRF and CRF + HFD group were significantly higher than
those in the sham-operated group (p < 0.05). From the first week
after surgery, the MAP in the CRF 4+ HFD group was significantly
higher than that of the CRF group (p < 0.05), while the SBP in the
CRF + HFD group was not significantly different from that of the
CREF group (p > 0.05).
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FIGURE 1 | Comparison of systolic blood pressure (A) and mean arterial pressure (B) of rats in each group. Six rats were included in each group. *P < 0.05 vs.
sham-operated group; #P < 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet; MAP, mean arterial pressure; SBP, systolic blood pressure.
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FIGURE 2 | Comparison of calcium content in the aorta of rats in each group.
Six rats were included in each group. *P < 0.05 vs. sham-operated group; #P.
< 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.

Comparison of Calcium Content in the
Aorta of Rats in Each Group

Take the aorta of rats in each group 6 months after operation
for the detection of calcium content. The results are shown in
Figure 2. Compared with the sham-operated group, the calcium
content of the aorta in the CRF and CRF + HFD groups were
significantly increased (360.68 =+ 98.48, 504.82 % 120.30 vs. 91.17
=+ 29.63, p < 0.05). Moreover, the calcium content of aorta in the
CRF + HFD group was significantly higher than that in the CRF
group (504.82 £ 120.30 vs. 360.68 + 98.48, p < 0.05).

HE and Calcification Staining of Rat Aortas

in Each Group

The aortic sections of rats in each group were stained with
Alizarin Red, Von Kossa and HE staining at 6 months after
operation to observe the aortic calcification. As shown in
Figure 3A, the Alizarin Red staining revealed that there were no

obvious calcium nodules in the aorta of the rats in sham-operated
group, while the aorta of the rats in CRF and CRF + HFD groups
showed scattered orange-red staining. The calcium nodules in the
aorta of rats in CRF 4+ HFD group were more obvious than those
in CRF group. Von Kossa staining (Figure 3B) showed that there
was a large amount of black granular calcium deposits between
the elastic fibers of the aorta of the rats in CRF and CRF + HFD
groups, and the calcium deposits in the aorta of the rats in CRF
+ HFD group were more significant than those in CRF group.
But there was no obvious calcium deposition among the elastic
fibers of the aorta in the sham-operated group. The HE staining
showed that the aortic intima of rats in CRF and CRF + HFD
groups was shrunken and broken and the nuclear arrangement
was disordered, while the aortic intima of the sham-operated
group was flat. The nuclei are arranged neatly (Figure 3C).

Comparison of BMP-2 mRNA and Protein
Expression in the Aorta of Rats in Each
Group

The rat aortas of each group were taken 6 months after the
operation to detect the expression of BMP-2 mRNA and protein.
The results showed that compared with the sham-operated
group, the BMP-2 mRNA and protein expression of the aortas
in the CRF and CRF + HFD groups were significantly increased
(p < 0.05, Figure4A). Moreover, the expression of BMP-2
mRNA and protein in the aortas of the CRF + HFD group
was significantly higher than that of the CRF group (p < 0.05,
Figure 4B).

Immunohistochemical Staining of BMP-2
Protein Expression in Aortas of Rats in
Each Group

The aortas of each group were separated 6 months after
operation, and routine paraffin sections were used to observe
the expression of BMP-2 protein in the aortic wall by
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FIGURE 3 | Staining of rat aorta in each group. (A) Alizarin red staining of rat aorta in each group. (B) Von Kossa staining of rat aorta in each group. (C) staining of rat
aorta in each group. (D) Quantification of calcium deposits in rat aortas stained with Alizarin Red. (E) Quantification of calcium deposits in rat aortas stained with Von
Kossa. Six rats were included in each group. *P < 0.05 vs. sham-operated group; #P < 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.
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immunohistochemical staining (Figure 5). The results revealed
that the BMP-2 protein staining of the aortic wall in the CRF
and CRF + HFD groups was light brown fine granular, and the
BMP-2 protein expression in the aorta of the CRF + HFD group
was more obvious than that of the CRF group. While there was
no obvious BMP-2 protein expression in the aortic wall of the
sham-operated group.

Trend of Serum IL-18 in Rats of Each Group
The venous blood of each group was collected before operation
and the second, fourth, and 6th month after the operation,
and the serum IL-18 expression level was detected by ELISA
(Figure 6). The results suggested that the postoperative serum
IL-18 level of rats in the CRF and CRF + HFD groups gradually
increased with time, while the postoperative serum IL-18 level
of rats in the sham-operated group did not change significantly.
Moreover, the postoperative serum IL-18 levels of rats in the CRF
and CRF + HFD groups were significantly higher than those in
the sham-operated group (p < 0.05). In addition, the serum IL-18
level in the CRF + HFD group was significantly higher than that
in the CRF group (p < 0.05).

Correlation Analysis of Rat Serum IL-18

Level and Aortic Calcification Content

Correlation analysis between serum IL-18 level and aortic
calcium content of all the rats in three groups at the 6th month
after surgery (Figure7) showed that serum IL-18 level was
positively correlated with aortic calcium content (r = 0.934, p <

0.001), indicating that with the increase of serum IL-18 level, the
degree of aortic calcification in rats became serious.

The Activation of IL-18 on MAPK Pathways
As shown in Figure 8, when IL-18 intervened for 2 min, the
expression of phosphorylated p38 (p-p38) protein in VSMCs
began to increase. The expression of p-p38 was the most
significant when IL-18 intervened for 5min. After 10 min of
IL-18 intervention, the expression of p-p38 began to show
a downward trend. Moreover, 2min after IL-18 treatment,
p-JNK protein significantly increased. After IL-18 acted for
5min, the protein expression of p-JNK showed a gradually
decreasing trend.

Effect of p38 Pathway on IL-18-Induced
Calcification and Osteogenic Phenotypic

Transformation of Rat VSMCs

We found that SB203580 decreased IL-18-enhanced calcium
content (3521 £ 3.46 vs. 81.83 £ 4.05, p < 0.01) and
ALP activity (74.99 £ 1.63 vs. 141.75 £ 3.32, p < 0.01)in
the IL-18 + B-GP group (Figure9). Furthermore, SB203580
decreased IL-18-enhanced the expression of BMP-2 mRNA and
protein in the IL-18 + B-GP intervention group (p < 0.01,
Figure 10). But SB203580 pre-incubation had no significant
effect on the calcium content (31.42 + 150 vs. 33.38 =+
291, p > 0.05) and ALP activity (71.32 + 153 vs. 74.06
+ 229, p > 0.05) of the B-GP group (Figure9). SB203580
pre-incubation had no significant effect on the expression of
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FIGURE 4 | Comparison of BMP-2 mRNA (A) and protein (B) expression in the aortas of rats in each group. Six rats were included in each group. *P < 0.05 vs.
sham-operated group; #P < 0.05 vs. CRF group. BMP-2, bone morphogenetic protein-2; CRF, chronic renal failure; HFD, high fat diet.
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FIGURE 5 | Immunohistochemical staining of BMP-2 protein expression in aortas of rats in each group. Six rats were included in each group. The BMP-2 protein
staining of the aortic wall was light brown fine granular. *P < 0.05 vs. sham-operated group; #P < 0.05 vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.

Relative
BMP-2 protein expression

Sham-operated <

BMP-2 mRNA and protein in the B-GP group (p > 0.05,
Figure 10). Alizarin Red staining showed that SB203580 pre-
incubation can significantly reduce the calcium deposition of
IL-18 + PB-GP group. The B-GP group pre-incubated with
$B203580 and the p-GP group not pre-incubated with SB203580
showed no significant changes in cellular calcium deposition
(Figure 11).

Effect of JNK Pathway on IL-18-Induced
Calcification and Osteogenic Phenotypic
Transformation of Rat VSMCs

The results indicated (Figure12) that SP600125 had no
significant effect on IL-18-enhanced calcium content (76.42 £
4.86 vs. 81.83 £ 4.05, p > 0.05) and ALP activity (136.36 +
3.50 vs. 141.75 + 3.32, p > 0.05) in the IL-18 + B-GP group.
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FIGURE 6 | Trend of serum IL-18 in rats of each group after operation. Six rats
were included in each group. *P < 0.05 vs. sham-operated group; #P < 0.05
vs. CRF group. CRF, chronic renal failure; HFD, high fat diet.
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FIGURE 7 | Correlation analysis of rat serum IL-18 level and aortic calcification
content. Six rats were included in each group.

And SP600125 also had no significant effect on IL-18-enhanced
expression of BMP-2 mRNA and protein in the IL-18 + B-
GP group (p > 0.05, Figure 13). Furthermore, SP600125 pre-
incubation had no significant effect on the calcium content
(32.0 £ 3.32 vs. 33.38 £ 291, p > 0.05) and ALP activity
(69.48 £ 3.96 vs. 74.06 £ 2.29, p > 0.05) of the B-GP group
(Figure 12). SP600125 pre-incubation had no significant effect
on the expression of BMP-2mRNA and protein in the B-GP
group (p > 0.05, Figure 13). SP600125 pre-intervention has no
significant effect on calcium deposition in IL-18 + B-GP and
B-GP groups (p > 0.05, Figure 14).

DISCUSSION

VC is a preventable, reversible and highly adjustable process
similar to bone and cartilage formation, and the key mechanism
of VC is the osteogenic differentiation of VSMCs (25).
Inflammation is currently considered to be one of the important

Time(min) 0° 2° 5 10° 15 30° kDa

FIGURE 8 | Activation of p38 and JNK pathways by IL-18 in rat VSMCs. After
using IL-18 to interfere with rat VSMCs for 2, 5, 10, 15, and 30, the
phosphorylation and non-phosphorylation protein expression levels of two
MAPK pathways including p38 and JNK were detected by Western blot. The
experiment was repeated 3 times independently.

factors regulating the development of VC (7). Our previous
research results suggested that in subjects without CREF, obesity-
related inflammation might be involved in regulating the
formation of VC (15). Obesity conferred greater cardiovascular
risk when combined with metabolic syndrome in CRF patients
(26). VC is a common vascular complication of CRF and
an important indicator of poor prognosis. Nowadays, the
relationship between obesity-related inflammation and VC in
CREF patients is still controversial. Krasniak et al. had proved that
the coronary artery calcification score is positively correlated with
BMI in maintenance haemodialysis patients (27). But the study
by Kim et al. concluded that there was no significant correlation
between obesity and aortic calcification in dialysis patients (28).
Therefore, this study explored the effect of obesity caused by
high-fat diet on VC in a rat model of CRF.

The results of the study showed that the calcium content and
BMP-2 expression of the aorta in the CRF rats fed with high-
fat diet were significantly higher than the CRF rats fed with
conventional diet. This study confirms for the first time that in
a rat model of CRE, feeding with high-fat diet can further induce
the osteogenic phenotype transformation and deteriorate VC.

Indeed, it is now widely agreed that obesity is a state of low-
grade chronic inflammation (29, 30). Increased circulating levels
of inflammatory cytokines have been reported in overweight and
obese adults, and this event has been linked to the increased
cardiovascular risk seen in obesity (31). Our study also showed
that the body weight, blood lipids and hsCRP level of CRF rats
fed with high-fat diet were significantly higher than those of CRF
rats fed with conventional diet. HsCRP is one of the important
inflammatory factors, suggesting that in CRF rats, a high-fat diet
may cause obesity-related inflammation.
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FIGURE 9 | Effect of p38 pathway on IL-18-induced calcification of rat VSMCs. (A) Effect of p38 pathway on calcium content of rat VSMCs after IL-18 intervention.
(B) Effect of p38 pathway on ALP activity of rat VSMCs after IL-18 intervention. Rat VSMCs were pre-incubated with p38 inhibitor SB203580 (10 wmol/L) for 2 h, and
then treated with B-GP (10 mmol/L) or IL-18 (100 ng/ml) 4+ B-GP (10 mmol/L) for 14 days, respectively. The experiment was repeated 3 times independently. *P < 0.01
vs. control group; #P < 0.01 vs. IL-18 + B-GP group. ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2; 8-GP, g-glycerol phosphate.
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FIGURE 10 | Effect of p38 pathway on IL-18-induced osteogenic phenotypic transformation of rat VSMCs. (A) Effect of p38 pathway on the BMP-2 mRNA
expression of rat VSMCs after IL-18 intervention. (B) Effect of p38 signal pathway on the BMP-2 protein expression of rat VSMCs after IL-18 intervention. Rat VSMCs
were pre-incubated with p38 inhibitor SB203580 (10 wmol/L) for 2 h, and then treated with B-GP (10 mmol/L) or IL-18 (100 ng/ml) 4+ B-GP (10 mmol/L) for 14 days,
respectively. The experiment was repeated 3 times independently. *P < 0.01 vs. control group; #P < 0.01 vs. IL-18 + B-GP group. BMP-2, bone morphogenetic
protein-2; B-GP, B-glycerol phosphate.
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FIGURE 11 | Alizarin red staining of VSMCs. Effect of p38 pathway on IL-18-induced calcium deposition of rat VSMCs. Rat VSMCs were pre-incubated with p38

inhibitor SB203580 (10 wmol/L) for 2 h, and then treated with B-GP (10 mmol/L) or IL-18 (100 ng/ml) + B-GP (10 mmol/L) for 14 days, respectively. The experiment
was repeated 3 times independently. *P < 0.01 vs. control group; #P < 0.01 vs. IL-18 + B-GP group. B-GP, B-glycerol phosphate.
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FIGURE 12 | Effect of JNK pathway on IL-18-induced calcification of rat VSMCs. (A) Effect of JNK pathway on calcium content of rat VSMCs after IL-18 intervention.
(B) Effect of JNK pathway on ALP activity of rat VSMCs after IL-18 intervention. Rat VSMCs were pre-incubated with JNK inhibitor SP600125 (10 wmol/L) for 30 min,
and then treated with B-GP (10 mmol/L) or IL-18 (100 ng/ml) + B-GP (10 mmol/L) for 14 days, respectively. The experiment was repeated 3 times independently. *P <
0.01 vs. control group. ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2; 8-GP, B-glycerol phosphate.

Some studies have confirmed that IL-18 is an important  serum of obese subjects were significantly higher than those of
inflammatory marker of MetS, which is involved in regulating  control subjects (34, 35). Our previous study found that IL-18
the development of MetS. In addition, studies have also shown  can induce calcification of VSMCs (7). However, whether IL-18
that IL-18 is closely related to obesity and is one of the important  is involved in the regulation of VC in CRF patients with obesity
regulators of obesity-related inflammation (32, 33). Bruun and  has not been reported yet. This study indicated that the serum
Jung et al. all proved that the IL-18 levels in adipose tissue and ~ IL-18 levels of CRF rats fed with high-fat diet and a regular diet
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FIGURE 13 | Effect of JNK pathway on IL-18-induced osteogenic phenotypic transformation of rat VSMCs. (A) Effect of JNK pathway on the expression of BMP-2
mRNA of rat VSMCs after IL-18 intervention. (B) Effect of JNK pathway on the expression of BMP-2 protein of rat VSMCs after IL-18 intervention. Rat VSMCs were
pre-incubated with JNK inhibitor SP600125 (10 wmol/L) for 30 min, and then treated with $-GP (10 mmol/L) or IL-18 (100 ng/ml) + B-GP (10 mmol/L) for 14 days,
respectively. The experiment was repeated 3 times independently. *P < 0.01 vs. control group. BMP-2, bone morphogenetic protein-2; B-GP, B-glycerol phosphate.
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FIGURE 14 | Alizarin red staining of VSMCs. Effect of JNK pathway on IL-18-induced calcium deposition of rat VSMCs. Rat VSMCs were pre-incubated with JNK
inhibitor SP600125 (10 umol/L) for 30 min, and then treated with B-GP (10 mmol/L) or IL-18 (100 ng/ml) + B-GP (10 mmol/L) for 14 days, respectively. And then the
VSMCs were stained with Alizarin red. The experiment was repeated 3 times independently. *P < 0.01 vs. control group. B-GP, B-glycerol phosphate.
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both showed an increasing trend with time, and the serum IL-
18 levels of these two groups were significantly higher than the
sham-operated group. Moreover, the postoperative serum IL-18
level of CRF rats fed with high-fat diet was significantly higher
than that of CRF rats fed with conventional diet, which indicated
that obesity caused by high-fat diet can further upregulate serum
IL-18 levels in CRF rats. We further analyzed the correlation
between serum IL-18 level and VC. The results suggest that
the serum IL-18 level of rats is positively correlated with the
aortic calcium content, indicating that as the serum IL-18
level increases, the degree of aortic calcification is aggravated.
However, the mechanism by which IL-18 regulates the formation
of VC is not yet clear and needs to be further explored.

Previous studies have proved that in patients with CRE,
the levels of serum CRP, IL-6 and other inflammatory factors
are positively correlated with the degree of coronary artery
calcification (27, 36). In addition, a large number of in vivo and
in vitro studies have also shown that inflammatory factors can
induce the transformation of VSMCs into osteoblast phenotypes,
and then promote VSMCs calcification (37, 38). Therefore,
inflammation is considered to be an important regulator of
VC. In our study, it was proved that the up-regulation of
inflammatory factor levels in CRF rats fed with high-fat diet had
a close correlation with the development of VC. And this results
further indicated that obesity-related inflammation induced by
high-fat diet might be an important regulator of VC in CREF rats.

The MAPK signaling pathway is a type of serine/threonine
protein kinase that exists widely in mammals, which can be
activated by a series of extracellular signals or stimuli. The
JNK and p38 pathways are two main members of the MAPK
signaling pathway. Previous studies had proved that IL-18 could
cause different biological effects by activating the JNK and p38
signaling pathways (21, 22, 39), suggesting that the MAPK
pathways might be the important downstream pathways for IL-
18. Our research also showed that IL-18 could promote the
expression of JNK and P38 pathway phosphorylated proteins
in rat VSMCs, indicating that IL-18 could induce biological
effects by activating the MAPK pathways in rat VSMCs. The
results of Takahisa et al. showed that advanced glycation end
products could promote VSMCs calcification by activating the
p38 pathway (40). Our research also found that the p38 signaling
pathway blocker SB203580 can significantly reduce the calcium
content, ALP activity and BMP-2 expression of rat VSMCs
induced by IL-18. The P38 signaling pathway is not only involved
in the regulation of cell proliferation and survival (41), but also
plays a key role in immune and inflammatory responses (42).
The above results indicated that the p38 signal transduction
pathway is also involved in the regulation of IL-18 to promote the

REFERENCES

1. Goodman WG, Goldin J, Kuizon BD, Yoon C, Gales B, Sider
D, et al. Coronary-artery calcification in young adults with
end-stage renal disease who are undergoing dialysis. N Engl
J  Med. (2000) 342:1478-83. doi: 10.1056/NEJM2000051834
22003

process of osteoblast differentiation and calcification of VSMCs.
OPG is one of the osteoblast transcription factors closely related
to VC. The study by McCarthy et al. found that the effect of
PDGF on osteoblast cell lines to produce OPG is regulated by
p38 signaling pathways, but not affected by the JNK signaling
pathway (43). Although the results of this study found that IL-
18 can also activate the JNK signaling pathway, blocking the
JNK pathway has no significant effect on VSMCs calcification
induced by IL-18, which suggested that the JNK signaling
pathway might not be involved in regulation the process of IL-18-
induced VC. Although different MAPK pathways of have similar
cascade reactions, the biological effects produced by different
extracellular activation signals are not completely the same.

In summary, it was demonstrated that obesity-related
inflammation induced by high-fat diet could elevate serum IL-
18 levels and exacerbate VC in CRF rats. Furthermore, serum
IL-18 level had a positive correlation with the degree of VC. It
is also found that IL-18 promoted osteogenic differentiation and
calcification of rat VSMCs via p38 pathway activation.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Committee on
Ethics of Animal Experiments of Sun Yat-sen University.

AUTHOR CONTRIBUTIONS

YiZ is mainly responsible for experimental design and
article writing. HH and JW are responsible for guiding
the implementation of the research and the revision of the
article. KZ and LZ is responsible for the implementation of
animal experiments. YuZ is responsible for data statistical

analysis and article revision. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was supported by National Natural Science
Foundation of China (81900443), Fund for Basic and Applied
Basic Research of Guangdong Province (2018A030313749)
and PhD Natural Sciences Startup Foundation of Guangdong
(2017A030310230) to YiZ.

2. Fadini GP, Albiero M, Menegazzo L, Boscaro E, Vigili de Kreutzenberg S,
Agostini C, et al. Widespread increase in myeloid calcifying cells contributes
to ectopic vascular calcification in type 2 diabetes. Circ Res. (2011) 108:1112-
21. doi: 10.1161/CIRCRESAHA.110.234088

3. Shanahan CM, Crouthamel MH, Kapustin A, Giachelli CM. Arterial
calcification in chronic kidney disease: key roles for calcium and phosphate.
Circ Res. (2011) 109:697-711. doi: 10.1161/CIRCRESAHA.110.234914

Frontiers in Cardiovascular Medicine | www.frontiersin.org

12

November 2021 | Volume 8 | Article 724233


https://doi.org/10.1056/NEJM200005183422003
https://doi.org/10.1161/CIRCRESAHA.110.234088
https://doi.org/10.1161/CIRCRESAHA.110.234914
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhang et al.

High-Fat Diet Induce Vascular Calcification

4. Duhn V, D'Orsi ET, Johnson S, D’Orsi CJ, Adams AL, O’Neill WC. 24. Li GZ, Jiang W, Zhao J, Pan CS, Cao J, Tang CS, et al. Ghrelin blunted
Breast arterial calcification: a marker of medial vascular calcification vascular calcification in vivo and in vitro in rats. Regul Pept. (2005) 129:167-
in chronic kidney disease. Clin ] Am Soc Nephrol. (2011) 6:377- 76. doi: 10.1016/j.regpep.2005.02.015
82. doi: 10.2215/CJN.07190810 25. Johnson RC, Leopold JA, Loscalzo . Vascular calcification:

5. Orita Y, Yamamoto H, Kohno N, Sugihara M, Honda H, Kawamata pathobiological mechanisms and clinical implications. Circ Res. (2006)
S, et al. Role of osteoprotegerin in arterial calcification: development 99:1044-59. doi: 10.1161/01.RES.0000249379.55535.21
of new animal model. Arterioscler Thromb Vasc Biol. (2007) 27:2058- 26. Barbieri D, Goicoechea M, Garcia-Prieto A, Delgado A, Verde E, Verdalles
64. doi: 10.1161/ATVBAHA.107.147868 U, et al. Obesity related risk for chronic kidney disease progression and

6. Li JJ, Zhu CG, Yu B, Liu YX, Yu MY. The role of inflammation cardiovascular disease after propensity score matching. Hipertens Riesgo Vasc.
in coronary artery calcification. Ageing Res Rev. (2007) 6:263- (2021) 38:63-71. doi: 10.1016/j.hipert.2020.09.004
70. doi: 10.1016/j.arr.2007.09.001 27. Krasniak A, Drozdz M, Pasowicz M, Chmiel G, Michalek M, Szumilak

7. Zhang K, Zhang Y, Feng W, Chen R, Chen ], Touyz RM, et al. Interleukin- D, et al. Factors involved in vascular calcification and atherosclerosis in
18 enhances vascular calcification and osteogenic differentiation of vascular maintenance haemodialysis patients. Nephrol Dial Transplant. (2007) 22:515-
smooth muscle cells through TRPM?7 activation. Arterioscler Thromb Vasc 21. doi: 10.1093/ndt/gfl564
Biol. (2017) 37:1933-43. doi: 10.1161/ATVBAHA.117.309161 28. Kim HG, Song SW, Kim TY, Kim YO. Risk factors for

8. Gracie JA, Robertson SE, Mclnnes IB. Interleukin-18. J Leukoc Biol. (2003) progression of aortic arch calcification in patients on maintenance
73:213-24. doi: 10.1189/1b.0602313 hemodialysis and  peritoneal  dialysis. ~ Hemodial Int.  (2011)

9. Chiang CK, Hsu SP, Pai ME Peng YS, Ho TI, Liu SH, et al. Plasma interleukin- 15:460-7. doi: 10.1111/§.1542-4758.2011.00571.x
18 levels in chronic renal failure and continuous ambulatory peritoneal 29. Kim J, Bhattacharjee R, Kheirandish-Gozal L, Khalyfa A, Sans Capdevila O,
dialysis. Blood Purif. (2005) 23:144-8. doi: 10.1159/000083620 Tauman R, et al. Insulin sensitivity, serum lipids, and systemic inflammatory

10. Lonnemann G, Novick D, Rubinstein M, Dinarello CA. Interleukin- markers in school-aged obese and nonobese children. Int J Pediatr. (2010)
18, interleukin-18 binding protein and impaired production of 2010:846098. doi: 10.1155/2010/846098
interferon-gamma in chronic renal failure. Clin Nephrol. (2003) 30. Das UN. Is obesity an inflammatory condition? Nutrition. (2001) 17:953—
60:327-34. doi: 10.5414/CNP60327 66. doi: 10.1016/S0899-9007(01)00672-4
11. Wang YC, McPherson K, Marsh T, Gortmaker SL, Brown M. Health and 31. Antuna-Puente B, Feve B, Fellahi S, Bastard JP. Adipokines: the missing
economic burden of the projected obesity trends in the USA and the UK. link between insulin resistance and obesity. Diabetes Metab. (2008) 34:2-
Lancet. (2011) 378:815-25. doi: 10.1016/S0140-6736(11)60814-3 11. doi: 10.1016/j.diabet.2007.09.004
12. Chen J, Muntner P, Hamm LL, Jones DW, Batuman V, Fonseca V, et al. The 32. Weiss TW, Arnesen H, Troseid M, Kaun C, Hjerkinn EM, Huber K, et al.
metabolic syndrome and chronic kidney disease in U.S. adults. Ann Intern Adipose tissue expression of interleukin-18 mRNA is elevated in subjects with
Med. (2004) 140:167-74. doi: 10.7326/0003-4819-140-3-200402030-00007 metabolic syndrome and independently associated with fasting glucose. Wien
13. Chen J, Gu D, Chen CS, Wu X, Hamm LL, Muntner P, et al. Association Klin Wochenschr. (2011) 123:650-4. doi: 10.1007/s00508-011-0028-6
between the metabolic syndrome and chronic kidney disease in Chinese 33. Yamaoka-Tojo M, Tojo T, Wakaume K, Kameda R, Nemoto S,
adults. Nephrol Dial Transplant. (2007) 22:1100-6. doi: 10.1093/ndt/gfl759 Takahira N, et al. Circulating interleukin-18: a specific biomarker for
14. Cao H. Adipocytokines in obesity and metabolic disease. ] Endocrinol. (2014) atherosclerosis-prone patients with metabolic syndrome. Nutr Metab. (2011)
220:T47-59. doi: 10.1530/JOE-13-0339 8:3. doi: 10.1186/1743-7075-8-3
15. Zhang Y, Chen J, Zhang K, Kong M, Wang T, Chen R, et al. Inflammation 34. Jung C, Gerdes N, Fritzenwanger M, Figulla HR. Circulating levels of
and oxidative stress are associated with the prevalence of high aankle-brachial interleukin-1 family cytokines in overweight adolescents. Med Inflamm.
index in metabolic syndrome patients without chronic renal failure. Int ] Med (2010) 2010:958403. doi: 10.1155/2010/958403
Sci. (2013) 10:183-90. doi: 10.7150/ijms.5308 35. Bruun JM, Stallknecht B, Helge JW, Richelsen B. Interleukin-18 in plasma
16. Zhang Y, Chen J, Zhang K, Wang T, Kong M, Chen R, et al. Combination of and adipose tissue: effects of obesity, insulin resistance, and weight loss. Eur |
high ankle-brachial index and hard coronary heart disease framingham risk Endocrinol. (2007) 157:465-71. doi: 10.1530/EJE-07-0206
score in predicting the risk of ischemic stroke in general population. PLoS 36. Stompor T, Pasowicz M, Sullowicz W, Dembinska-Kiec A, Janda K,
ONE. (2014) 9:e106251. doi: 10.1371/journal.pone.0106251 Wojcik K, et al. An association between coronary artery calcification
17. Arend WP, Palmer G, Gabay C. IL-1, IL-18, and IL-33 families of cytokines. score, lipid profile, and selected markers of chronic inflammation in ESRD
Immunol Rev. (2008) 223:20-38. doi: 10.1111/j.1600-065X.2008.00624.x patients treated with peritoneal dialysis. Am ] Kidney Dis. (2003) 41:203-
18. Ge C, Xiao G, Jiang D, Franceschi RT. Critical role of the extracellular signal- 11. doi: 10.1053/ajkd.2003.50005
regulated kinase-MAPK pathway in osteoblast differentiation and skeletal 37. Al-Aly Z, Shao JS, Lai CF, Huang E, Cai J, Behrmann A, et al. Aortic
development. J Cell Biol. (2007) 176:709-18. doi: 10.1083/jcb.200610046 Msx2-Wnt calcification cascade is regulated by TNF-alpha-dependent signals
19. Gu X, Masters KS. Role of the MAPK/ERK pathway in valvular interstitial in diabetic Ldlr-/- mice. Arterioscler Thromb Vasc Biol. (2007) 27:2589—
cell calcification. Am ] Physiol Heart Circ Physiol. (2009) 296:H1748- 96. doi: 10.1161/ATVBAHA.107.153668
57. doi: 10.1152/ajpheart.00099.2009 38. Bostrom K. Proinflammatory vascular calcification. Circ Res. (2005) 96:1219-
20. Ding HT, Wang CG, Zhang TL, Wang K. Fibronectin enhances in vitro 20. doi: 10.1161/01.RES.0000172407.20974.e5
vascular calcification by promoting osteoblastic differentiation of vascular 39. Reddy VS, Prabhu SD, Mummidi S, Valente AJ, Venkatesan B, Shanmugam
smooth muscle cells via ERK pathway. J Cell Biochem. (2006) 99:1343- P, et al. Interleukin-18 induces EMMPRIN expression in primary
52. doi: 10.1002/jcb.20999 cardiomyocytes via JNK/Sp1 signaling and MMP-9 in part via EMMPRIN
21. Amin MA, Rabquer BJ, Mansfield PJ, Ruth JH, Marotte H, Haas CS, et al. and through AP-1 and NF-kappaB activation. Am ] Physiol Heart Circ Physiol.
Interleukin 18 induces angiogenesis in vitro and in vivo via Src and Jnk (2010) 299:H1242-54. doi: 10.1152/ajpheart.00451.2010
kinases. Ann Rheum Dis. (2010) 69:2204-12. doi: 10.1136/ard.2009.127241 40. Tanikawa T, Okada Y, Tanikawa R, Tanaka Y. Advanced glycation end
22. Koutoulaki A, Langley M, Sloan AJ, Aeschlimann D, Wei XQ. TNFalpha products induce calcification of vascular smooth muscle cells through
and TGF-betal influence IL-18-induced IFNgamma production through RAGE/p38 MAPK. ] Vasc Res. (2009) 46:572-80. doi: 10.1159/0002
regulation of IL-18 receptor and T-bet expression. Cytokine. (2010) 49:177- 26225
84. doi: 10.1016/j.cyt0.2009.09.015 41. Thornton TM, Rincon M. Non-classical p38 map kinase functions: cell
23. Suga T, Iso T, Shimizu T, Tanaka T, Yamagishi S, Takeuchi M, cycle checkpoints and survival. Int ] Biol Sci. (2009) 5:44-51. doi: 10.7150/ij
et al. Activation of receptor for advanced glycation end products bs.5.44
induces osteogenic  differentiation of vascular smooth  muscle 42. Cuadrado A, Nebreda AR. Mechanisms and functions of p38
cells. ] Atheroscler Thromb. (2011) 18:670-83. doi: 10.5551/ja MAPK  signalling. Biochem J]. (2010) 429:403-17. doi: 10.1042/BJ201
7120 00323
Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 November 2021 | Volume 8 | Article 724233


https://doi.org/10.2215/CJN.07190810
https://doi.org/10.1161/ATVBAHA.107.147868
https://doi.org/10.1016/j.arr.2007.09.001
https://doi.org/10.1161/ATVBAHA.117.309161
https://doi.org/10.1189/jlb.0602313
https://doi.org/10.1159/000083620
https://doi.org/10.5414/CNP60327
https://doi.org/10.1016/S0140-6736(11)60814-3
https://doi.org/10.7326/0003-4819-140-3-200402030-00007
https://doi.org/10.1093/ndt/gfl759
https://doi.org/10.1530/JOE-13-0339
https://doi.org/10.7150/ijms.5308
https://doi.org/10.1371/journal.pone.0106251
https://doi.org/10.1111/j.1600-065X.2008.00624.x
https://doi.org/10.1083/jcb.200610046
https://doi.org/10.1152/ajpheart.00099.2009
https://doi.org/10.1002/jcb.20999
https://doi.org/10.1136/ard.2009.127241
https://doi.org/10.1016/j.cyto.2009.09.015
https://doi.org/10.5551/jat.7120
https://doi.org/10.1016/j.regpep.2005.02.015
https://doi.org/10.1161/01.RES.0000249379.55535.21
https://doi.org/10.1016/j.hipert.2020.09.004
https://doi.org/10.1093/ndt/gfl564
https://doi.org/10.1111/j.1542-4758.2011.00571.x
https://doi.org/10.1155/2010/846098
https://doi.org/10.1016/S0899-9007(01)00672-4
https://doi.org/10.1016/j.diabet.2007.09.004
https://doi.org/10.1007/s00508-011-0028-6
https://doi.org/10.1186/1743-7075-8-3
https://doi.org/10.1155/2010/958403
https://doi.org/10.1530/EJE-07-0206
https://doi.org/10.1053/ajkd.2003.50005
https://doi.org/10.1161/ATVBAHA.107.153668
https://doi.org/10.1161/01.RES.0000172407.20974.e5
https://doi.org/10.1152/ajpheart.00451.2010
https://doi.org/10.1159/000226225
https://doi.org/10.7150/ijbs.5.44
https://doi.org/10.1042/BJ20100323
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhang et al.

High-Fat Diet Induce Vascular Calcification

43. McCarthy HS, Williams JH, Davie MW, Marshall M]. Platelet-
derived growth factor stimulates osteoprotegerin production in
osteoblastic cells. J Cell Physiol. (2009) 218:350-4. doi: 10.1002/jcp.

21600

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Zhang, Zhang, Zhou, Huang and Wang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

14

November 2021 | Volume 8 | Article 724233


https://doi.org/10.1002/jcp.21600
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	IL-18 Mediates Vascular Calcification Induced by High-Fat Diet in Rats With Chronic Renal Failure
	Materials and Methods
	Animal Model and Grouping
	Cell Culture
	Serum Analyses
	Measurement of Systolic and Mean Blood Pressures
	Alizarin Red S Staining
	Von Kossa Staining
	Hematoxylin-Eosin Staining of Rat Aorta
	Quantification of Calcium Deposition
	Alkaline Phosphatase Activity Assay
	Immunohistochemistry
	Quantitative Real-Time Polymerase Chain Reaction
	Western Blot Analysis
	Statistical Analysis

	Results
	Comparison of Weight and Serum Biochemical Indexes Among CRF, CRF + HFD and Sham-Operated Rats
	Comparison of the Blood Pressure of Rats in Each Group
	Comparison of Calcium Content in the Aorta of Rats in Each Group
	HE and Calcification Staining of Rat Aortas in Each Group
	Comparison of BMP-2 mRNA and Protein Expression in the Aorta of Rats in Each Group
	Immunohistochemical Staining of BMP-2 Protein Expression in Aortas of Rats in Each Group
	Trend of Serum IL-18 in Rats of Each Group
	Correlation Analysis of Rat Serum IL-18 Level and Aortic Calcification Content
	The Activation of IL-18 on MAPK Pathways
	Effect of p38 Pathway on IL-18-Induced Calcification and Osteogenic Phenotypic Transformation of Rat VSMCs
	Effect of JNK Pathway on IL-18-Induced Calcification and Osteogenic Phenotypic Transformation of Rat VSMCs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


