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Abstract

Background S100A12, also known as Calgranulin C, is a ligand for the receptor for advanced glycation end products (RAGE)
and plays key roles in cardiovascular and other inflammatory diseases. Interactions between S100A12 and RAGE initiate
downstream signaling activating extracellular signal-regulated kinases (ERK1/2), mitogen activated protein kinases (MAPK),
and transcription factor NF-kB. This increases the expression of pro-inflammatory cytokines to induce the inflammatory
response. SI00A12, and RAGE play a critical role in the development and progression of atherosclerosis. There is a well-
known relationship between the bacterial endotoxin lipopolysaccharide (LPS) and the lipid antigens oxidized low-density
lipoprotein (oxLDL) in driving the immune response in atherosclerosis.

Methods and results Our study aimed to compare the potential of LPS and oxLDL in regulating the expression of SI00A12
and RAGE in atherosclerosis. The expression of these proteins was assessed in the harvested carotid arteries from LPS- and
oxLDL-treated atherosclerotic Yucatan microswine. Tissues were collected from five different treatment groups: (i) angio-
plasty alone, (ii) LPS alone, (iii) oxLDL alone, (iv) angioplasty with LPS, and (v) angioplasty with oxLDL. Immunobhisto-
chemical findings revealed that angioplasty with LPS induced higher expression of SI00A12 and RAGE compared to other
treatment groups. The results were further corroborated by testing their gene expression through qPCR in cultured vascular
smooth muscle cells (VSMCs) isolated from control carotid arteries and LPS- and oxLDL-treated arteries.

Conclusions The results of this study suggest that LPS induces the expression of SI00A12 and RAGE more than oxLLDL in
atherosclerotic artery and both S1I00A12 and RAGE could be therapeutic targets.

Keywords Atherosclerosis - Calgranulin C - Carotid stenosis - Lipopolysaccharide - Oxidized low-density lipoprotein -
RAGE - S100A12

Introduction

Cardiovascular disease (CVD) is the number one cause of
death and today is a major clinical condition worldwide. It
has been reported that 80% mortality in men and 75% in
women have resulted from CVD [1, 2]. According to the
World Health Organization, approximately 17.9 million peo-
ple died from CVD in 2019, amongst which 85% were due to
heart attack and stroke [3]. Most CVD-related deaths are the
direct result of atherosclerosis, which is characterized by the
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narrowing of the arteries due to subendothelial accumula-
tion of lipid-laden cells and the formation of atherosclerotic
plaques. The rupture of these plaques induces the forma-
tion of a thrombus that results in a heart attack or stroke,
ultimately leading to increased morbidity and mortality [4].
The current treatment regimen for CVD is by changing the
lifestyle and using lipid-lowering drugs like statins. Even
with the current treatment regimen, the number of CVD
cases is expected to increase almost by 24 million in 2030
[5, 6]. This highlights the importance of understanding the
underlying mechanism(s) of atherosclerosis to pave the way
for novel therapeutic strategies.

In the early 20th century, it was observed that atheroscle-
rotic plaques consist of calcified connective tissue and cho-
lesterol. These findings led to the development of an animal
model of atherosclerosis, specifically by feeding the rabbits a
high cholesterol diet [7]. These studies not only provided the
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information that cholesterol (lipids) is an important risk fac-
tor for the development of atherosclerosis but also provided
the idea that lipids are the key players in atherosclerotic
lesion formation. However, the complete cellular mecha-
nisms underlying atherosclerosis remained unclear until
approximately four decades ago when it became clear that
most of the cells present in the plaque were macrophages [8].
Further immunohistochemical (IHC) analyses of human ath-
erosclerotic plaques from carotid arteries revealed the pres-
ence of many different immune cells in the plaque, implicat-
ing the role of immune response in atherosclerosis [9-11]. It
has been previously reported that lipopolysaccharide (LPS)
and oxidized low-density lipoprotein (oxLDL) are two
lipid antigens in atherosclerosis that can drive the immune
response in atherosclerosis. Additional studies showing that
T-cell clones isolated from atherosclerotic plaques became
activated by these two lipids support the notion that LPS and
oxLDL are immunological antigens [12—16].

Besides these immune cells, the number of systemic
markers of inflammation, such as C-reactive protein (CRP),
interleukin (IL)-1f, IL-6, nuclear factor-kappa B (NF-kB),
LDL, S100 proteins (S100A8, S100A9, and S100A12), have
been associated with the prediction of the risk of cardiovas-
cular disease [17, 18]. SI00A12 (calgranulin C) is a member
of the S100 family of calcium-binding proteins and is highly
expressed endogenously in neutrophilic granulocytes and
lesser in other cells [19]. Accordingly, elevated serum con-
centration of SI00A12 is an emerging biomarker of athero-
sclerosis [20]. Due to its ability to activate RAGE (receptor
for the advanced glycation end products), a multi-ligand cell
surface receptor, there is growing evidence that SIO0A12
chronically modulates atherosclerotic inflammation [21-24].
S100A12 is endogenously expressed on myeloid cells and
has pleiotropic effects, thereby playing a key role in host
defense [24-26]. Once S100A12 activates RAGE, it initiates
a downstream signaling pathway to induce the inflammatory
process by activating extracellular signal-regulated kinases
(ERK1/2), mitogen activated protein kinases (MAPK), and
transcription factor NF-kB that further initiate the secretion
of pro-inflammatory cytokines like interleukin (IL)-1p, IL-6,
and tumor necrosis factor (TNF)-a [27]. LPS increases the
expression of SI00A12 in the cultured cells and oral tissue
cultures [28].

Since inflammation plays a key role in chronic inflamma-
tory atherosclerotic process, in this study, we evaluated the
effect of LPS and oxLDL on the expression of SIO0A12 and
RAGE in an atherosclerotic animal model of hyperlipidemic
Yucatan microswine. To evaluate the expression of SIO0A12
and RAGE, we administered LPS and oxLLDL in the carotid
arteries with and without angioplasty. Angioplasty was
performed to induce intimal injury and initiation of ath-
erosclerotic lesions in denuded arteries. The carotid arter-
ies were assessed for the expression of the proteins using
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immunohistochemistry. The results were further confirmed
by the mRNA expression of SI00A12 and RAGE in LPS
and oxLDL-treated vascular smooth muscle cells (VSMCs)
extracted from the control (contralateral side) carotid arter-
ies of the microswine.

Materials and methods
Animal model

All microswine weighing 25-30 kg were kept at the animal
facility of Western University of Health Sciences, Pomona,
California, with a 12 h light and dark cycle at 72-74 °F and
cared for per National Institute of Health standards. The
research protocol (R19IACUCO026) was approved by the
Institutional Animal Care and Use Committee of Western
University of Health Sciences. The swine were fed with an
atherogenic diet purchased from Research Diets Inc (RDI)
(NJ, USA) at Sinclair Bio-resources before transferring
to our animal facility. All microswine were fed with RDI
high-cholesterol diet (HC) D17012601 that contains 51%
carbohydrates, 20% protein, 10% fat, and 4% cholesterol.
For these experiments, the microswine were divided ran-
domly into five different experimental groups; angioplasty
alone, lipopolysaccharide (LPS; 100 pug/3 mL of PBS) alone,
oxidized low-density lipoprotein (oxXLDL; 600 pg/3 mL of
PBS) alone, angioplasty +LPS (100 pg/3 mL of PBS), and
angioplasty + oxLDL (600 pg/3 mL of PBS) consisting of
6—7 animals in each group with similar body weights and
age. All the surgical procedures and tissue harvesting were
performed as discussed previously by our group [29]. Spe-
cifically, balloon angioplasty for the carotid arteries was
performed through the femoral artery of either side. The
femoral artery was punctured with ultrasound guidance and
a 4 F sheath was introduced via femoral artery, followed by
a 6 F sheath to insert the guiding catheters typically used
for human angiography. A guidewire was inserted using the
guiding catheter to the carotid artery by injecting the iodine
contrast media simultaneously to visualize the guidewire.
A balloon angioplasty catheter (Abbott Vascular, USA) was
inserted through the guidewire to reach the bifurcation of
the selected common carotid artery (CCA) into ascending
pharyngeal artery (APA) and inflated to at least 1.1 times
the measured internal diameter of the artery (measured by
optical coherence tomography; OCT). The inflated bal-
loon was moved up and down to induce intimal injury and
plaque formation in the carotid artery. In the angioplasty
alone group, after intimal injury, the catheter was removed
without any further intervention. In the experimental groups
of angioplasty + LPS and angioplasty + oxLDL, the angio-
plasty balloon was deflated and retracted. LPS (100 pug/3 mL
of PBS) or oxLLDL (600 ug/3 mL of PBS) was administered
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intraluminally at the site of angioplasty through the OTW
(over the wire) catheter after removing the guidewire while
holding the blood flow by keeping the balloon inflated for
2 min to induce plaques inside the artery. Similarly, for the
LPS only and oxLDL only groups, the treatment was given
intraluminally through the OTW catheter without injuring
the carotid artery with angioplasty [29].

Tissue harvesting and processing

After the surgical procedure, euthanasia was performed by
i.v administration of a single dose of pentobarbital sodium
(85 mg/kg) and phenytoin sodium (11 mg/kg). Tissues were
harvested and kept in formalin solution for long storage.
Collected carotid tissues fixed in formalin were dehydrated
with a series of ethanol solutions of increasing concentration
until water-free ethanol was reached. Typical dehydration
was done with different concentrations of ethanol as, 70%
ethanol for 15 min, 90% ethanol for 15 min, two times in
100% ethanol for 15 min, 100% ethanol for 30 min, and
100% ethanol for 45 min. After dehydration, clearing of the
tissues was done by immersing the tissues in xylene fol-
lowed by wax infiltration. All the processed tissues were
then embedded in paraffin wax blocks and thin sections of
5 pm were cut using a microtome and sections were fixed on
glass slides for staining.

Hematoxylin and eosin (H&E) staining

For H&E staining, the tissue sections were de-paraffinized,
rehydrated in ethanol, rinsed in double-distilled water, and
stained with hematoxylin and eosin for 45 and 30 s, respec-
tively. The stained sections were mounted with a xylene-
based mounting medium and a coverslip was placed over
the tissue. The stained sections were examined under a
light microscope (Leica DM6 at X100 magnification). We
scanned at least three adjacent sections from each tissue.

Immunohistochemistry (IHC)

IHC was performed using the peroxidase anti-peroxidase
method using a secondary antibody conjugated to horse-
radish peroxidase (HRP). For immunohistochemistry, the
slides were deparaffinized and rehydrated. The antigen
retrieval was carried out by heating the slides with 1%
citrate buffer (C9999; Sigma) in a steamer for 45 min.
After 1 h cool-down period, the slides were washed with
phosphate-buffered saline (PBS) for 5 min. The tissue sec-
tions were circled with a PAP pen and endogenous peroxi-
dases were blocked with 3% hydrogen peroxide (H1009;
Sigma) for 15 min and rinsed again in PBS for 5 min.
Blocking was done by using the blocking solution (150 uL.
of stock in 10 mL of buffer) corresponding to the primary

antibody from the Vectastain Elite ABC kit (Vector Labs
PK-6101: rabbit; and PK-6105: goat) and the tissues were
incubated for 1 h at room temperature. The blocking solu-
tion was tipped off and the tissue sections on the slides
were incubated with the primary antibodies anti-S100A12
(MBS2026249) and anti-RAGE (sc8230; validated in
swine) at an empirically optimized dilution and incubated
at 4 °C overnight. The next day, the slides were washed
3 times for 5 min each with 1X PBS, and the slides were
incubated with the secondary antibody (50 pL of bioti-
nylated secondary antibody stock in 10 mL of blocking
solution) from the corresponding Vectastain Elite ABC
kit for 1 h at room temperature. The slides were rinsed 3
times with 1x PBS, followed by incubation of the tissue
sections with the Vectastain ABC horseradish peroxidase
(HRP) for 30 min at RT. The tissue sections on the slides
were then rinsed with 1x PBS followed by incubation with
3,3'-diaminobenzidine (DAB) (34002; Thermo Scientific)
for 2 to 5 min until the development of brown color. After
the DAB had developed sufficiently, slides were washed
with water, stained with hematoxylin for 20 s, rinsed in
running tap water for 5 min, and mounted with a xylene-
based mounting medium. The stained slides were imaged
with a Leica DM6 microscope. The high magnification
images from each tissue section were manually analyzed
using Image J and the average intensity of the positively
stained cells (% area stained) was analyzed from each
group using three sections for each tissue for statistical
analysis.

Oxidized low-density lipoprotein (ox-LDL)
preparation

The ox-LDL used for this study was prepared by the con-
trolled oxidation of LDL which was extracted from the
plasma of atherosclerotic pigs using a single-step discon-
tinuous gradient ultracentrifugation method [28]. The den-
sity gradient was created using potassium bromide (KBr)
and the density was adjusted to 1.063 g/mL [using the for-
mula plasma (mL) X 0.0834 =KBr (g)] followed by ultra-
centrifugation in a Beckman L8 80 M Ultracentrifuge using
an SW55 Ti swinging bucket rotor at 100,000 g for 24 h.
The LDL-containing band was carefully removed, and the
lipoprotein concentration was measured by Pierce™ BCA
Protein Assay Kit. The dialysis-purified LDL was oxidized
using 5 uM copper sulfate (CuSO,) for 2 h and was stopped
with ethylene diamine tetra acetic acid (EDTA) and was fur-
ther purified by dialysis to remove excess EDTA. The level
of oxidation was quantified by TBARS assay using a com-
mercially available kit (Cayman chemical, Cat#: 10009055)
following the manufacturer’s protocol and was detected to
be >2 pM.
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Cell culture

Primary vascular smooth muscle cells were harvested from
the common carotid arteries collected from the contralat-
eral side of the swine of angioplasty group euthanized after
the completion of the experiments. Briefly, smooth muscle
cells were grown after mincing the arteries and digesting
with Collagenase I (Sigma: Cat#: C0130) in a smooth mus-
cle cell-specific growth medium (SMCM 1101; ScienCell),
and cells up to passage 4 were used for the experiment. The
characterization of VSMCs was done by staining the cells
for a-smooth muscle actin using immunofluorescence assay
(data not shown). In six-well culture plates, cells were grown
up to 80-90% confluency confirmed under a light micro-
scope. The cells were incubated with two different concen-
trations of LPS (100 ng/mL and 500 ng/mL) and oxLDL
(50 pg/mL and 100 pg/mL) for 24 h in a humidified incuba-
tor with 5% CO, at 37 °C. After 24 h, cells were washed with
PBS and total RNA was extracted.

RNA extraction and real-time PCR

Total RNA was extracted from treated and untreated cul-
tured smooth muscle cells using Trizol reagent (Invitrogen,
Carlsbad, CA), and 1.5 pg of total RNA was used for cDNA
synthesis with ImProm-II Reverse Transcription System
from Promega following the manufacturer’s instructions.
Real-time PCR was carried out using a CFX96 Touch Real-
Time PCR Detection System from BioRad. The PCR cycling
conditions were 3 min at 95 °C for initial denaturation, 42
cycles of 15 s at 95 °C, 15 s at 55-60 °C (according to the
primer annealing temperatures) followed by melting curve
analysis. Reactions were run in triplicate for three independ-
ent experiments. The primers for SI00A12 and RAGE genes
in swine were obtained from Integrated DNA Technologies
(Coralville, IA, USA) for which sequences were as follows:
S100A12 (Fwd-5-GTACTCAGTTCGGTTGGGGC-3', Rev-
5'-ATCAGCACATCAGTCACCAGG-3'), RAGE (Fwd-5'-
ACCGAGTCCAAGTCTACCGT-3', Rev-5-GGTGGAAGG
CTTTTCCTGA-3"). The expression data were normalized
to the geometric mean of housekeeping gene GAPDH to
control the variability in expression levels. The sequences
of the forward and reverse primer of GAPDH were (Fwd-
5'-CGGAGTGAACGGATTTGGCCG-3', Rev-5-GGAACT
TGCCGTGGGTGGAA-3"). Fold change in expression of
mRNA transcripts relative to controls was determined using
the 2722CT after normalizing the CT values with GAPDH
[30].

Statistical analysis

Data are presented as the mean + SD. Data were analyzed
using GraphPad Prism 9. The comparison between groups for
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the expression of the protein of interest was performed using
One-way ANOVA with Bonferroni’s posthoc test. The prob-
ability (p) value < 0.05 was accepted as statistically significant.
*p<0.05, #p<0.01, ¥***p <0.001 and ****p <0.0001.

Results

Hematoxylin and eosin (H&E) staining
showedsignificantly increased neointima formation
in angioplasty with oxLDL carotidarteries

H&E-stained sections revealed obliterated carotid arteries
lumen with an atherosclerotic plaque in the animal groups
of angioplasty with LPS and angioplasty with oxLDL.
(Fig. 1) Additionally, a minimal neointimal hyperplasia
was observed in angioplasty group alone and inflamma-
tion was present in the neointima and the adjoining medial
layer. (Fig. 1a) while in the other treatment groups such
as LPS and oxLLDL alone, we did not observe inflamma-
tion and neointima formation which justifies the potential
of LPS and oxLDL with angioplasty to induce significant
atherosclerotic plaques. In the angioplasty alone group, a
thin-sized atherosclerotic plaque was observed (Fig. 1a). In
the LPS- and oxLDL-treated swine without angioplasty, no
plaque was observed. While in the experimental groups of
angioplasty with LPS and angioplasty with oxLDL, a sig-
nificant plaque size (approximately 30-50% of the luminal
surface) was observed. More specifically, about 50% of the
luminal surface was covered with plaque and the lumen was
found blocked in angioplasty with oxLDL group with dense
inflammation with atherosclerotic plaque (Fig. le, ) and
about 30% of the luminal surface was found with the plaque
formation in angioplasty with LPS group (Fig. 1d, d'). Butin
the angioplasty with the oxLDL group, one section showed
the presence of ruptured plaque while others suggest vulner-
able plaque with characteristics such as macrophage infiltra-
tion, necrotic core, thin capped atheroma [31]. (Fig. 1e") The
light necrotic core was present in the angioplasty with LPS-
treated carotid arteries (Fig. 1d, d) but was found signifi-
cantly lower than that of the oxLDL-treated group accompa-
nied with the angioplasty. We speculated that the expression
of S100A 12 and RAGE proteins might be dependent on the
size and severity of the lesion formed in the carotid arter-
ies and thus proceeded to perform IHC with SI00A12 and
RAGE antibodies.

Immunohistochemistry revealed significantly
increased expression ofS100A12 and RAGE
expression in angioplasty with the LPS group

Immunostaining of the carotid arteries revealed that the
expression of SI00A12 and RAGE proteins completely
depends on the treatment given to the carotid arteries. The
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Fig. 1 H&E staining of carotid artery on the intervention side in angi-
oplasty alone (panel a), LPS alone (panel b), oxXLDL alone (panel c¢)
angioplasty with LPS (panel d), and angioplasty with oxLDL (panel

angioplasty with LPS and angioplasty with oxLDL group
produced significant lesion size. SI00A12 and RAGE
expression in the contralateral side carotid (control) artery
of angioplasty alone group was lower than that of the inter-
vention side carotid artery but the differential expression
was statistically non-significant (Figs. 2 and 3). The expres-
sion on the intervention was significantly increased in the
carotid arteries of angioplasty with LPS and angioplasty
with oxLDL groups (Figs. 2 and 3). When we compared the
data of angioplasty alone group with LPS alone and oxLDL
alone treated groups, it was observed that the positive stain-
ing of S100A12 and RAGE was higher than that of LPS-
and oxLDL-treated swine groups (Table 1). Particularly,
S100A12 expression in the angioplasty group was 6.38%
while in the case of LPS- and oxLDL-treated groups the
expression was slightly lesser than the angioplasty group
i.e., 3.91% and 5.40%, respectively (Table 1). The signifi-
cant difference in the expression of SIO0A12 was observed
in the angioplasty with LPS when compared to the angio-
plasty alone group which indicated that SI00A12 expres-
sion increased by two-folds by angioplasty with LPS treat-
menti.e., 11.90% (Fig. 2e, h; Table 1). The angioplasty with
oxLDL group did not show significant enhancement in the
expression of SI0O0A12 when compared with angioplasty
alone (Fig. 2i). These results suggest that LPS potentially
induces S100A 12 expression in carotid arteries compared
to oxXLDL when accompanied with angioplasty.

Similarly, immunohistochemistry revealed comparable
RAGE expression and was almost 3-folds more in angio-
plasty with LPS (9.75%) than that of angioplasty alone
(3.14%) on the side of intervention (Fig. 3b, e, h; Table 1).
A two-fold increase in RAGE expression was observed in

oxLDL Only

Angioplasty + LPS Angioplasty + oxLDL

e); Panels a’—e’ are the higher magnification images of the corre-
sponding panels. H&E hematoxylin and eosin, LPS lipopolysaccha-
ride, oxLDL oxidized low-density lipoprotein

angioplasty with oxXLDL (6.56%) as compared to angioplasty
alone but was statistically significant (Fig. 3b, f, i; Table 1).
The RAGE expression in angioplasty with LPS was signifi-
cantly higher than in the angioplasty alone group. There was
no statistically significant difference between the change in
RAGE expression in angioplasty, LPS, and oxLDL alone
treated groups.

Real-time PCR showed increased S100A12 and RAGE
mRNA expression with LPS and oxLDL

Quantitative Real-time polymerase chain reaction (RT-
qPCR) results of the VSMCs isolated from the contralateral
carotid arteries of the angioplasty group Yucatan micro-
swine treated with different concentrations of LPS (0, 100,
and 500 ng/mL) and oxLDL (0, 50 and 100 pg/mL) for
24 h showed significant change in the mRNA expression
of S100A12 and RAGE (Fig. 4a, b). In these cells, LPS
significantly increased the mRNA expression of SI00A12
in a concentration-dependent manner. The mRNA expres-
sion increased by 2-folds at a concentration of 100 ng/mL
compared to untreated cells (control) which was consistent
up to 500 ng/mL of LPS (Fig. 4a). A slight increase in the
mRNA expression of SI00A12 was observed with oxLDL
at concentrations of 50 and 100 pg/mL. The mRNA expres-
sion of RAGE in VSMCs with the treatment of LPS slightly
increases with 100 ng/mL but decreases with an increase in
the concentration of LPS (Fig. 4b). This decrease in mRNA
expression may be due to the use of higher concentration of
LPS, the effect is well known as the Hook effect [32] which
explains the fact that at a high enough concentration the
amount of formed product decreases. The oxXLDL treatment

@ Springer



8668

Molecular Biology Reports (2022) 49:8663-8672

LPS Only

oxLDL Only

Angioplasty Only

Angioplasty + LPS  Angioplasty + oxLDL
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Fig.2 IHC staining of S100A12 in the carotid artery on the con-
tralateral side in angioplasty alone as control (panel a), intervention
side in angioplasty alone (panel b), LPS alone (panel ¢), oxLDL
alone (panel d) angioplasty with LPS (panel e), and angioplasty with
oxLDL (panel f); Panels a’—f’ are the higher magnification images

Control Angioplasty Only LPS Only

—

% Areastaimed __ . . -

% Area stained =3

Fig.3 IHC staining of RAGE in the carotid artery on the contralat-
eral side in angioplasty alone as control (panel a), intervention side in
angioplasty alone (panel b), LPS alone (panel ¢), oxLDL alone (panel
d) angioplasty with LPS (panel e), and angioplasty with oxLDL
(panel f); Panels a’—f" are the higher magnification images of the cor-
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of the corresponding panels; Panels g—1 show the percent expression
of S1I00A12 and statistical difference between the groups. *p <0.05,
*#p<0.01, ***p<0.001 and ****p<(0.0001. /HC immunohisto-
chemistry, LPS lipopolysaccharide, oxLDL oxidized low-density lipo-
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and statistical difference between the groups. *p<0.05, **p<0.01,
##%p <0.001 and ***¥*p <0.0001. IHC immunohistochemistry, RAGE
receptor for advanced glycation end products, LPS lipopolysaccha-
ride, oxLDL oxidized low-density lipoprotein
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Table 1 Percent area stained for SI00A12 and RAGE expression in
all experimental groups

Group Experimental animal group % Area stained

num-

ber S100A12 RAGE

1 Control® 2.32+1.17 1.66+1.03

2 Angioplasty 6.38+1.35 3.14+0.5

3 LPS only 391+0.67 3.47+0.51

4 oxLDL only 5404045 3.69+0.39

5 Angioplasty +LPS 11.90+1.5% 9.754 1.65%%%*
6 Angioplasty + oxLDL 9.31+0.67 6.56+0.4*

*Significant difference compared to the intervention side of angio-
plasty group. *p <0.05, and ****p <0.0001

#Contralateral side of the angioplasty group

induced concentration-dependent effect and produced signif-
icant enhancement by 3.5-fold compared to untreated cells
in the mRNA expression of RAGE (Fig. 4b).

Discussion

In the present study, we found increased protein expres-
sion of S100A12 and RAGE in the carotid arteries from the
swine group with angioplasty and treated with LPS com-
pared to oxLDL. The higher expression of SI00A12 and
RAGE in the carotid arteries with LPS treatment suggests
that this lipid antigen may be the most critical factor con-
tributing to the progression of atherogenic inflammation in
CVDs [33]. It is well known that inflammation is intimately
associated with atherosclerosis and LPS has been identi-
fied to be a potent pathogen-associated molecular pattern
(PAMP) inflammatory molecule aggravating the pathology
[34]. Particularly, previous studies showed that the in vivo
administration of LPS increased the level of SI00A12 in the
plasma in healthy volunteers [35]. These findings were also

a S100A12 expression
R

'5 W ctrl

g @ PS (100ng/mL)
Z @53 LPS (500ng/mL)
£ (2 oxLDL (50pg/mL)
g @ oxLDL (100pug/mL)
4

S

-

2

Fig.4 mRNA expression of the genes SI00A12 (a) and RAGE (b)
in smooth muscle cells treated with different concentrations of LPS
and oxLDL. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

supported by another study in Takayasu arteries in healthy
volunteers. The mRNA expression of SI00A12 was also
found significantly increased after the stimulation by LPS
in healthy volunteers [36]. SI00A12 is the ligand for RAGE,
therefore increased expression of RAGE in the current
study probably points towards the preferential engagement
of RAGE with S100A12 in atherosclerotic inflammation
[37]. Various studies have documented that RAGE activa-
tion upon binding with SI00A12 associates with various
inflammatory disease conditions including CVD, peripheral
arterial disease, and diabetes [20, 34, 38, 39]. These stud-
ies suggest the potential association of the LPS-S100A12-
RAGE axis in chronic inflammation in atherosclerosis and
progression and plaque development. Further, denudation
of endothelium by balloon angioplasty induces atheroscle-
rosis in arteries [40, 41]. This suggests that treating arter-
ies with LPS after balloon angioplasty will have synergistic
pathological effects. In this study, the histological findings
of narrowed lumen of carotid arteries in angioplasty + LPS
group compared to angioplasty or LPS alone support the
notion of a synergistic effect of angioplasty and LPS. This
might be due to increased lipid accumulation in adventi-
tia and inflammation due to LPS in a denuded artery with
endothelial injury and dysfunction [41-43].

In this study, we induced endothelial injury with bal-
loon angioplasty first followed by LPS administration
and increased lesion in such arteries compared to LPS or
angioplasty alone support the notion that LPS administra-
tion after angioplasty increases atherosclerotic plaque for-
mation probably due to increased inflammation caused by
S100A12-RAGE acxis activation. These results are further
supported by the findings of light necrotic core observed in
the angioplasty + LPS group carotid arteries on H&E stain-
ing probably due to the lipid accumulation (Fig. 1d). Lipid
accumulation in these arteries is due to the hypercholes-
terolemic diet given to microswine [44]. Lipid accumula-
tion and LPS-mediated chronic inflammation induce more

b RAGE expression

5+ - ctrl
s
2 @ (Ps (100ng/mL)
g 53 LPS (500ng/mL)
i £ oxLDL (50pug/mL)
g @ oxLDL (100pg/mL)
5
F
5
-
2

mRNA messenger ribonucleic acid, RAGE receptor for advanced gly-
cation end products, LPS lipopolysaccharide, oxLDL oxidized low-
density lipoprotein
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detrimental effects than angioplasty or LPS alone (Fig. 1d).
LPS aggravates the inflammatory process through SI00A12-
RAGE axis by producing pro-inflammatory cytokines like
IL-1pB, IL-6, and TNF-a [45]. Angioplasty procedure directly
damages the arteries. The acute response to this damage or
injury induced by angioplasty initiates vascular sepsis and
restenosis consisting of thrombus formation and inflamma-
tion in the intimal layer of carotid arteries. The simultaneous
injection of LPS or oxLDL further aggravates the inflam-
matory response to induce the formation of plaque inside
the carotid arteries [46]. Therefore, the treatment of LPS
or oxLDL alone without any injury at the carotid arteries
cannot induce the formation of plaque inside the arteries as
much as of angioplasty with LPS or oxLDL. In this study,
the aim was to delineate the effect of LPS on S100A12 and
RAGE expression. However, the effect on downstream sign-
aling pathway is yet to be explored. Since lipid accumulation
underlies the pathogenesis of atherosclerotic plaque forma-
tion [47], we investigated the effect of minimally oxidized
LDL (0oxLDL) on the expression of SI00A12 and RAGE.
The results of this study revealed increased expression of
S100A12 and RAGE in oxLDL-treated arteries with angi-
oplasty but oxLDL alone showed a similar change in the
expression levels as that of the LPS alone.

Overall, the increased level in the expression of ST00A12
and RAGE in different treatment groups were found with the
following trend: Angioplasty with LPS > angioplasty with
oxLDL > angioplasty > LPS alone ~ oxLDL. Therefore, our
study generated another hypothesis that LPS potentially can
induce the protein expression of both SI00A12 and RAGE
in carotid arteries in the swine group with angioplasty. Gene
expression of SI00A12 and RAGE evaluated in VSMCs
isolated from control carotid arteries and treated with LPS
(100 and 500 ng/mL) and oxLDL (50 and 100 ug/mL) fur-
ther corroborated the IHC results. The mRNA expression of
S100A12 was found significantly increased with LPS and
oxLDL compared to the untreated cells while the expression
of RAGE was increased with 100 ng/mL LPS and oxLDL.
Increased expression of SI00A12 and RAGE in cultured
cells with LPS and oxLDL support the findings of immu-
nostaining. Altogether, these findings suggest SI00A12 and
its receptor RAGE as potential therapeutic targets to attenu-
ate inflammation and progression of atherosclerosis [20, 48].

Conclusion

S100A12 and RAGE play a critical role in atherosclerotic
inflammation which is the major cause of cardiovascular
diseases. This study revealed that SI00A12 and RAGE
expression was increased in the arteries with the vascu-
lar injury and treated with LPS more than the arteries

@ Springer

with angioplasty and treated with oxLDL. Lipid antigens
(LPS) perform their function to further accelerate the
inflammatory process by increasing the expression of
these proteins. The findings of our study signify that LPS
is the potential inducer of the protein and gene expression
of SI00A12 and RAGE in atherosclerotic inflammation
in the carotid arteries. Therefore, SIO0A12 and RAGE
could be potential novel targets to inhibit chronic inflam-
matory cascade and thus can attenuate the progression of
atherosclerosis and plaque instability in carotid arteries.
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