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Abstract

Patients with diabetes mellitus have an increased risk of myocardial infarction and
coronary artery disease-related death, exhibiting highly vulnerable plagues. Many
studies have highlighted the major role of macrophages (MAC) and smooth muscle
cells (SMC) and the essential part of metalloproteases (MMPs) in atherosclerotic pla-
que vulnerability. We hypothesize that in diabetes, the interplay between MAC and
SMC in high glucose conditions may modify the expression of MMPs involved in
plague vulnerability. The SMC-MAC cross-talk was achieved using trans-well cham-
bers, where human SMC were grown at the bottom and human MAC in the upper
chamber in normal (NG) or high (HG) glucose concentration. After cross-talk, the
conditioned media and cells were isolated and investigated for the expression of
MMPs, MCP-1 and signalling molecules. We found that upon cross-talk with MAC
in HG, SMC exhibit: (i) augmented expression of MMP-1 and MMP-9; (ii) significant
increase in the enzymatic activity of MMP-9; (iii) higher levels of soluble MCP-1
chemokine which is functionally active and involved in MMPs up-regulation; (iv)
activated PKCa signalling pathway which, together with NF-kB are responsible for
MMP-1 and MMP-9 up-regulation, and (v) impaired function of collagen assembly.
Taken together, our data indicate that MCP-1 released by cell cross-talk in diabetic
conditions binds to CCR2 and triggers MMP-1 and MMP-9 over-expression and
activity, features that could explain the high vulnerability of atherosclerotic plaque

found at diabetic patients.
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1 | INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a recognized risk factor for car-
diovascular morbidity and mortality.> Patients with T2DM have an
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increased risk of premature atherosclerosis, heart failure, peripheral
arterial insufficiency and microvascular complications, affecting life
quality and expectancy.?®

Diabetes (ie hyperglycemia) is one of the major determinants for
atherosclerotic plaque progression towards vulnerability. As reported,
the atherosclerotic plaque is a dynamic structure, resulting from an
interplay between different cellular and humoural factors, as well as
extracellular matrix (ECM) component consisting largely in type | col-
lagen and proteoglycans. A key event in the progression of the
atherosclerotic plaque towards a vulnerable one is the alteration of
the ECM composition. The remodelling of ECM is controlled mainly
by matrix MMPs that are produced within the plaque by MAC and
SMC. The MMPs belong to a large family of zinc dependent
endopeptidases that degrade almost all ECM components in both
physiological and pathological processes.* By degrading the native
collagen, the MMPs lead to low resistance of the vessel to mechani-
cal or other stresses,®> digest the ECM of the fibrous cap, inducing
the cap thinning and ultimately, plaque rupture. Therefore, the
MMPs are actively involved in atherosclerosis by both, promoting
migration and proliferation of SMC, and induction of ECM remod-
elling and plaque destabilization.®

The data on the involvement of gelatinases and collagenases in
the fibrous cap weakening came from histological analysis of sec-
tions from rabbit and mouse atherosclerotic plaques and from rup-
ture-prone shoulder regions of human atherosclerotic plaques which
showed increased levels of MMP-1, MMP-3 and MMP-9.78
Recently, we found that the expression of MMP-1 and MMP-9 is
increased by cross-talk between the MAC and SMC.?

To date, there are studies suggesting that the atherosclerotic plaques
of the subjects with T2DM are more prone to rupture because of both,
increased vascular inflammation,'® and impaired repair responses,** as
loss of collagen and other ECM components occurs in the highly
inflamed regions of plague cap. However, the exact players involved in
exacerbation of plaque vulnerability in diabetic patients are not known.

It was also reported that MCP-1 - a small chemoattractant protein
with an established role in inflammation of atherosclerosis - binds to
its main receptor, CCR2, inducing cell signalling and stimulating the
migration of immune cells to the sites of infection or inflammation.'2
There is overwhelming evidence that MCP-1 plays a critical role in
diabetes and ensuing cardiovascular disorders. To date, the increased
level of serum MCP-1 correlated with different markers of type 2 dia-
betes and obesity,'®> and CCR2 expression on monocytes was found
to be higher in diabetic patients.!* Circulating levels of MCP-1 are
higher in patients with acute myocardial infarction, ischaemic stroke
and unstable angina, but not in patients with stable angina, suggesting
the involvement of MCP-1 in plague vulnerability.*>¢

In the last decade, we and others found that the interaction(s)
between SMC and monocytes/MAC produces different inflammatory
molecules including MCP-1, leading to monocyte/macrophage acti-

1820 and a

vation, the switch of SMC towards a synthetic phenotype,
reduction of collagen | and Il expression.” The effect of HG (ie dia-
betes) on MAC-SMC cross-talk and whether this is related to accel-

erated plaque evolution in diabetic patients is not known.
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In this context, we hypothesized that the molecular signals resulted
from the cross-talk between SMC-MAC in HG conditions may increase
the synthesis of main MMPs involved in atherosclerotic plaque thinning,
changes that would tilt the balance towards the vulnerable plague. To
this purpose, we designed experiments to investigate the effect of
cross-talk between MAC and SMC in HG conditions (associated to dia-
betes mellitus) on the key MMPs known as ECM destructors, and on
the mechanisms involved in MMPs modulation.

We provide evidence that in SMC, upon communication between
SMC-MAC in HG conditions increases the expression and activity of
MMP-1 and -9 by a mechanism involving the MCP-1/ CCR2 and
PKC signalling pathway. The data could explain the enhanced
propensity of the atherosclerotic plaque for rupture and the ensuing
athero-thrombosis in diabetic patients and provide new therapeutic
targets for this disease.

2 | MATERIAL AND METHODS

2.1 | Chemicals

SiRNAs (CCR2/p65/scrambled) were from Santa Cruz Biotechnology
and siRNA transfection reagent Hiperfect were obtained from Qia-
gen. RT-PCR reagents and enzymes were from Invitrogen. Mono-
clonal antibodies, anti-human MMP-1 (MAB901), anti-human CCR2
(MAB180) were from R&D Systems, UK, anti-MMP-9 (ab76003)
from Abcam, anti-phospho-PKC (A-11) from Santa Cruz and anti-
actin (A5060) from Sigma-Aldrich. Human MCP-1 ELISA kit (DuoSet)
and Go 6976 (PKC inhibitor) were from R&D Systems. All other sub-
stances and materials were from Sigma-Aldrich, Invitrogen, Life

Technologies, Eppendorf, Bio-Rad.

2.2 | Cell culture

Human aortic SMC were isolated from the media of foetal thoracic
aorta and characterized as a pure cell line devoid of any contami-
nants. The cells exhibited an elongated spindle-shaped morphology,
bundles of cytoplasmic myofilaments and numerous caveolae at the
cell periphery (as demonstrated by electron microscopy), and grow
as multilayers with the characteristic hills and valley pattern (as
assessed by phase-contrast microscopy). In addition, immunoblotting
and immuno-histochemistry experiments revealed that the cells were
positive for smooth muscle alpha-actin, and for vinculin, negative for
von Willebrand factor,?* and displayed functional store-operated
channels responsive for capacitative calcium entry. SMC were cul-
tured in DMEM supplemented with 10% FCS.

Monocyte-like cell line THP-1 were grown in suspension in the
RPMI 1640 culture medium containing 10% FCS and were split 1:5,
twice a week.

Blood human monocytes were isolated from healthy donors
(from Blood Transfusion Center) or from diabetic patients with aortic
coronary syndrome (ACS) (from the Cardiology Clinic, University
Emergency University Hospital, Bucharest) using a Ficoll gradient
and cultured in RPMI 1640 containing 10% FCS. The investigation
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was carried out according to the principles outlined in the Declara-
tion of Helsinki?? for experiments involving human samples. The par-
ticipants gave their written informed consent by signing the
appropriate paperwork and respecting their anonymity and privacy
rights. The Ethics Committee of the Institute of Cellular Biology and
Pathology “Nicolae Simionescu,” Bucharest, and of the University

Emergency Hospital have approved the study.

2.3 | Experimental design: the co-culture system

Human SMC (5 x 10* cells/well) were grown to confluence on the
bottom of Transwell co-cultures chambers.

Human monocytes (1 x 10° cells) were plated on the filter inserts
(Falcon, 0.4 um pore diameter) in RPMI containing high 25 mmol/L
glucose (HG) or normal 5 mmol/L glucose (NG - controls) and differen-
tiated into MAC by exposure to 100 nmol/L PMA (THP monocytes) or
50 ng/mL M-CSF (freshly isolated monocytes). After 3 days, the co-
culture was constructed by placing the inserts with MAC on the top of
the Transwell co-culture chambers. The co-culture was kept in RPMI
without serum, in normal (5 mmol/L glucose) or HG (25 mmol/L glu-
cose) concentration for 24 or 72 hours. For every experiment, differ-
entiated macrophages (M) or confluent SMC (S, not co-cultured),
maintained independently in the serum free medium and NG concen-
tration, were used as control. At the end of cell co-culture time, the
conditioned media of MAC (upper chamber) or conditioned media of
SMC (bottom chamber) were collected and used for further determi-
nation (MCP-1 ELISA and gelatin zymography assays), and the cells
(MAC from upper chamber and SMC from bottom chamber) were sub-

jected to different investigation methods, as described below.

24 | Western Blot

Protein expression of MMP-1, MMP-9, pPKC, CCR2, p65 and actin
were assessed in the total extract of SMC obtained after cell homog-
enization in Laemmli electrophoresis buffer as described.” The sig-

nals were visualized using SuperSignal West Pico chemiluminescent

substrate (Pierce) and quantified by densitometry employing gel ana-
lyzer system Luminiscent image analyzer LAS 4000 (Fujifilm) and
Image reader LAS 4000 software.

2.5 | Transfection of small-interfering RNA (siRNA)

Human siRNAs (CCR2, p65 subunit/scrambled) were transfected into
human SMC at 24 hours after their passage using siRNA transfection
reagent Hiperfect® (Qiagen) according to the manufacturer’s proto-
col. Twenty-four hours after transfection, the cells were incubated
with serum free medium and co-cultured with PMA-differentiated
macrophages, for another 24 hours. Then, the SMC were processed

for further protocols, as described.

2.6 | Real-time PCR

Total RNA was isolated from cells using GenElute® Mammalian Total
RNA kit (Sigma)/or trizol. First-strand cDNA synthesis was performed
employing 1 ug of total RNA and MMLYV reverse transcriptase, accord-
ing to the manufacturer’s protocol (Invitrogen). Assessment of mMRNA
expression for different molecules was done by amplification of cDNA
using a LightCycler 480 Real Time PCR System (Roche) and SYBR
Green | chemistry. The primer sequences are shown in Table 1. Opti-
mized amplification conditions were: 0.2 mmol/L of each primer,
2.5 mmol/L MgCl,, annealing at 60°C and extension at 72°C for 40
cycles. The relative quantification was done by comparative CT
method and expressed as arbitrary units. The beta-actin was used as

reporter gene for all the investigated molecules.

2.7 | MCP-1 quantification by ELISA assay

Soluble MCP-1 levels were quantified in the conditioned media of MAC
or SMC collected after cell cross-talk (as described in the “Experimental
design: the co-culture system” section), using an ELISA DuoSet kit (R&D
systems) which measure MCP-1 in the cell culture supernatants, serum

and plasma, according to the manufacturer’s instructions.

TABLE 1 The sequences of oligonucleotide primers used for evaluation of gene expression

Gene GenBank® accession humber
MMP-1 NM_002421.3
MMP-2 NM_004530.5
MMP-9 NM_004994.2
MMP-13 NM_002427.3
TIMP-1 NM_003254.2
TIMP-2 NM_003255.4
B-actin NM_001101.4

Predicted
Sequences of Oligonucleotide Primers size (bp)
Fw: 5'-aaaattacacgccagatttgec-3’ 82
Rv: 5'-ggtgtgacattactccagagttg-3’
Fw: 5'-ccgtcgcccatcatcaagtt-3’ 169
Rv: 5'-ctgtctggggcagtccaaag-3’
Fw: 5'-gtgcgtcttccccttcactttect-3' 199
Rv: 5'-ggaatgatctaagcccageg-3’
Fw: 5'-actgagaggctccgagaaatg-3’ 103
Rv: 5'-gaaccccgcatcttggett-3’
Fw: 5'-aattccgacctcgtcatcag-3’ 230
Rv: 5'-tgcagttttccagcaatgag-3’
Fw: 5'-atgcaggtggattccttcag-3’ 306
Rv: 5'-aaacgatgccaaatggagag-3’
Fw: 5'-catgtacgttgctatccagge-3'’ 250

Rv: 5'-ctccttaatgtcacgcacgat-3’


http://www.ncbi.nlm.nih.gov/nuccore/NM_002421.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_004530.5
http://www.ncbi.nlm.nih.gov/nuccore/NM_004994.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_002427.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_003254.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_003255.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_001101.4
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2.8 | Gelatin zymography assay

The gelatinolytic activity of MMP-2 and MMP-9 was evaluated by
gelatine zymography, as we described previously.*® Briefly, condi-
tioned media collected from cells exposed to different experimental
conditions were centrifuged at 800 g, mixed with non-reducing
Laemmli sample buffer and subjected to electrophoresis under non-
reducing conditions on 10% polyacrylamide gels containing 1 mg/mL
gelatine, as substrate. After electrophoresis, the gels were re-natured
in 2.5% Triton X-100 (2 x 30 minutes) and then incubated with
50 mmol/L Tris-HCI, pH 7.4, containing 10 mmol/L CaCl, and
0.2 mmol/L PMSF (18 hours, 37°C); subsequently the gels were
stained with 0.2% Coomassie brilliant blue R-250 and de-stained
with 10% acetic acid and 25% methanol. The white bands against
the blue background were indicative for the presence of gelatinolytic
activity. Image acquisition was done with a gel analyzer system
Luminiscent image analyzer LAS 4000 (Fujifilm).

2.9 | Assessment of SMC-mediated collagen
assembly

In a first step, the collagen Type | obtained from rat tail (powder from
Sigma) was labelled with Texas Red as previously described.?® Briefly,
collagen was solubilized in 2 mmol/L HCI to a final concentration of
10 mg/mL on a shaker at room temperature. Then, the collagen solution
was brought to a basic pH of 8.3 necessary for labelling, using a solution
of 0.1 mol/L Na,CO3 and 0.5 mol/L NaCl. At this pH the collagen solu-
tion gelled and the Texas Red dye (Jena Biocience, 10 mg/mL Texas Red
Maleimide in DMF) was added. The labelling mixture was allowed to
react for 60 minutes at room temperature, protected from light, with
gentle shaking. The labelled protein solution was precipitated using a salt
solution (0.9 mol/L NaCl) and centrifuged for 10 minutes at 7500 g. The
Texas Red-labelled collagen was then dialyzed against 0.2% acetic acid
for 3 days at 4°C to remove any unbound dye and restore the acidic pH.
Following dialysis, the gelled collagen was centrifuged again for 10 min-
utes at 7500 g and re-solubilized in 200 pL acetic acid 0.2%.

In the second step, Texas Red-labelled collagen was mixed with
cold DMEM containing 10% foetal bovine serum to a final concen-
tration of 5 ug/mL, concentration at which self-assembly of collagen
fibres was not observed. This mixture was added to cultured SMC
that were previously co-cultured for 24 hours with MAC in normal
or HG conditions. After 24 hours at 37°C. SMC were washed with
PBS, fixed with 4% paraformaldehyde for 20 minutes, counter-
stained with Hoechst 33259 and visualized with an inverted fluores-
cence microscope Olympus IX81.

2.10 | Statistical analysis

The data obtained from all experiments are expressed as aver-
age + standard deviation (SD). Statistical differences between 2
independent experimental groups were determined by using one-
way ANOVA and Tukey’s multiple comparisons test from GraphPad
Prism 7 software. Each set of experiments was performed at least 3

)

times. Values of P < .05 were considered significant. The “n” in the

figure legends indicate the number of independent experiments.

3 | RESULTS

3.1 | Co-culture of MAC and SMC in HG conditions
increases the gene and protein expression of MMP-1
and MMP-9 in SMC

Since we previously found that the expression of MMP-1 and MMP-
9 are increased subsequent to MAC-SMC cross talk,” we questioned
now whether HG (ie diabetes) has an effect on this interaction. Thus,
SMC and MAC were co-cultured in NG or in HG conditions and the
gene expression of collagenases (MMP-1 and MMP-13) and gelati-
nases (MMP-2 and MMP-9) were investigated in SMC.

The MMPs expression in SMC after their cross-talk in HG condi-
tions were compared with either, MMPs expression in the SMC after
cross-talk with MAC in NG conditions and in control cells - consist-
ing in SMC grown independently in NG or HG conditions, (as
described in the experimental design). The quantitative PCR results
showed that, compared to controls, the interaction between SMC
and MAC in NG conditions for 24 or 72 hours, induced a significant
increase in the expression of MMP-1 and MMP-9 in SMC (Fig-
ure 1A,B). Moreover, when the cells were co-cultured in HG condi-
tions, the MMP-1 and MMP-9 gene expression were further
increased, suggesting that HG concentration exacerbate the cross-
talk induced expression of these MMPs.

The MMP-2 gene expression was significantly increased in SMC after
24 hours co-culture with MAC in HG compared with NG (Figure 1C). In
the case of MMP-13, the gene expression of this collagenase was signifi-
cantly increased in SMC upon 24 or 72 hours co-culture with MAC in
HG concentration (Figure 1D). Compared with NG, the cell co-culture in
HG induces significantly increase of MMP-13 only at 72 hours.

Exposure of SMC to HG (no co-culture) did not affect the gene
expression of investigated MMPs.

The data on the gene expression correlated well with the results
obtained for protein expression of MMP-1 and -9. As shown in the
Figure 2A,B, the Western Blot results revealed a significant increase
in protein level of MMP-1 and MMP-9 in SMC after co-culture with
MAC in HG conditions. The protein expression of MMP-2 or MMP-
13 was not significantly modified by cell co-cultured in HG com-
pared with NG conditions (data not shown).

To validate these results, we performed similar experiments where,
instead of using MAC derived from THP line, we have used human
MAC-derived from monocytes freshly isolated from the blood of
healthy donors (control MAC, CM) or from diabetic patients with ACS
and unstable plaque (diabetic MAC, DM). As shown in the Figure 2C,D,
the MMP-1 and MMP-9 protein expression were significantly increased
in SMC after co-culture with MAC derived from monocytes freshly iso-
lated from diabetic patients (ScDM) compared with control MAC
(ScCM). To clearly delineate between the effect of diabetic MAC or HG
on MMPs produced by SMC after co-culture, both, the MAC derived
from healthy donors (CM) or from diabetic patients (DM), were co-
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FIGURE 1 Gene expression of MMP-1 (A), MMP-9 (B), MMP-2 (C) and MMP-13 (D) in smooth muscle cells (SMC) subsequent to their co-
culture with macrophages (MAC) in normal and high-glucose conditions. After 24 or 72 h, mRNA was obtained from cell homogenates and
subjected to RT-PCR. The mRNA of MMPs were normalized to actin mRNA. S NG, control SMC grown in normal glucose (5 mmol/L)
concentration; S HG — SMC exposed to high (25 mmol/L) glucose concentration in the culture medium; Sc NG - SMC after their co-culture
with MAC in normal glucose, Sc HG - SMC after their co-culture with MAC in high glucose conditions. Note the significant increase of MMP-1
and MMP-9 gene expression in SMC after their co-culture with MAC in HG conditions compared to SMC co-cultured with MAC in

normal glucose or controls (SMC not co-cultured, exposed to NG or HG conditions) at both, 24 or 72 h. n = 4, *P < .05, **P < .01,

#xp < 001, P < .01, "*p < 001

cultured in normal or HG conditions with SMC. In these conditions, the
MMP-9 was induced in SMC co-cultured with CM in HG compared
with NG, and also in SMC co-cultured with DM in HG compared with
NG, suggesting the HG effect on MMP-9 expression (Figure S1B). In
addition, MMP-9 expression is higher in SMC which were co-cultured
in HG with DM vs CM, indicating that even diabetic MAC are responsi-
ble for increased MMP-9 expression. In case of MMP-1, that main
responsible for its up-regulation is HG concentration, since no signifi-
cant differences were obtained between the MMP-1 expression in
SMC co-cultured with CM or DM in when they were exposed to HG
conditions (ScCM HG vs ScDM HG, Figure S1A). The data corroborate

well and confirm the results obtained with THP monocyte line.

3.2 | Assessment of the gelatinases activity in the
secretome collected from SMC after co-culture with
MAC in HG conditions

Since the activation state of gelatinases seems to be of crucial impor-
tance for their function in atherosclerosis, we questioned whether the
MMP-2 and MMP-9 produced by the SMC after co-culture with MAC
are secreted and have gelatinolytic activity. To this purpose, we per-
formed zymography experiments using the secretome (conditioned
media) collected from SMC co-cultured with MAC in HG or NG and
analysed the MMP-2 and MMP-9 activity. As controls, individually cul-
tured SMC grown in NG or in HG conditions were employed.

As shown in Figure 3, the active MMP-9 was detected in the SMC
secretome collected after their co-cultured with MAC, but not from
that collected from control SMC, at least to a detectable level by
zymography assay. Notably, the co-culture of SMC and MAC in NG
induces secretion of active MMP-9 in medium isolated from SMC (Sc
ng, Figure 3), which is additionally increased in the secretome isolated
from SMC co-cultured in HG conditions (Sc HG, Figure 3).

3.3 | Effect of cellular cross-talk in HG conditions
on MCP-1 production by SMC and MAC

It was reported that the interaction between monocytes and SMC by
soluble factors synergistically enhanced MCP-1 production 2° and we
have shown also that communication between MAC and SMC leads to
increased MCP-1 expression in MAC.” Here, we inquire whether the
high-glucose condition induces a similar phenomenon or even augment
this process. We measured the MCP-1 in the secretome collected from
SMC or MAC following their cross-talk in NG or HG conditions. Using
an ELISA assay, we found that upon co-culture in NG, the released
MCP-1 by SMC was not significantly different from that obtained in
controls (individually cultured SMC in NG or HG conditions). In contrast,
the SMC which were co-cultured with MAC in HG supplemented media
released a significant higher amount of MCP-1 in the secretome, com-
pared to control SMC (S NG, P = .0009), or SMC which were co-cul-
tured with MAC in NG (Sc NG - P = .02, Figure 4A).
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Analysis of the MAC's secretome revealed that these cells, upon

co-culture with SMC, released significantly higher levels of MCP-1 in
the culture medium in both, NG or HG conditions, as compared to
controls (Figure 4B).

3.4 | Signalling pathways that mediate MMPs
expression in SMC induced by co-culture with MAC
in HG conditions

Previously, it was reported that binding of MCP-1 to CCR2, triggers
cell signalling and activation of NF-kB transcription factor.2* More-
over, we found that both, the cell cross-talk or HG levels activate NF-
kB in SMC.'82> Thus, we examined the possible role of MCP-1 and
NF-kB in the regulation and increased expression of MMPs. To this
purpose, the endogenous expression of CCR2 and p65 (NF-kB sub-
unit) was blocked in SMC with target-specific siRNA, prior to SMC co-
culture with MAC. Transfection efficiency assessed by Western blot
assays revealed a reduction of ~45% for CCR2 and of ~64% for p65
subunit of NF-kB (Figure S2A,B). The results of these experiments
showed that the protein expression of MMP-1 and MMP-9 were
reduced significantly in SMC in which the CCR2 or p65 expressions
were silenced. No effect on MMPs expression was detected in SMC
transfected with negative control siRNA (Figure 5A,B).

3.5 | Involvement of PKCa in the regulation of
MMPs expression in SMC upon their co-culture with
MAC in HG conditions

Activation of protein kinase C (PKC) family is one of the main sig-
nalling events induced by HG concentration.?® To examine the possi-
ble involvement of PKC in the up-regulation of MMP-1 and MMP-9

A SNG SHG ScNG ScHG

B 1000 -
2 800
23
8 £ 6004
@ O
[ 7]
£'%5 400-
5
& 200
0 -
o o & ©
F F & &

FIGURE 3 The enzymatic activity of MMP-2 and MMP-9
gelatinases assessed by SDS-PAGE zymography of the conditioned
media collected from SMC that were previously co-cultured with
MAC in normal or high glucose (Sc NG, Sc HG) conditions and from
control cells (S NG or S HG). Note that the enzymatic activity of
MMP-9 released by SMC after cross-talk with MAC is significantly
increased in HG compared with NG. n = 4, *P < .05; ##p < 001

we evaluated the activation of PKCa in SMC. As resulted from Wes-
tern blot experiments, the MAC-SMC co-culture induced a signifi-
cant increase in the phosphorylation of PKCa in SMC. Interestingly,
silencing of p65 or CCR2 by specific siRNA, impeded the activation
of PKCa (Figure 6), suggesting a direct involvement of MCP-1 signal-
ing in the process. To evaluate whether PKCu is directly implicated
in the MMP-1 and MMP-9 expression, in additional experiments, the
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co-culture between MAC and SMC was done in the presence of
PKCa inhibitor, Go 6976 (1 umol/L). In this case, the protein expres-
sion of both, MMP-1 and MMP-9 were reduced significantly, sug-
gesting that activation of PKCu is involved in MMP-1 and MMP-9

over—expression.

3.6 | Collagen assembly by SMCs

The cross-talk between SMC and monocytes/MAC influences SMC
that turn towards a secretory phenotype, an event associated with
the progression of atherosclerosis.?” Here, we investigated whether
SMC with activated state after co-culture with MAC, retained the
ability to construct collagen fibrils from collagen precursors, a crucial
process for vascular stability.?®2 For this, Texas red-labelled solubi-
lized collagen was added to control SMC or to SMC after their co-
culture in NG or HG with MAC, and fibril assembly was followed by
fluorescent microscopy. The results revealed that after co-culture
with MAC in NG, and even more in HG conditions, SMC diminished
their capacity to assemble the collagen monomers in fibres of
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collagen, as shown in Figure 7B,C, respectively. Interestingly, if SMC
(after their co-culture with MAC in HG) were pre-incubated for
30 minutes with blocking anti-MMP-1 or anti-MMP-9 and next was
added Texas red-labelled collagen, the SMC recover their capacity to
assemble the collagen fibres (Figure 7D,E). Thus, we can assume that
after the cross-talk with MAC in normal, and even more pronounced
in HG conditions, the capacity of SMC to form collagen fibers is
impaired, and the released MMP-1 and MMP-9 can be involved in

this process.

4 | DISCUSSION

Despite the extraordinary effort done over the last 50 years on
atherosclerosis research, little is known about the late stages of
atherosclerosis, namely, what are the specific processes/ molecules
that control the fine balance between the stable and instable (prone
to rupture) plaques. The reason for the lack of understanding of this
crucial step, could be the fact that most data come from the mouse
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FIGURE 4 SMC-MAC cross talk in high glucose conditions induces a significant increased level of MCP-1 released in the conditioned
medium, both in SMC (A) and MAC (B). The MCP-1 released by macrophages was quantified in the conditioned media collected from the
upper insert (of trans-well system), while the MCP-1 released from SMC was quantified in the conditioned media collected from the bottom
chamber. As controls, MCP-1 was quantified in the conditioned media collected from macrophages or SMC grown independently (no co-
culture) in normal or high glucose conditions. Note that consequent to the cell co-culture, MCP-1 is significantly released by SMC after cross-
talk with MAC in HG vs NG conditions (A). n = 4, *P < .05, *P < .05, ##p < 001
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FIGURE 5 Effect of CCR2 and p65 silencing in the regulation of MMP-1 and MMP-9 expression in SMC. Protein expression of MMP-1 (A)
and MMP-9 (B) determined by Western blot in control SMC (S NG), SMC which were co-cultured with MAC in HG conditions (Sc HG), and
SMC subjected to silencing of CCR-2 and p65 and co-cultured with MAC in HG conditions (Cneg, p65, CCR2 siRNA). Note that silencing of
CCR2 or pb65 decreases significantly the protein expression of MMP-1 and MMP-9 induced by SMC-MAC co-culture in high glucose
conditions. n = 3, *P < .05, #P < .05
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FIGURE 6 Inhibition of PKCa decreases the protein expression of MMP-1 and MMP-9 induced by cell cross-talk in SMC. A, Evaluation of
PKCa activation in control SMC (S NG) vs SMC previously co-cultured with MAC in HG (Sc HG). Note that, the phosphorylated form of PKCa
is significantly increased in SMC that were before exposed to MAC in HG conditions. Silencing of CCR2 or p65 decreases the phosphorylation
of PKCa to control levels. B, Effect of PKCa inhibitor — Go 6976 on the MMP-1 and MMP-9 protein expression induced by SMC-MAC cross-
talk. S NG — control SMC, Sc NG — SMC which were co-cultured with MAC in normal glucose, Sc HG - SMC which were co-cultured with
MAC in high glucose, Sc HGGo - SMC which were co-cultured with MAC in high glucose in presence of 1 umol/L Go 6976. n = 3, *P < .05,
*+p < 01, *P < .05, #P < 01
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FIGURE 7 Formation of collagen fibres from soluble collagen labelled with Texas Red by SMC. A- control SMC cultured in normal glucose
conditions (S NG), B- SMC after their co-culture with MAC in normal glucose (Sc NG) or under high glucose conditions (C - Sc HG), (D and E) -
SMC after their co-culture with MAC in HG and pre-incubated with blocking anti-MMP-1 or 9, respectively, before collagen addition; red -
stained collagen fibers; blue - nuclei of SMC stained with Hoechst

as experimental model, which is not an appropriate model for the complicated atherosclerotic plaques exhibit amplified calcification,
study of the late stages of atherogenesis. Therefore, although several necrotic cores, monocyte and T-cell infiltration and a higher inci-
mouse models exhibiting atherosclerotic plaques that are histologi- dence of plaque ruptures and vascular remodelling.3*

cally similar to the human advanced lesions were developed, a con- To identify the specific processes/molecules relevant for the
sensus model for atherosclerotic plaque destabilization is still higher vulnerability of atherosclerotic plaque in diabetic patients, we

lacking.%° This is especially true in the case of diabetes, where the setup an in vitro system to examine whether the cross talk between
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MAC and SMC in HG conditions (mimicking diabetes) affect the syn-
thesis and enzymatic activity of MMPs, known as major players in
atherosclerotic plaque vulnerability. In addition, we questioned the
signalling mechanisms involved in this process.

The novel findings reported here reveal that upon cross-talk with
MAC in HG conditions, SMC exhibit: (i) augmented gene and protein
expression of MMP-1 and MMP-9; (ii) a significant increase in the
enzymatic activity of MMP-9; (iii) higher levels of soluble MCP-1
chemokine which is functionally active and involved in MMPs up-
regulation; (iv) activated PKCa signalling pathway that, together with
NF-kB, are responsible for MMP-1 and MMP-9 up-regulation, and
(v) impaired function of collagen assembly.

Although the exact mechanism for thinning and rupture of the
atherosclerotic fibrous cap are not well-known, some hypotheses
were proposed. Since SMC are the main producers of plaque-stabi-
lizing fibres, ie collagens, one of the main hypotheses is that dimin-
ished number of SMC (by their apoptosis) is responsible for plaque
rupture. Other hypothesis is that the plaque rupture is not necessar-
ily the result of SMC loss, but rather is due to their switch in pheno-
type, from contractile to synthetic SMC.?” These synthetic SMC
acquire increased capacity for cell proliferation, migration, and secre-
tion of various ECM proteins, preventing rupture of the fibrous
cap.2” However, SMC phenotypic switching may also result in differ-
ent form of less-differentiated SMC (which loose SMC markers),
including macrophage-like cells, that lose the capacity to produce
matrix proteins and gain the ability to synthesize an increased num-
ber of inflammatory molecules and MMPs, which may exacerbate
the plaque inflammation and damage the ECM molecules.?”

Previous studies have shown that both, SMC apoptosis or the
secretory phenotype of SMC, could be induced be different agonists,
various conditions or cell-to-cell cross talk. Thus, recently we have
reported that in culture, SMC - MAC cross-talk reduces the collagen
and elastin expression and promotes neo-angiogenesis.” Here we
illustrate that SMC cross-talk with MAC in HG conditions has a syn-
ergistic effect on the expression of 2 key MMPs that function in
matrix destruction, MMP-1 and MMP-9. Moreover, we found that
the enzymatic activity of MMP-9 released by SMC is enhanced upon
their prior dialogue in culture. These results, together with the
un-modified expression of TIMP-2 evaluated after cell cross-talk
(Figure S3), suggest that SMC-MAC dialogue could have an
enhanced deleterious effect on matrix remodelling and destruction in
HG environment.

Reportedly, the level of MMP-1 and MMP-9 increases in associa-
tion with diabetic conditions. MMP-1 is up-regulated in the vitreous
samples collected from patients with diabetic retinopathy, compared
to nondiabetic controls, and the interactions among MMP-1, throm-
bin, PAR1 and VEGF might facilitate angiogenesis in these
patients.3? In addition, it was found that HG concentration and IL-6
synergistically augment MMP-1 expression in U937 mononuclear
phagocytes and stimulate MMP-1 secretion in human primary mono-
cytes.®® In another study, HG in association with IFN-y synergisti-
cally stimulate MMP-1 expression in U937 MAC.2* Interestingly, in
both reports, as well as in our results, the HG levels alone do not

significantly affect the MMP-1 expression, but rather acts synergisti-
cally with 1L-6,°% IFNN-y 3* or with SMC-MAC cross-talk (our
results). In the case of MMP-9, although it was found that serum
level of MMP-9 in patients with acute coronary syndrome with
hyperglycaemia was significantly higher than those without hypergly-
caemia,®® the source and the mechanism that explain this increase in
diabetic patients were not identified. In this context, our results indi-
cate that SMC as a possible source of increased MMPs production
in accelerated vascular disorders associated with diabetes.

Regarding the mechanisms involved in SMC-induced increased
MMPs production we searched for the involvement of CCR2 - PKC -
NF-kB pathway, as triggered by MCP-1. We report here that the
release of MCP-1 by SMC increase significantly after their co-culture
with MAC in HG conditions. Previous work demonstrated that muta-
tion of MCP-1 prevents vulnerable plaques from rupture in rabbits
independent of serum lipid levels.2® Therefore, we supposed that,
upon binding to its main receptor CCR2, MCP-1 could trigger MMPs
induction in SMC. As it is known, binding of MCP-1 to CCR2 may
promotes protein kinase C (PKCa) phosphorylation and ultimately
cause NF-kB activation.” The reduction in MMP-1 or MMP-9 pro-
tein levels by CCR2 and pé5 subunit knockdown experiments, real-
ized before cell co-culture, confirmed our hypothesis, that the MCP-
1/CCR2 pathway is implicated in the process. As shown in the Fig-
ure 5, the MMP-1 and MMP-9 protein expression was not reduced
to the baseline levels by CCR2 and pé5 silencing, suggesting that
additional mechanisms can be involved in the MMPs regulation. Previ-
ously, it was demonstrated that AP-1 transcription factor has a pivotal
role in MMPs (including MMP-1 and -9) transcription in many cells
(reviewed in 38). Moreover, the mitogen activated protein kinases
(MAPK), the signal transducers and activators of transcription (STAT)
and the Smad family of proteins are also involved in the activation of
MMPs transcription.>®

We also found an increased phosphorylation of PKCa in SMC
after their co-culture with MAC in HG conditions, which is impeded
by silencing of CCR2. This result reinforces the above hypothesis on
the role of MCP-1/CCR2 in the activation of PKC pathway. More-
over, when cell co-culture in HG where realized in presence of a
selective inhibitor for PKCa (GO 6976), the protein expression of
MMP-1 and MMP-9 where significantly reduced, confirming the
involvement of PKCa in their up-regulation. Our data corroborate
and extend previous reports that acknowledge the participation of
PKC signalling in MMPs over-expression in PMA-activated mono-

3940 and SMC exposed to cytokines.**

cytes

For a long time, it was believed that collagens (especially collagen
type 1) have the capacity to self-assemble into fibrils in the absence
of cellular interactions.*> However, in the last decades, it was
demonstrated that the polymerization process of type | collagen is
actually dependent on cellular mechanisms or interactions.?® Our
results demonstrate that indeed SMC have this ability, except that
after co-culture with MAC, SMC lose their capacity of collagen
assembly, in particular in HG conditions. Interestingly, SMC recover
their function to assemble the collagen fibres when the -MMP-1 and
-9 are blocked (Figure 7D,E), revealing that these MMPs produced
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and released by cell co-culture are functional active and degrade the
collagen fibres.

Vascular SMC in advanced atherosclerotic lesions are generally
regarded as having athero-protective plaque-stabilizing properties.
However, the change in phenotype, namely the switch of SMC
towards an inflammatory/secretory phenotype, in conjunction with
the production of high levels of MMPs and impaired capacity for col-
lagen assembly, propose SMC as a destabilization factor, involved
rather in plaque rupture than in plaque stabilization. Thus, SMC are
an attractive target and efforts should be focused on these key cells

involved in the fine balance between stable and vulnerable plaques.

5 | STUDY LIMITATION

In this study, the majority of results were obtained using co-culture
between human aortic SMC and the MAC differentiated from human
monocytic cell line THP, in normal or HG conditions. Although some
results were confirmed with MAC derived from control or diabetic
patients, further studies employing human atherosclerotic plaques
biopsies isolated from diabetic patients will be necessary to
strengthen the significance of our novel observations.

Taken together, these data highlight the important role of SMC
that upon communication with MAC in HG, produce a significant
increase in active matrix degradation enzymes, event which along
with reduced collagen assembly function can count for the high pla-

que vulnerability found in diabetic patients.

ACKNOWLEDGEMENTS

We are thankful to Gabriela Mesca for skilful assistance. This work
was supported by grants of the Romanian Ministry of Research and
Innovation, CCCDI - UEFISCDI, project numbers: PN-II-RU-TE-2014-
4-0965 and PN-IlI-P1-1.2-PCCDI-2017-0697 /13PCCDI / 2018,
within PNCDI llI” and by Romanian Academy.

CONFLICT OF INTEREST

All authors state that they have no conflict of interests.

ORCID
Elena Butoi http://orcid.org/0000-0001-5748-5641
REFERENCES

1. Martin-Timon |, Sevillano-Collantes C, Segura-Galindo A, Del Canizo-
Gdémez FJ. Type 2 diabetes and cardiovascular disease: have all risk
factors the same strength? World J Diabetes. 2014;5:444-470.

2. Moreno V, Fuster PR. New aspects in the pathogenesis of diabetic
atherothrombosis. J Am Coll Cardiol. 2004;44:2293-2300.

3. Booth GL, Kapral MK, Fung K, Tu JV. Relation between age and car-
diovascular disease in men and women with diabetes compared with

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

WILEY-—*%

non-diabetic people: a population-based retrospective cohort study.
Lancet. 2006,;368:29-36.

. Amin M, Pushpakumar S, Muradashvili N, Kundu S, Tyagi SC, Sen U.

Regulation and involvement of matrix metalloproteinases in vascular
diseases. Front Biosci (Landmark Ed.). 2016;21:89-118.

. Varani J, Perone P, Fligiel SEG, Fisher GJ, Voorhees JV. Inhibition of

type | procollagen production in photodamage: correlation between
presence of highmolecular weight collagen fragments and reduced
procollagen synthesis. J Investig Dermatol. 2002;119:122-129.

. Chen Q, Jin M, Yang F, Zhu J, Xiao Q, Zhang L. Matrix metallopro-

teinases: inflammatory regulators of cell behaviors in vascular forma-
tion and remodeling. Mediators Inflamm. 2013;2013:1-14.

. Newby AC. Dual role of matrix metalloproteinases (matrixins) in inti-

mal thickening and atherosclerotic plaque rupture. Physiol Rev.
2005;85:1-31.

. Dollery CM, Libby P. Atherosclerosis and proteinase activation. Car-

diovasc Res. 2006;69:625-635.

. Butoi E, Gan AM, Tucureanu MM, et al. Cross-talk between macro-

phages and smooth muscle cells impairs collagen and metallopro-
tease synthesis and promotes angiogenesis. Biochim Biophys Acta.
2016;1863:1568-1578.

van Diepen JA, Thiem K, Stienstra R, Riksen NP, Tack CJ, Netea
MG. Diabetes propels the risk for cardiovascular disease: sweet
monocytes becoming aggressive? Cell Mol Life Sci. 2016;73:4675-
4684.

Edsfeldt A, Gongalves I, Grufman H, et al. Impaired fibrous repair: a
possible contributor to atherosclerotic plaque vulnerability in
patients with type Il diabetes. Arterioscler Thromb. 2014;34:2143-
2150.

Freitas Lima LC, Braga VA, do Socorro de Frangca Silva M, et al.
Adipokines, diabetes and atherosclerosis: an inflammatory associa-
tion. Front Physiol. 2015; 3:304.

Simeoni E, Hoffmann MM, Winkelmann BR, et al. Association
between the A-2518G polymorphism in the monocyte chemoattrac-
tant protein-1 gene and insulin resistance and type 2 diabetes mel.
Diabetologia. 2004; 47: 1574-1580.

Mine S, Okada Y, Tanikawa T, Kawahara C, Tabata T, Tanaka Y.
Increased expression levels of monocyte CCR2 and monocyte
chemoattractant protein-1 in patients with diabetes mellitus. Bio-
chem Biophys Res Commun. 2006;344:780-785.

Arakelyan A, Petrkova J, Hermanova Z, Boyajyan A, Lukl J, Petrek
M. Serum levels of the MCP-1 chemokine in patients with ischemic
stroke and myocardial infarction. Mediators Inflamm. 2005;3:175-
179.

Lee WH, Lee Y, Kim JR, et al. Activation of monocytes, T-lympho-
cytes and plasma inflammatory markers in angina patients. Exp Mol
Med. 1999;31:159-164.

Tucureanu MM, Butoi E, Gan AM, et al. Amendment of the cytokine
profile in macrophages subsequent to their interaction with smooth
muscle cells: differential modulation by fractalkine and resistin. Cyto-
kine. 2016;83:250-261.

Butoi ED, Gan AM, Manduteanu |, et al. Cross talk between smooth
muscle cells and monocytes/ activated monocytes via CX3CL1/
CX3CR1 axis augments expression of proatherogenic molecules. Bio-
chim Biophys Acta. 2011;1813:2026-2035.

Li P, Li Y, Li Z, et al. Cross talk between vascular smooth muscle
cells and monocytes through interleukin-1p/interleukin-18 signaling
promotes vein graft thickening. Arterioscler Thromb Vasc Biol.
2014;34:2001-2011.

Chen L, Frister A, Wang S, et al. Interaction of vascular smooth mus-
cle cells and monocytes by soluble factors synergistically enhances
IL-6 and MCP-1 production. Am J Physiol Heart Circ Physiol.
2009;296:H987-H996.

Tirziu D, Jinga VV, Serban G, Simionescu M. The effects of low den-
sity lipoproteins modified by incubation with chondroitin 6-sulfate


http://orcid.org/0000-0001-5748-5641
http://orcid.org/0000-0001-5748-5641
http://orcid.org/0000-0001-5748-5641

“% | WILEY

22.

23.

24.

25.

26.
27.
28.
29.
30.

31

32.
33.

34.

MACARIE ET AL.

on human aortic smooth muscle cells. Atherosclerosis. 1999;147:155-
166.

World Medical Association Declaration of Helsinki. Recommenda-
tions guiding physicians in biomedical research involving human sub-
jects. Cardiovasc Res. 1997;35:2-3.

Johnson C, Galis ZS. Quantitative assessment of collagen assembly
by live cells. J Biomed Mater Res. 2003;67:775-784.

Viedt C, Vogel J, Athanasiou T, et al. Monocyte chemoattractant
protein-1 induces proliferation and interleukin-6 production in
human smooth muscle cells by differential activation of nuclear fac-
tor-kappaB and activator protein-1. Arterioscler Thromb Vasc Biol.
2002;22:914-920.

Dragomir E, Manduteanu |, Calin M, et al. High glucose conditions
induce upregulation of fractalkine and monocyte chemotactic pro-
tein-1 in  human smooth muscle cells. Thromb Haemost.
2006;100:1155-1165.

Brownlee M. Biochemistry and molecular cell biology of diabetic
complications. Nature. 2001;414:813-820.

Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in
atherosclerosis. Circ Res. 2016;118:692-702.

Li S, Van Den Diepstraten C, D'Souza SJ, Chan BM, Pickering JG.
Vascular smooth muscle cells orchestrate the assembly of type | col-
lagen via alpha2betal integrin, RhoA, and fibronectin polymerization.
Am J Pathol. 2003;163:1045-1056.

Adiguzel E, Ahmad PJ, Franco C, Bendeck MP. Collagens in the pro-
gression and complications of atherosclerosis. Vasc Med.
2009;14:73-89.

Silvestre-Roig C, de Winther MP, Weber C, Daemen MJ, Lutgens E,
Soehnlein O. Atherosclerotic plaque destabilization. Circ Res.
2014;114:214-226.

Virmani R, Burke AP, Kolodgie F. Morphological characteristics of
coronary atherosclerosis in diabetes mellitus. Can J Cardiol.
2012;22:81B-4.

Abu El-Asrar AM, Alam K, Nawaz M, et al. Upregulation of throm-
bin/matrix metalloproteinase-1/protease-activated receptor-1 chain
in proliferative diabetic retinopathy. Curr Eye Res. 2016;41:1590-
1600.

Li Y, Samuvel DJ, Sundararaj KP, Lopes-Virella MF, Huang Y. IL-6
and high glucose synergistically upregulate MMP-1 expression by
U937 mononuclear phagocytes via ERK1/2 and JNK pathways and
c-Jun. J Cell Biochem. 2010;110:248-259.

Nareika A, Sundararaj KP, Im YB, Game BA, Lopes-Virella MF, Huang
Y. High glucose and interferon gamma synergistically stimulate
MMP-1 expression in U937 macrophages by increasing transcription
factor STAT1 activity. Atherosclerosis. 2009;202:363-371.

35.

36.

37.

38.

39.

40.

41.

42.

Rehni AK, Singh TG. Involvement of CCR-2 chemokine receptor acti-
vation in ischemic preconditioning and postconditioning of brain in
mice. Cytokine. 2012;60:83-89.

Setianto BY, Achmad AF, Purnomo LB. Serum matrix metallopro-
teinase-9 levels in acute coronary syndrome patients with and with-
out hyperglycemia. Acta Med Indones. 2014;46:83-89.

Zhong L, Chen WQ, Ji XP, et al. Dominant-negative mutation of
monocyte chemoattractant protein-1 prevents vulnerable plaques
from rupture in rabbits independent of serum lipid levels. J Cell Mol
Med. 2008;12:2362-2371.

Fanjul-Fernandez M, Folgueras AR, Cabrera S, Lépez-Otin C. Matrix
metalloproteinases: evolution, gene regulation and functional analysis
in mouse models. Biochim Biophys Acta. 2010;1803:3-19.

Scoditti E, Nestola A, Massaro M, et al. Hydroxytyrosol suppresses
MMP-9 and COX-2 activity and expression in activated human
monocytes via PKCa and PKCB1 inhibition. Atherosclerosis.
2014;232:17-24.

Cao J, Han Z, Tian L, Chen K, et al. Curcumin inhibits EMMPRIN
and MMP-9 expression through AMPK-MAPK and PKC signaling in
PMA induced macrophages. J Transl Med. 2014;12:266.

Hussain S, Assender JW, Bond M, Wong L-F, Murphy D, Newby AC.
Activation of protein kinase Czeta is essential for cytokine-induced
metalloproteinase-1, -3, and -9 secretion from rabbit smooth muscle
cells and inhibits proliferation. J Biol Chem. 2002;277:27345-27352.
Wolfbauer G, Glick JM, Minor LK, Rothblat GH. Development of the
smooth muscle foam cell: uptake of macrophage lipid inclusions. Proc
Natl Acad Sci USA. 1986;83:7760-7764.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Macarie RD, Vadana M, Ciortan L,
et al. The expression of MMP-1 and MMP-9 is up-regulated
by smooth muscle cells after their cross-talk with
macrophages in high glucose conditions. J Cell Mol Med.
2018;22:4366-4376. https://doi.org/10.1111/jcmm.13728



https://doi.org/10.1111/jcmm.13728

