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Peroxynitrous acid-modified extracellular matrix alters gene and protein 
expression in human coronary artery smooth muscle cells and induces a 
pro-inflammatory phenotype 
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A B S T R A C T   

Leukocytes produce oxidants at inflammatory sites, including within the artery wall during the development of 
atherosclerosis. Developing lesions contain high numbers of activated leukocytes that generate reactive nitrogen 
species, including peroxynitrite/peroxynitrous acid (ONOO− /ONOOH), as evidenced by the presence of 
oxidized/nitrated molecules including extracellular matrix (ECM) proteins. ECM materials are critical for arterial 
wall integrity, function, and determine cell phenotype, with smooth muscle cells undergoing a phenotypic switch 
from quiescent/contractile to proliferative/synthetic during disease development. We hypothesized that ECM 
modification by ONOO− /ONOOH might drive this switch, and thereby potentially contribute to atherogenesis. 
ECM generated by primary human coronary artery smooth muscle cells (HCASMCs) was treated with increasing 
ONOO− /ONOOH concentrations (1–1000 μM). This generated significant damage on laminin, fibronectin and 
versican, and lower levels on collagens and glycosaminoglycans, together with the increasing concentrations of 
the damage biomarker 3-nitrotyrosine. Adhesion of naïve HCASMC to ECM modified by 1 μM ONOO− /ONOOH 
was enhanced, but significantly diminished by higher ONOO− /ONOOH treatment. Cell proliferation and 
metabolic activity were significantly enhanced by 100 μM ONOO− /ONOOH pre-treatment. These changes were 
accompanied by increased expression of genes involved in mitosis (PCNA, CCNA1, CCNB1), ECM (LAMA4, 
LAMB1, VCAN, FN1) and inflammation (IL-1B, IL-6, VCAM-1), and corresponding protein secretion (except 
VCAM-1) into the medium. These changes induced by modified ECM are consistent with HCASMC switching to a 
synthetic/proliferative/pro-inflammatory phenotype, together with ECM remodelling. These changes model 
those in atherosclerosis, suggesting a link between oxidant-modified ECM and disease progression, and highlight 
the potential of targeting oxidant generation as a therapeutic strategy.   

1. Introduction 

The vascular extracellular matrix (ECM) consists of an ordered 
network of macromolecules that serves not only as a biomechanically 
active scaffold for these tissues, but also as a regulator of cell behaviour 
[1,2]. Changes to the vascular ECM, including oxidative modification, 
have been identified in virtually all vascular pathologies including 
atherosclerosis, and are accompanied by an altered behaviour of 
vascular cells [2–4]. Modification of vascular ECM is believed to play a 
key role in the development and progression of atherosclerosis [5], 

including the subsequent rupture of lesions, which is a major cause of 
heart attacks and strokes [6]. Modified proteins and lipids have been 
identified in all stages of lesion development [7], and previous studies 
have shown that the majority of oxidatively damaged proteins in 
atherosclerotic lesions are ECM species, rather than intracellular pro-
teins [8]. 

The vascular ECM is composed of cell-secreted proteins (collagens, 
elastin), glycoproteins (fibronectin, laminins), proteoglycans (perlecan, 
versican), glycosaminoglycans (GAGs, e.g. hyaluronan), and seques-
tered materials such as enzymes, cytokines and growth factors [1]. The 
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low levels and activity of antioxidant enzymes, repair systems, and 
matrix turnover in the extracellular space, make the ECM a prime target 
for the accumulation of oxidative damage arising from the chronic 
low-grade inflammation that characterizes atherosclerosis [3,4,7]. A 
main source of oxidants in lesions are activated inflammatory cells that 
have been recruited to, infiltrate, and accumulate within the artery wall 
and growing lesion [9,10]. These include activated neutrophils, mono-
cytes and macrophages that have the enzymatic capacity to produce 
superoxide radicals (O2⋅− , via NADPH oxidase complexes and particu-
larly NOX2 [11]) and, in the case of macrophages, high levels of nitric 
oxide radicals (NO⋅) generated by inducible nitric oxide synthase 
(iNOS). Diffusion controlled-reaction between these two radicals gen-
erates peroxynitrite/peroxynitrous acid (ONOO− /ONOOH) [12,13]. 
These species are present as an equilibrium mixture at physiological pH 
values (pKa 6.8, with the acid form being the more reactive species 
[13]), together with the adduct peroxynitrosocarbonate, ONOOCO2

− , 
formed from reaction of ONOO− with CO2/bicarbonate [13]. The latter 
shows different reactivity to ONOO− /ONOOH, such that the level of 
CO2/bicarbonate modulates the reactivity of ONOO− /ONOOH at sites of 
inflammation [13]. 3-Nitrotyrosine (3-NO2Tyr), a stable modification on 
tyrosine (Tyr) residues formed by reactive nitrogen species, such as 
ONOO− /ONOOH and ONOOCO2

− , has been detected throughout 
atherosclerotic lesions [14]. In addition, 3-NO2Tyr has been detected, by 
use of mass spectrometry, at markedly elevated levels on proteins 
extracted from lesions, with the levels of this biomarker correlating with 
the extent of tissue damage [15,16]. 

We have previously shown that multiple ECM components are sus-
ceptible to modification by reactive oxidants, including ONOO− / 
ONOOH and species generated by the heme enzyme myeloperoxidase 
including hypochlorous acid (HOCl), and that the resulting modified 
species are present on the ECM materials of human atherosclerotic le-
sions [17–23]. The exact sites of modification induced by ONOO-
− /ONOOH on some ECM components, including laminin [24] and 
fibronectin [25], have been determined by LC-MS peptide mass map-
ping. However, the effects that such oxidant-modified ECM components 
have on cell behaviour are poorly understood, although it is has been 
reported that naïve (non-oxidant exposed) endothelial and smooth 
muscle cells show altered adhesion and proliferation on such materials 
[17–20,23,26]. 

Vascular smooth muscle cells (VSMCs), which are usually quiescent 
and contractile [27], undergo phenotypic changes during the develop-
ment of atherosclerosis to give a synthetic and proliferative phenotype, 
with this being associated with migration from the medial layer of ar-
teries into the intima [28–30]. Whether this is positive or negative for 
lesion growth and stability is disputed, with both protective (due to the 
formation of a strong and abundant fibrous cap that is less susceptible to 
rupture) and deleterious pro-inflammatory actions proposed [30]. 
Recent data support the presence of multiple VSMC phenotypes in le-
sions, with both anti- and other pro-inflammatory roles [30]. A number 
of factors have been shown to drive phenotypic changes in VSMCs, 
including ECM composition [31–33], and modifications on ECM mate-
rials, such as those generated by myeloperoxidase/HOCl [26]. 

In the light of these data, we hypothesized that ONOO− /ONOOH- 
induced modification of specific ECM components within the ECM laid 
down by human coronary artery smooth muscle cells (HCASMCs), 
would modulate gene and protein expression in naïve HCASMC exposed 
to this modified ECM. Furthermore, these modifications might drive a 
phenotypic change in these cells, from contractile to synthetic, as 
manifested by altered cell adhesion and proliferation, increased syn-
thesis and excretion of proteins involved in ECM remodelling, and 
expression of pro-inflammatory mediators. These changes induced by 
modified ECM species may contribute to the development and pro-
gression of atherosclerosis. 

2. Materials and methods 

2.1. Materials 

All chemicals were purchased from Sigma (unless otherwise stated) 
and all solutions were prepared using Nano-pure H2O from a MilliQ 
system (Millipore). Isopentyl nitrite used to synthesize ONOO− /ONOOH 
was purchased from VWR. Primary HCASMCs were purchased from Cell 
Applications along with growth medium and basal medium for smooth 
muscle cells. The anti-laminin (ab11575) polyclonal antibody (pAb), the 
anti-chondroitin sulfate (clone CS-56) monoclonal antibody (mAb), anti- 
TAGLN/SM22α (ab14106) pAb, anti-cofilin (ab124979) mAb and anti- 
desmin (ab32362) mAb were purchased from Abcam. The mAb 
against cell-derived fibronectin (clone 3E2) was from Sigma. The anti- 
versican G1 domain mAb (clone 12C5) was from the Developmental 
Studies Hybridoma Bank (Univ. of Iowa, USA), and the anti-collagen 
types I and III pAbs were from Rockland. The anti-β-actin (MAB8929) 
mAb and anti-α-smooth muscle actin (MAB1420-SP) mAb was from 
R&D systems. The anti-3-nitrotyrosine pAb was from Millipore along 
with the horseradish peroxidase (HRP)-conjugated anti-rabbit/mouse 
whole immunoglobulin (IgG) secondary antibodies that were used for 
ELISA and immunoblotting. The ELISA kits for human IL-1β and IL-6 
were from BioLegend. Bromodeoxyuridine (BrdU) incorporation, a 
commonly used marker of DNA synthesis, was assessed by ELISA kits 
purchased from Abcam. CellTiter 96 AQueous Cell Proliferation Assay 
(MTS) was from Promega Biotech. RNA was extracted with RNeasy Mini 
Kits, and cDNA was synthesized with the QuantiNova Reverse Tran-
scription Kit, both from Qiagen. Quantitative real-time PCR (qPCR) was 
carried out with SYBR GreenER qPCR Supermix from Invitrogen. 
Primers were purchased from Qiagen with unspecified sequences (IL-1B, 
IL-6, LAMA4, LAMA5, LAMB1, LAMB2, VCAN and TGFB) or from 
ThermoFisher with specified sequences (Supplementary Table 1). All 
absorbance and fluorescence measurements were carried out using a 
Spectra Max i3x microplate reader. 

2.2. Cell culture 

Primary HCASMCs were thawed from frozen stocks and cultured 
until passage 5 using commercial smooth muscle cell growth medium 
(Cell Applications) in a humidified atmosphere of 5% CO2 at 37 ◦C. Cells 
were seeded at a density of 5 x 104 cells mL− 1 for experiments and 
growth medium was changed three times a week. 

2.3. Synthesis and quantification of ONOO− /ONOOH 

ONOO− /ONOOH was synthesized in a two-phase system involving 
the displacement reaction by the hydroperoxide anion (HOO− ) on iso-
amyl nitrite (RONO, R = 2-methylbutyl). The protocol employed was 
adapted from Uppu et al. [34]. A volume of 22 mL 30% H2O2 (~9.4 M) 
was diluted to 50 mL with MilliQ water and chilled to 4 ◦C in an ice/-
water mixture. This solution was then added to a mixture of 40 mL of 5 
M NaOH and 5 mL of 0.04 M DTPA in 0.05 M NaOH with gentle mixing. 
The H2O2 solution was then diluted to 100 mL with MilliQ water. The 
H2O2 solution (final concentration 2 M) was then mixed with an equi-
molar amount of isoamyl nitrite (0.2 mol, 27 mL), and incubated over-
night at 4 ◦C with vigorous mixing. The next day, the aqueous phase was 
washed with 6 x 1 vol of chloroform in a separating funnel to remove 
isoamyl alcohol and excess isoamyl nitrite. Unreacted H2O2 was 
removed with 25 g powdered MnO2 (previously washed with MilliQ 
water and 0.1 M NaOH) per 100 mL. The solution was centrifuged to 
precipitate the MnO2 powder, and the ONOO− /ONOOH solution 
removed using a syringe. This was subsequently filtered to remove any 
residual MnO2 before being stored in small aliquots at − 80 ◦C. Imme-
diately before use, the concentration was determined spectrophoto-
metrically at 302 nm (ε 1670 M− 1 cm− 1) in 0.1 M NaOH, before addition 
to strongly-buffered (100 mM phosphate buffer, pH 7.4) solutions with 
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rapid mixing. No change in the solution pH was detected using this 
protocol. Residual oxidant was subsequently discarded. 

2.4. Generation of ONOOH-modified matrix 

HCASMCs were cultured for 7 days to generate native ECM in tissue 
culture well plates of varying sizes as specified below. Conditioned 
medium was then removed, and the wells washed twice with PBS fol-
lowed by treatment with 1% (w/v) sodium deoxycholate (2 x 10 min) at 
21 ◦C to remove cells [35]. The remaining ECM was then subjected to 
four washes with PBS. The cell-free native ECM was then incubated with 
fresh or decomposed ONOO− /ONOOH in phosphate buffer (0.1 M, pH 
7.4), or buffer alone, for 20 min at 21 ◦C. Decomposed ONOO− /ONOOH 
was prepared by incubation of the ONOO− /ONOOH solution overnight 
in phosphate buffer at 37 ◦C. 

2.5. ELISA of ECM components, 3-nitrotyrosine and inflammatory 
cytokines 

Native HCASMC-ECM was generated in clear 96-well plates and 
treated with various concentrations of ONOO− /ONOOH and decom-
posed oxidant as described above. The ECM was then subjected to two 
washes with PBS to remove residual oxidant. For the investigation of 
ECM proteins in conditioned culture medium, the medium was collected 
after 72 h of HCASMC culture on native or ONOO− /ONOOH-modified 
ECM, and transferred to high protein binding 96-well plates and 
adsorbed overnight at 4 ◦C. Plates were blocked with 0.1% BSA (w/v) in 
PBS for 1 h at 21 ◦C. After blocking, plates were washed twice with PBST 
(0.1% (v/v) Tween-20 in PBS) and incubated with primary antibodies in 
blocking buffer, at the indicated dilutions, overnight at 4 ◦C. The pri-
mary antibodies and dilutions used were: anti-3-nitrotyrosine pAb 
(1:1000), anti-cellular fibronectin mAb (3E2, 1:500), anti-chondroitin 
sulfate mAb (CS-56, 1:1000), anti-collagen I pAb (1:1000), anti- 
collagen III pAb (1:1000), anti-collagen IV pAb (1:500), anti-laminin 
pAb (1:500), and anti-versican mAb (12C5, 1:500). On the second 
day, plates were washed twice with PBST and incubated with HRP- 
conjugated anti-mouse or anti-rabbit IgG secondary antibodies, diluted 
in blocking buffer (1:1000), for 1 h at 21 ◦C. Finally, the plates were 
washed twice with PBST before the addition of ABTS (2,2′-azinobis-3- 
ethylbenzothiazoline-6-sulfonic acid, 2 mM) in 50 mM sodium citrate 
buffer (pH 4.5) and H2O2 (1:1000). After 2 h incubation the absorbance 
was measured at 405 nm, with values normalized against a background 
of fresh culture medium. Cytokine secretion from HCASMCs cultured on 
ONOO− /ONOOH-modified (versus native) matrix for 72 h was exam-
ined and analyzed using ELISA kits according to the manufacturer’s 
protocol. 

2.6. Cell adhesion 

Native HCASMC-ECM was prepared in black, clear-bottom 96-well 
plates and treated with various concentrations of ONOO− /ONOOH as 
described above. The plates were washed twice with sterile PBS before 
they were blocked with sterile, heat-denatured (10 min at 85 ◦C) 1% (w/ 
v) BSA in PBS for 1 h at 37 ◦C to minimize non-specific binding of cells to 
the plate. This was followed by two washes with sterile PBS. HCASMCs 
in basal medium containing 1% (w/v) BSA were pre-incubated with 5 
μM calcein-AM for 30 min at 37 ◦C, followed by a wash with 1% (w/v) 
BSA in basal medium. Calcein-AM loaded HCASMCs were re-suspended 
in 1% (w/v) BSA in basal medium and added to the 96-well plates at a 
density of 1 x 104 cells per 200 μL media and incubated for 1 h at 37 ◦C. 
The plates were then washed twice with sterile PBS (containing Ca2+

and Mg2+) to remove non-adherent cells, then fluorescence from the 
adherent cells was measured (λex 490 nm, λem 520 nm). 

2.7. Cell proliferation 

Native ECM laid down by HCASMC was prepared in black, clear- 
bottom 96-well plates and treated with various concentrations of 
ONOO− /ONOOH, followed by addition and adhesion of cells as 
described above. Fluorescence intensities were measured at 0 h and 
these values were used to normalize the final cell population to the 
number of cells initially adhered to the matrix. The solutions for cell 
adhesion were replaced with 200 μL growth medium and incubated for 
48 h at 37 ◦C with 5% CO2. Cell proliferation, measured by the synthesis 
of new DNA using BrdU incorporation after culture for 48 h with a BrdU 
ELISA kit according to manufacturer’s instructions, with the BrdU added 
after 24 h. The metabolic activity of the final cell population was also 
determined at 48 and 72 h using the MTS assay: 50 μL growth medium 
with MTS (1:10) was added to each well and the plates were then 
incubated at 37 ◦C for 3 h. The solutions were transferred to a clear 96- 
well plate and absorbance was measured at 490 nm. 

2.8. Immunoblot assessment of markers of HCASMC phenotype 

HCASMCs were cultured on native ECM, or ECM modified with 100 
μM ONOO− /ONOOH, for 72 h. The cells were then washed twice with 
PBS and then lysed with cold RIPA buffer for 5 min. The protein con-
centration of cell lysates was determined by BCA. Samples were pre-
pared for SDS-PAGE with NuPAGE LDS Sample Buffer (4x) and NuPAGE 
Sample Reducing Agent (10x), after which they were heated to 95 ◦C for 
5 min. Ten μg protein was loaded per lane, and the gels were run at 200 
V for 45 min in MOPS running buffer at 21 ◦C before transferring to 
PVDF membranes (7 min, 20 V) using the iBlot transfer system (Invi-
trogen). Membranes were blocked with 1% BSA in TBST (w/v) for 1 h at 
21 ◦C followed by incubation with primary antibodies diluted in 
blocking buffer overnight at 4 ◦C. The membranes were cut horizontally 
at 25 kDa, and the bottom part (<25 kDa) was probed with either anti- 
TAGLN/SM22α pAb (1:1000) with anti-β-actin mAb (1:5000) as loading 
control for the top part (>25 kDa), or anti-cofilin mAb(1:5000) as a 
loading control for anti-desmin mAb (1:1000), anti-α-smooth muscle 
actin mAb (1:1000) on the top part. Membranes were rinsed with TBST 
and washed once for 5 min in TBST before incubation with HRP- 
conjugated anti-rabbit or anti-mouse (1:5000) secondary antibodies 
for 1 h at 21 ◦C. The membranes were then washed four times for 15 min 
in TBST, rinsed once in TBS and developed with ECL substrate for 
chemiluminescent detection using a Sapphire Biomolecular Imager 
(Azure Biosystems). 

2.9. Quantitative real-time PCR 

Quantitative real-time PCR was used to investigate mRNA expression 
in HCASMCs cultured on native ECM treated with ONOO− /ONOOH. 
HCASMC-ECM was prepared in 12-well culture plates and treated with 
ONOO− /ONOOH as described above. HCASMCs were added to the 
native or ONOO− /ONOOH-modified matrices, which had been blocked 
with 3% (w/v) BSA in PBS. After 1.5 h, non-adherent cells were removed 
by washing with sterile PBS (containing Ca2+ and Mg2+), and the 
remaining cells were cultured for a further 72 h with SMC growth me-
dium before RNA was extracted using RNeasy Mini Kits and treatment 
with DNase I (for 1 h) as described by the manufacturer. The concen-
tration and purity of the RNA were determined spectrophotometrically. 
cDNA was synthesized from 600 ng RNA per reaction using the Quan-
tiNova Reverse Transcription kit according to the manufacturer’s pro-
tocol. Real-time PCR was carried out using an ABI 7900 HT machine in 
384-well plates with a reaction mixture volume of 20 μL, containing 10 
μL SYBR GreenER, 2 μL primer (from a 10 μM stock), 0.4 μL ROX 
reference dye, 3.6 μL nuclease-free water and 4 μL cDNA. Actin-β (ACTB) 
was used as a housekeeping gene in the data analysis, which was carried 
out using the ΔΔCt-method. The sequence of the primers is given in 
Supplementary Table 1. 
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2.10. Statistics and errors 

Data are presented as mean ± SEM from three independent experi-
ments with triplicate measurements unless otherwise stated. Statistical 
tests (one-way ANOVA with Dunnett’s post-hoc tests) were performed 
using Prism 8, with significance assumed at p < 0.05, and indicated by *. 

3. Results 

3.1. ONOO− /ONOOH treatment modifies antibody recognition of ECM 
laid down by human coronary artery smooth muscle cells (HCASMC) 

Modifications induced by ONOO− /ONOOH on the ECM generated by 
HCASMC were detected by ELISA using specific antibodies raised 
against individual ECM components. Treatment with low concentrations 
of ONOO− /ONOOH (1–10 μM) resulted in small, but not significant, 
increase in collagen I detection (Fig. 1A) whereas treatment with 1 μM 
ONOO− /ONOOH caused a significant increase in epitope detection for 
collagen III (Fig. 1B). At higher concentrations (100–1000 μM ONOO− / 

ONOOH) these increases were ablated, and a decrease in epitope 
recognition was observed for both collagen I and III, which was signif-
icant at 1000 μM. In contrast, none of the ONOO− /ONOOH concentra-
tions examined affected the detection of collagen IV in a significant 
manner (Fig. 1C). Antibody recognition of two major ECM glycopro-
teins, cellular fibronectin (Fig. 1D) and laminin (Fig. 1E), was signifi-
cantly reduced after the ECM was exposed to 100–1000 μM ONOO− / 
ONOOH with this decrease occurring in a concentration-dependent 
manner. Detection of the G1 domain of versican, a major matrix pro-
teoglycan, was significantly decreased by all of the concentrations of 
ONOO− /ONOOH tested (1–1000 μM) in a concentration-dependent 
manner (Fig. 1F). Chondroitin sulfate, which is the major glycosami-
noglycan component of versican, showed a significant decrease in 
antibody recognition, but this was only observed at 1000 μM ONOO− / 
ONOOH, suggesting that the G1 domain of the protein core of versican is 
much more susceptible to damage than the attached glycosaminoglycan 
chains (Fig. 1G). No significant changes to the ECM components were 
observed when decomposed oxidant was added to HCASMC-ECM when 
compared to controls. These changes in recognition of the various ECM 

Fig. 1. Effects of ONOO− /ONOOH on epitope recognition of specific ECM components in native HCASMC-ECM. HCASMCs were cultured for 1 week to produce ECM. 
The cells were then removed (see Materials and methods) and the remaining ECM was left untreated (0 μM; white bars) or treated with increasing concentrations of 
ONOO− /ONOOH (1–1000 μM; black bars) or decomposed oxidant (d1000 μM, generated from 1000 μM ONOO− /ONOOH; gray bars). Modifications to specific ECM 
components were quantified using specific antibodies against: (A) collagen I, (B) collagen III, (C) collagen IV, (D) cellular fibronectin (3E2 mAb), (E) laminin, (F) 
versican G1 domain (12C5 mAb), (G) chondroitin sulfate (CS-56 mAb), and (H) 3-NO2Tyr. Data are presented as means ± SEM, from three independent experiments, 
and are expressed as a % of the control (panels A–G) or the highest ONOO− /ONOOH concentration (panel H). Data were analyzed for statistical differences by one- 
way ANOVA and corrected for multiple comparisons with Dunnett’s post-hoc test, with p < 0.05 (indicated by *, relative to the control condition, white bars) taken 
as significant. 
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components were accompanied by a concentration-dependent increase 
in the detection of 3-NO2Tyr (Fig. 1H), a common modification formed 
from Tyr residues on proteins exposed to ONOO− /ONOOH. This was 
detected at significant levels with concentrations of 10 μM ONOOH or 
above. Addition of decomposed ONOO− /ONOOH did not yield signifi-
cant amounts of 3-NO2Tyr. 

3.2. ONOOH-modified ECM modulates HCASMC adhesion 

Adhesion of cells to ECM components is known to involve in-
teractions between specific cell surface proteins (e.g. integrins), re-
ceptors, and specific sites on ECM components. As ONOO− /ONOOH 
caused significant changes to these ECM components (Fig. 1), and these 
are likely to include cell binding sites (cf. LC-MS peptide mass mapping 
data for isolated laminin and fibronectin exposed to ONOO− /ONOOH 
[24,25]), we therefore investigated HCASMC binding to ONOO-
− /ONOOH-modified ECM. When the ECM was treated with the lowest 
concentration of ONOO− /ONOOH examined (1 μM), binding of naïve 
(non-oxidant exposed) HCASMCs to the matrix was increased in a sig-
nificant manner (Fig. 2), but this effect was reversed when the ECM was 
treated with 10 μM or higher ONOO− /ONOOH concentrations, in a 
concentration-dependent manner. 

3.3. ONOO− /ONOOH-modified ECM promotes HCASMC proliferation 
and metabolic activity, and enhances the expression of mitosis-related 
genes 

A common response to vascular injury is the proliferation of vascular 
SMCs; this phenomenon is observed in both developing atherosclerotic 
plaques and during restenosis after angioplasty and/or stent placement 
to treat atherosclerotic lesions [36]. We therefore investigated the effect 
of matrix modification by ONOO− /ONOOH on the proliferation of 

HCASMCs. HCASMCs were seeded on either native or ONOO-
− /ONOOH-treated ECM with the extent of initial cell adherence quan-
tified by calcein-AM staining. After a subsequent 48 h incubation, the 
cell population was assessed for proliferation and metabolic activity by 
measuring BrdU incorporation by ELISA and the MTS assay, respec-
tively, with this compared to data for cells on native ECM and the initial 
calcein-AM signal from adherent cells at t = 0 (to control for differences 
in initial cell number). HCASMCs cultured on ECM modified by 
10–1000 μM ONOO− /ONOOH proliferated to a significantly greater 
extent than HCASMCs cultured on native ECM, with this occurring in a 
concentration-dependent manner (Fig. 3A). Metabolic activity was 
assessed on ECM treated with 10 and 100 μM, and metabolic activity 
was only significantly increased at 100 μM (Fig. 3B) with higher varia-
tion between samples. Metabolic activity assessed by MTS after 72 h of 
incubation on ONOO− /ONOOH-treated matrix did not differ from the 
control population (Supplementary Fig. 1), indicating that the increased 
proliferation compensates for the lower initial extent of adhesion. 

The observation of an enhanced cell proliferation rate for the cells 
exposed to ONOO− /ONOOH-treated ECM is supported by data obtained 
from examining the mRNA expression of the mitosis-related genes, 

Fig. 2. Effects of ONOO− /ONOOH-modified HCASMC-ECM on the adhesion of 
naïve (non-oxidant exposed) HCASMCs. Native ECM generated by HCASMCs 
(see Materials and methods) was exposed to ONOO− /ONOOH (1–1000 μM), 
with any excess oxidant or decomposition products removed by extensive 
washing. HCASMCs, pre-loaded with calcein-AM, were then seeded onto the 
native (white bar) or modified HCASMC-ECM (black bars). After 60 min, non- 
adherent cells were washed off and fluorescence from the adherent cells was 
measured. For additional experimental details, see Materials and methods. Data 
are presented as means ± SEM, from three independent experiments, and are 
expressed as a % of the control values obtained with control (non-oxidant 
treated) ECM. Statistical significance (p < 0.05), indicated by *, was assessed by 
one-way ANOVA with Dunnett’s post-hoc test. 

Fig. 3. Effects of ONOO− /ONOOH-modified native HCASMC-ECM on HCASMC 
proliferation and metabolic activity. (A) After adhesion of HCASMCs to native 
(white bar) or ONOO− /ONOOH-modified (black bars) ECM (see legend to 
Fig. 2), cells were cultured for 48 h and cell proliferation was determined by 
BrdU incorporation (measured by ELISA). The data for relative proliferation are 
presented as the ratio between the BrdU signal at 48 h and calcein-AM signal at 
0 h (Fig. 2), and as a percentage of the control. (B) The metabolic activity of 
HCASMCs after 48 h of culture on native (white bar) or modified ECM (black 
bars), was determined by MTS assay. Relative metabolic activity is presented as 
the ratio between MTS signal at 48 h and calcein-AM (Fig. 2) signal at 0 h and 
as a percentage of the control. (C) mRNA expression of mitosis-related genes in 
HCASMCs cultured on ONOO− /ONOOH-modified ECM for 72 h was deter-
mined by qPCR with β-actin as the housekeeping gene. Data are presented as 
means ± SEM (panel A and B), or fold regulation (panel C) from three inde-
pendent experiments. Statistical differences were analyzed for by one-way 
ANOVA and corrected for multiple comparisons with Dunnett’s post-hoc test, 
with p < 0.05 (indicated by *, relative to the control condition, white bars in 
panel A and B) taken as significant. The dotted line in panel C indicates no 
change in expression. 
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CCNA1 (G1, S, G2 cell cycle phase), CCNB1 (G2/M cell cycle phase) and 
PCNA in HCASMCs cultured on native or ONOOH-treated matrix. After 
72 h of culture, the expression of all three genes was increased (Fig. 3B), 
with the expression of PCNA and CCNB1 being significantly increased 
with the 100 μM ONOO− /ONOOH treatment when compared to cells 
adherent on native ECM. 

As proliferation of VSMCs is associated with a synthetic, de- 
differentiated phenotype, the expression of transgelin/SM22α protein, 
desmin and smooth muscle α-actin, markers of SMC differentiation, was 
investigated by immunoblotting of lysates generated from HCASMCs 
cultured on ECM modified by 100 μM ONOO− /ONOOH and compared 
to the levels from HCASMCs cultured on native ECM control. The 
HCASMCs exposed to the ONOO− /ONOOH-modified ECM showed a 
non-significant trend towards a decrease in the expression of SM22α 
(Supplementary Fig. 2). Desmin and αSMC were not detected in the 
samples. 

These analyses were extended by carrying out a LC-MS proteomic 
analysis of the cells exposed to the modified matrix (compared to native) 
with the presence, and relative concentrations of a range of potential 
markers of both ‘contractile’ (vinculin, calponin, transgelin/SM22α, 
smoothelin) and ‘synthetic’ (non-muscle myosin/SMemb, vimentin, 
tropomyosin 4) phenotypes, examined (Supplementary Table 2). Sig-
nificant increases in a number of ‘synthetic’ (non-muscle myosin/ 
SMemb, tropomyosin 4, vimentin) and ‘contractile’ (vinculin, calponin, 
transgelin/SM22α, smoothelin) proteins were detected, when expressed 
relative to the ‘housekeeping’ protein beta-2-microglobulin (B2M) 
(Supplementary Table 2). A significant increase in the key metabolic 
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also 
detected. These data are consistent with the enhanced proliferation and 
metabolic activity of the cells on the oxidant-modified matrix, and also a 
partial de-differentiation of the cells, as indicated by the increased levels 

of the synthetic marker proteins. The reason for the inconsistent data for 
transgelin/SM22α between the immunoblotting (no significant change) 
and LC/MS analyses (significant increase) is unclear, and may arise from 
the different housekeeping proteins employed or differential extraction 
of the proteins. 

3.4. ONOO− /ONOOH-modified ECM increases ECM synthesis by 
HCASMCs 

The VSMCs that accumulate in the intimal region of atherosclerotic 
lesions produce increased amounts of ECM proteins, with this synthesis 
postulated to play a key role in the generation of the fibrous cap of le-
sions [37]. To investigate if ONOO− /ONOOH-modified ECM is an 
environmental cue that stimulates VSMCs to produce ECM, HCASMCs 
were exposed to 10 or 100 μM ONOO− /ONOOH-modified ECM (or 
native ECM) and cultured for 72 h, with subsequent analysis of the 
expression of genes for ECM proteins measured by quantitative PCR. At 
this time point the metabolic activity of cells in each system were 
comparable (Supplementary Fig. 1). A significant upregulation of the 
genes for fibronectin (FN1, Fig. 4C), and versican (VCAN, Fig. 4D) was 
detected in HCASMCs cultured on ECM treated with 100 μM ONOO-
− /ONOOH. The genes for the collagen I α1 chain (COL1A1, Fig. 4A) and 
collagen III α1 chain (COL3A1, Fig. 4B) showed no change in expression 
level. Additionally, the expression of the genes for laminin chains, 
LAMB1 (laminin β1 chain, Fig. 4E) and LAMA4 (laminin α4 chain, 
Fig. 4G), was significantly increased when HCASMCs were exposed to 
ECM treated with 100 μM ONOO− /ONOOH. In contrast, the expression 
of two other laminin genes, LAMB2 (laminin β2 chain, Fig. 4F) and 
LAMA5 (laminin α5 chain, Fig. 4H), were not changed in a signficant 
manner. These data are consistent with previous reports that laminin 
411 (i.e. the trimer consisting of α4, β1, γ1 chains) is the major laminin 

Fig. 4. Expression of ECM genes by HCASMCS exposed to ONOO− /ONOOH-modified HCASMC-ECM. HCASMCs were adhered to native or modified (pre-treated 
with 10 or 100 μM ONOO− /ONOOH) ECM and cultured for 72 h. RNA was extracted and gene expression was quantified by qPCR. ECM genes investigated were: (A) 
COL1A1, (B) COL3A1, (C) FN1, (D) VCAN, (E) LAMB1, (F) LAMB2, (G) LAMA4, and (H) LAMA5. β-actin was used as the housekeeping gene. Data are presented as 
means ± SEM and are expressed as a fold regulation relative to the control group. Statistical differences were analyzed for by one-way ANOVA and corrected for 
multiple comparisons with Dunnett’s post-hoc test with p < 0.05 (indicated by *, relative to the control condition) taken as significant. The dotted line indicates no 
change in expression. 
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isoform present in the basement membrane of major human arteries [38, 
39]. 

To investigate whether these changes in gene expression are 
mirrored at the protein level, the conditioned medium from cells 
cultured for 72 h on native or ONOO− /ONOOH-treated (10 or 100 μM 
ONOO− /ONOOH) ECM was collected. The medium was coated on plates 
for analysis by ELISA using antibodies against laminin, cellular fibro-
nectin and versican. All three ECM proteins were increased in the 
conditioned medium from cells cultured on ONOO− /ONOOH-modified 
matrix, and this enhancement was significant with the 100 μM ONOO− / 
ONOOH treatment (Fig. 5). 

The expression of matrix metalloproteinases (MMPs), a group of 
enzymes that degrade ECM, and their regulators, tissue inhibitors of 
metalloproteinases (TIMPs), was also investigated to examine potential 
ECM remodelling. No changes in the expression of MMP-1 gene and 
protein, MMP-2 gene (whose substrates include laminins, collagens, 
fibronectin and versican), or TIMP-2 gene were found (Supplementary 
Fig. 3). Transforming growth factor β (TGFβ), a growth factor related to 
ECM synthesis and fibrosis, was also quantified, but this showed no 
signficant changes in expression (Fig. 6D). 

3.5. ONOO− /ONOOH-modified ECM stimulates the expression and 
secretion of inflammatory mediators by HCASMCs 

In the light of reports on the presence of an inflammatory VSMC 
phenotype in atherosclerotic lesions, which secretes cytokines and ex-
presses cell adhesion molecules for inflammatory cells [30], we exam-
ined the expression of inflammatory genes by HCASMCs cultured on 
ONOO− /ONOOH-modified ECM. The genes for two inflammatory cy-
tokines of the interleukin family, IL1B and IL6, were up-regulated 
significantly in HCASMCs cultured on ECM treated with 100 μM 
ONOO− /ONOOH (Fig. 6A and B). In addition, the expression of the gene 
for vascular cell adhesion molecule (VCAM1), a cell surface receptor that 
binds macrophages, was also increased in HCASMCs cultured on 
ONOO− /ONOOH-modified ECM (Fig. 6C). Under the same conditions, 
HCASMCs exposed to ONOO− /ONOOH-treated matrix also secreted 
significantly more IL-1β and IL-6 protein into the culture medium 
(Fig. 7) than cells exposed to native ECM. To confirm that these effects 
were due to increased protein expression, and not increased cell 
numbers, the metabolic activity (which is likely to reflect cell numbers) 
in the control and treated cell populations was determined, with these 

giving similar values (Supplementary Fig. 1). 

4. Discussion 

Previous data strongly support the hypothesis that reactive nitrogen 
species, such as ONOO-/ONOOH, are generated in the artery wall during 
the development of atherosclerosis, and also at other sites of chronic 
inflammation [40]. This oxidant generation is associated with the 
presence of abundant activated leukocytes, and particularly macro-
phages including those with a (pro-inflammatory) M1 phenotype 
[41–43]. Activated macrophages generate significant levels of nitric 
oxide (NO⋅) via the inducible nitric oxide synthase isoform (iNOS) at the 
expense of the free amino acid arginine, and intracellular NADPH [43]. 
NO⋅ plays a key positive role in vasodilation, and control of blood 
pressure, as well as other processes [44], but diffusion-controlled (k >
109 M− 1 s− 1 [45]) reaction of this species with O2⋅− generates the potent 
oxidant and nitrating species ONOO− /ONOOH [12,13]. The O2⋅−

required for this reaction is generated by a wide-range of enzymatic (e.g. 
NADPH oxidase complexes, xanthine oxidase) and non-enzymatic 
sources (e.g. from mitochondria). ONOO− /ONOOH are powerful 
direct one- and two-electron oxidants, and also yield modest levels of 
HO⋅ and NO2⋅ via homolysis [13,46]. NO2⋅ and CO3⋅− are also formed at 
sites of inflammation via homolysis of the adduct peroxynitrosocar-
bonate (ONOOCO2

− ) formed from ONOO− and CO2 [47]. 
Proteins are major targets for ONOO− /ONOOH, due to their high 

abundance in biological systems, including within cells and the ECM 
[48,49], and the high rate constants for reaction of ONOO− /ONOOH 
and derived radicals, with specific amino acid side chains [13]. Tyrosine 
(Tyr), tryptophan (Trp), cysteine (Cys) and methionine (Met), together 
with the rare amino acid selenocysteine, are the most reactive protein 
targets [50]. As oxidant formation at sites of inflammation occurs, to a 
considerable extent, externally to cells (cf. the release of O2⋅− by NOX2 
on the external face of the plasma membrane [51]) it is unsurprising that 
ECM species are significant oxidant targets. Thus 80–90% of the protein 
modifications detected in human atherosclerotic lesions have been 
shown to be present on ECM, rather than cellular proteins [8]. This is 
likely to arise from both the abundance of ECM proteins in the artery 
wall (cf. data indicating that elastin and collagen comprise ~50% of the 
artery wall by dry mass [52]), the reactivity of their component side 
chains (see above), and their long half-lives (e.g. 60–70 days for collagen 
and >78 years for elastin [53,54]) when compared to cellular proteins. 

Fig. 5. Detection of excreted ECM proteins in conditioned medium from HCASMC cultured on ONOO− /ONOOH-modified or native ECM. HCASMCs were allowed to 
adhere to either native ECM (white bars) or ECM treated with the indicated concentrations of ONOO− /ONOOH (black bars). After 72 h the conditioned medium was 
collected and incubated in 96-well plates overnight. ELISA was performed on the medium coated plates to determine the expression and release of (A) laminins (LN, 
detected using a pAb), (B) versican G1 domain (VCAN, 12C5 mAb), and (C) cell-derived fibronectin (cFN, 3E2 mAb). Data are presented as means ± SEM, from three 
independent experiments, and are expressed as a % of the control (native ECM, white bars). Statistical differences were analyzed for by one-way ANOVA and 
corrected for multiple comparisons with Dunnett’s post-hoc test with p < 0.05 (indicated by *, relative to the control condition) taken as significant. 
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Furthermore, the extracellular milieu is reported to be poorly endowed 
with protective and repair systems when compared to the intracellular 
environment [55]. These data therefore support the contention that 
modifications are likely to be abundant in the inflamed artery wall, and 
particularly on ECM materials. In addition, immunofluorescence studies 
on human lesion sections indicate co-localization of 3-NO2Tyr epitopes 
with arterial wall ECM proteins, though this does not provide precise 
data on the sites of modification [17–21]. 

As 3-NO2Tyr formed from Tyr is a stable biomarker of reactive ni-
trogen species, LC-MS with peptide mass mapping offers the opportunity 
to determine the sites of this species on ECM proteins. This has been 
achieved with isolated laminin heterotrimers [20,24], fibronectin [25] 
and tropoelastin (L. Lorentzen et al., unpublished data), though this has 
yet to be achieved with materials extracted from human samples. For 
each of the isolated proteins, multiple sites of modification have been 
detected, with these including extensive modification at some, but not 
all, Tyr residues. Significant modifications have also been observed at 
Trp (giving 6-nitrotryptophan), though at lower levels than for Tyr, even 
after normalization for the lower abundance of Trp compared to Tyr, 
and also at Met residues (to give the sulfoxide) [20,24,25]. Modification 

at Cys residues is also likely to occur, but this amino acid (in the reduced 
form) is rare in extracellular and most ECM proteins. In contrast, the 
disulfide form (cystine) is highly abundant. Mapping of these modifi-
cations, and particularly nitration sites, indicates that a number of these 
occur within protein domains critical to cell adhesion (e.g. sites near the 
integrin binding region in laminins [20,24], and within the cell- and 
heparin-binding domains on fibronectin [25]). Thus, these data are 
consistent with the results presented here indicating that cell adhesion 
to ECM proteins is modulated by modifications. The nature of the al-
terations that give rise to these changes remain to be fully elucidated, 
however the data presented here indicate that ECM modifications have 
functional effects on cell behaviour. As suggested previously [25,56], it 
is unlikely that the observed changes arise from a single type, or site, of 
modification, but instead due to the combined (cumulative) effects of a 
large number of alterations each of which is present at relatively modest 
levels. 

Interestingly, it was observed that low levels of ONOO− /ONOOH 
exposure resulted in a modest increase in HCASMC adhesion (Fig. 2) 
while a significant loss of adhesion was detected at high oxidant levels. 
The enhanced adhesion at low oxidant levels may be related to the 
significant increase in collagen III recognition at this oxidant concen-
tration (Fig. 1B), and a trend towards an increase seen with some of the 
other ECM species examined though these failed to reach statistical 
significance (cf. Fig. 1). This increased recognition is postulated to be 
due to an increased accessibility to the epitopes, due to alterations to the 
ECM structure, rather than an increased amount of these ECM species. 
The loss of HCASMC adhesion detected at higher concentrations may be 
related to a marked loss of critical epitopes due to direct damage 
generated on laminin, fibronectin and versican, with the loss of epitope 
recognition on versican being particularly marked even with the lowest 
oxidant concentrations. For versican, modifications to the protein core 
appear to be of greater potential significance than those on the chon-
droitin sulfate chains of this proteoglycan. This is in accord with the 
greater reactivity of protein side chains [57] when compared to sugar 
structures, though the latter can be altered and fragmented at high 
oxidant concentrations [58]. An analogous selectivity for the protein 
core over attached glycosaminoglycans (heparan sulfates) has been 
detected with perlecan, another major ECM proteoglycan, exposed to 
ONOO− /ONOOH [17] and also for this proteoglycan exposed to HOCl 
[59]. A marked loss of epitopes present on laminin has been reported 
previously for ECM laid down by human coronary artery endothelial 
cells exposed to ONOO− /ONOOH [18], suggesting that this is a common 
feature of different ECM types; unfortunately, versican was not exam-
ined in this previous study. 

Although the ONOO− /ONOOH concentrations employed here are 

Fig. 6. Expression of inflammatory and growth factor genes by HCASMCs exposed to ONOO− /ONOOH-modified HCASMC-ECM. HCASMCs were adhered to native 
ECM or ECM pre-treated with 10 or 100 μM ONOO− /ONOOH (as indicated) and cultured for 72 h. RNA was extracted and gene expression was quantified by qPCR. 
Inflammatory genes investigated were: (A) IL1B, (B) IL6, (C) VCAM1, and (D) TGFB. β-actin was used as the housekeeping gene. Data are presented as means ± SEM 
and expressed as fold regulation relative to the control group (native ECM). Statistical differences were analyzed for by one-way ANOVA and corrected for multiple 
comparisons with Dunnett’s post-hoc test with p < 0.05 (indicated by *, relative to the control condition) taken as significant. Dotted line indicates no change 
in expression. 

Fig. 7. Secretion of inflammatory proteins by HCASMCs cultured on native or 
ONOO− /ONOOH-modified HCASMC-ECM. HCASMCs were cultured on native 
(white bars) or ONOO− /ONOOH-modified ECM (black bars) for 72 h. Condi-
tioned medium was collected and the concentration of (A) IL-1β and (B) IL-6 
determined by sandwich ELISA. Data are presented as means ± SEM, from 
three independent experiments, and are expressed as a % of the control (native 
ECM). Statistical differences were analyzed for by one-way ANOVA and cor-
rected for multiple comparisons with Dunnett’s post-hoc test with p < 0.05 
(indicated by *, relative to the control condition) taken as significant. 
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likely to be higher than the steady-state fluxes of this oxidant in vivo 
(originally estimated at ~5 μM s− 1 for activated leukocytes [60], but 
later revised to the low nM s− 1 range [61], as opposed to the μM con-
centrations used here), the long half-lives of ECM proteins are likely to 
result in an accumulation of modifications generated by low steady-state 
oxidant fluxes, such that the levels generated by bolus ONOO− /ONOOH 
addition, as used here, may be realistic. Thus, exposure to ONOO-
− /ONOOH at a rate of ~5 nM s− 1 for 1 h, would results in a total 
exposure to 18 μM, within the range employed here. As the half-lives of 
many ECM species are often days - years (see above), the total exposure 
levels employed here are probably of biological relevance at sites of 
inflammation. 

The alterations detected in the extent of adhesion are in contrast with 
the greater cellular proliferation and metabolic activity measurements 
made using BrdU incorporation and the MTS assay, respectively, after 
48 h. ECM treated with 10–1000 μM ONOO− /ONOOH stimulated a 
significantly increased incorporation of BrdU, indicating increased 
cellular proliferation under these conditions (Fig. 3A). Metabolic ac-
tivity was also enhanced at both 10 and 100 μM ONOO− /ONOOH, with 
this being significant at the 100 μM condition (Fig. 3B). This is inter-
preted as being due to an increase in cell proliferation, as the data were 
normalized to the initial cell numbers. These data are consistent with a 
proliferative response of the cells to the modified ECM, with this 
resulting in a phenotypic change to a more proliferative form in response 
to the ECM damage. This presumbaly arises from one (or more) ‘outside 
→ inside’ cell signaling events, though the nature of this signaling has 
yet to be identified. The conclusion that the cells are driven towards a 
more synthetic phenotype is supported by the increased mRNA levels of 
the key mitosis genes PCNA, CCNA1 and CCNB1 (Fig. 3B), and higher 
levels of both the mRNA for a number of key ECM species including 
LAMA4, LAMB1, VCAN and FN1, and the protein levels of laminins, 
cellular fibronectin and versican in the conditioned media. However, it 
should however be noted that mRNA levels do not always correlate well 
with protein expression, and also that post-transcriptional mechanisms 
can also contribute to changes in the levels of mRNA. In contrast to these 
changes, the levels of a number of established markers of the synthetic 
phenotype of HCASMC (Supplementary Fig. 2, Supplementary Table 2) 
were found to be increased (as detected by LC-MS proteomic analysis), 
together with the upregulated ECM protein levels, as well as some 
contractile markers, in the cells exposed to the modified, compared to 
native matrix, though in a modest manner. The small magnitude of these 
changes may be due to the relatively early time points examined (72 h), 
or a pre-existing switch to a more synthetic phenotype in these cells 
arising from the (commercial) extraction and expansion of these cells 
(which are known to show a high level of plasticity [62,63]) from human 
tissue samples. Further studies using longer term culture of cells on 
modified matrix may shed further light on this effect. 

Thus the modified ECM appears to induce changes at both the 
transcription and (early) translation levels. A similar type of response 
has also been recently reported for HCASMC exposed to HOCl, and 
myeloperoxidase-derived oxidants [26], suggesting that this is a com-
mon response of HCASMC to oxidant-modified ECM materials. This 
phenotypic switch is a characteristic of VSMC detected in human 
atherosclerotic lesions [64,65], suggesting that ECM modification and 
its downsteam effects on cells, may be a key event in the development of 
atherosclerosis in humans. 

The cells adherent to, and proliferating on the ONOO− /ONOOH- 
modified ECM also appear to express multiple pro-inflammatory 
markers with the mRNA of IL-1β, IL-6 and VCAM-1 being elevated by 
the ECM pre-treated with 100 μM ONOO− /ONOOH when compared to 
native ECM. These mRNA changes for IL-1B and IL-6 were accompanied 
by an enhanced detection of the corresponding proteins in cell- 
conditioned media, indicating active transcription and translation of 
these potent pro-inflammatory markers by these HCASMC. Measure-
ment of cell-surface VCAM-1 was not carried out in the current study, 
which is a limitation. Examination of this species (e.g. via flow 

cytometry) would be a potentially valuable future study. 
Overall, these data indicate that ONOO− /ONOOH-mediated modi-

fications on native cell-derived ECM, which appear to be present on 
multiple components, and particularly ECM proteins, glycoproteins and 
proteoglycans (e.g. laminins, fibronectin and versican), have dramatic 
effects on naïve (non-oxidant exposed cells). The experimental design 
allows us to conclude that these are effects are driven by the ECM 
modifications, rather than from the original oxidant (ONOO− /ONOOH), 
and it is clear that modified ECM components signal to adherent and/or 
neighbouring cells. This results, via as yet unknown signaling pathways, 
in a biological response by the affected cells, with this resulting in early 
indications of a switch from quiescent and contracile, to synthetic and 
proliferative, as indicated by both the changes in gene and protein 
expression. This results in the synthesis and excretion of new ECM 
components – presumably to effect repair or remodelling – and also the 
synthesis and excretion of a range of pro-inflammatory protein signals 
(IL-1β, IL-6, VCAM-1), which may exacerbate modifications at the site of 
inflammation, via the recruitment and activation of further leukocytes. 
These events mimic, to a considerable extent, those observed with HOCl 
and myeloperoxidase-derived oxidants [26], suggesting that this is a 
common biological response to multiple forms of ECM damage. 
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