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A B S T R A C T   

Myeloperoxidase (MPO) mediates pathogen destruction by generating the bactericidal oxidant hypochlorous 
acid (HOCl). Formation of this oxidant is however associated with host tissue damage and disease. MPO also 
utilizes H2O2 to oxidize other substrates, and we hypothesized that mixtures of other plasma anions, including 
bromide (Br− ), iodide (I− ), thiocyanate (SCN− ) and nitrite (NO2

− ), at normal or supplemented concentrations, 
might modulate MPO-mediated HOCl damage. For the (pseudo)halide anions, only SCN− significantly modulated 
HOCl formation (IC50 ~33 μM), which is within the normal physiological range, as judged by damage to human 
plasma fibronectin or extracellular matrix preparations detected by ELISA and LC-MS. NO2

− modulated HOCl- 
mediated damage, in a dose-dependent manner, at physiologically-attainable anion concentrations. However, 
this was accompanied by increased tyrosine and tryptophan nitration (detected by ELISA and LC-MS), and the 
overall extent of damage remained approximately constant. Increasing NO2

− concentrations (0.5–20 μM) 
diminished HOCl-mediated modification of tyrosine and methionine, whereas tryptophan loss was enhanced. At 
higher NO2

− concentrations, enhanced tyrosine and methionine loss was detected. These analytical data were 
confirmed in studies of cell adhesion and metabolic activity. Together, these data indicate that endogenous 
plasma levels of SCN− (but not Br− or I− ) can modulate protein modification induced by MPO, including the 
extent of chlorination. In contrast, NO2

− alters the type of modification, but does not markedly decrease its extent, 
with chlorination replaced by nitration. These data also indicate that MPO could be a major source of nitration in 
vivo, and particularly at inflammatory sites where NO2

− levels are often elevated.   

1. Introduction 

Myeloperoxidase (MPO), released from the primary azurophilic 
granules of neutrophils and to a lesser degree primary lysosomes of 
monocytes into phagolysosomes and extracellularly on cell activation 
[1], is an important member of the heme peroxidase superfamily [2]. 
This enzyme catalyzes the reaction of hydrogen peroxide (H2O2) with 
halide (Cl− , Br− , I− ) and pseudohalide ions (thiocyanate, SCN− ) to form 
hypohalous acids (HOCl, hypochlorous acid; HOBr, hypobromous acid; 
HOI, hypoiodous acid, HOSCN, hypothiocyanous acid) (reviewed: [3, 
4]). These reactions involve initial oxidation of the resting state Fe3+

state of the enzyme to its Compound I state (formally an Fe5+ species) by 
H2O2, and subsequent recycling to the resting state via two-electron 
oxidation of the anions [5,6]. These hypohalous acids play a major 

role in the destruction of invading pathogens, and hence are key ele-
ments of the innate immune system [7]. 

Cl− is a major physiological substrate for MPO in plasma, as the 
concentrations of this anion are much higher (100–150 mM), than for 
other halide/pseudohalide ions (Br− : 20–100 μM; I− : <0.1–1 μM, SCN− : 
20–150 μM) [8]. It has been estimated that up to 40% of the H2O2 
generated by activated phagocytes is used to form HOCl [9]. Due to its 
high reactivity with biological targets and its limited selectivity [10,11], 
excessive or misplaced production of HOCl can damage host tissues, 
with targets including proteins, DNA, RNA and lipids (reviewed [7]). 
This damage has been implicated in multiple human pathologies asso-
ciated with acute or chronic inflammation including cardiovascular 
disease, sepsis, cystic fibrosis, rheumatoid arthritis, asthma, kidney 
disease and neurodegenerative conditions such as Alzheimer’s diseases, 
amongst others [7,12–14]. 
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In addition to generating hypohalous acids via the (two-electron) 
halogenation cycle, MPO also oxidizes organic and inorganic substrates 
via its ‘peroxidase cycle’. This involves one-electron oxidation of the 
substrate with conversion of Compound I to Compound II (a Fe4+-oxo 
species), and a subsequent second one-electron reaction to regenerate 
the Fe3+ state. Peroxidase substrates include the superoxide anion 
radical (O2

•− ), H2O2, ascorbate, phenols and indoles (including the 
amino acids tyrosine, Tyr, and tryptophan, Trp), nitric oxide (NO•), 
nitroxide radicals, and anions such as nitrite (NO2

− ). The last of these is 
ingested by humans in foods (particularly root and green leafy vegeta-
bles [15]) and as a result of the use of sodium nitrite (NaNO2) as a food 
additive and preservative [16]. NO2

− is also formed endogenously from 
the decay of the key signaling molecule NO•. In biological fluids, NO2

− is 
present at 0.5–210 μM, with normal plasma levels being 0.5–3.3 μM 
[17], with higher levels detected in other fluids such as saliva [18]. NO2

−

levels are increased significantly at sites of inflammation, with con-
centrations of 36 μM reported in people infected with HIV [19]. 

Previous studies have shown that Compound I of MPO can oxidize 
NO2

− to the nitrogen dioxide radical (NO2
•) [5,20], with this process 

competing with halide ion oxidation. Whilst plasma Cl− concentrations 
are greater than those of NO2

− , the rate constant, k, for NO2
− oxidation is 

significantly greater than for Cl− (2.2 × 106 versus 2.5 × 104 M− 1 s− 1, 
with the former value being even higher at pH 5, 1.1 × 107 M− 1 s− 1; 
reviewed [5]). Substrate competition also occurs with Br− , I− , and 
SCN− , each of which react more rapidly with MPO Compound I than Cl−

(k 1.1 × 106, 7.2 × 106, and 9.6 × 106 M− 1 s− 1 respectively [6]). HOCl 
also reacts with NO2

− to form nitryl chloride (NO2–Cl) [21]. Both NO2
•

and NO2–Cl can nitrate Tyr residues, to form 3-nitrotyrosine, 3-NO2Tyr 
[21–23], with this product being widely employed as a marker of 
nitrating species. 

MPO is released extracellularly at sites of inflammation as a result of 
aberrant cell processing, phagolysosomal leakage, cell lysis, and 
neutrophil extracellular trap (NET) formation [24–26]. MPO binds 
avidly to other macromolecules including proteins, proteoglycans of the 
extracellular matrix (ECM) (reviewed: [4]), with this resulting in 
localized oxidant formation, and ECM damage, as reactive oxidants do 
not diffuse far from their site of generation [27]. This ECM damage is 
exacerbated by the high concentration of targets in the ECM, and the 

high rate constants for reaction of MPO-derived oxidants with these 
species [10,11]. Furthermore, unlike cells, extracellular compartments, 
including plasma and the ECM, typically have lower levels of antioxi-
dant defenses, protective enzymes and repair mechanisms [28]. ECM 
macromolecules also have relatively long biological half-lives (cf. 60–70 
days and >78 years for vascular wall collagens and elastin, respectively 
[29,30]). ECM components are therefore likely to be both exposed to 
high steady-state oxidant concentrations (cf. estimates of intracellular 
versus extracellular concentrations of H2O2 of low nanomolar and 1–5 
μM respectively [31]) and to accumulate extensive damage over their 
long lifetimes [4,32]. It has been reported that up to 70% of the 
oxidative damage detected in human artery atherosclerotic lesions is 
present on ECM species, rather than cell proteins [33]. 

The compelling evidence for a role for MPO-derived HOCl in in-
flammatory pathologies (reviewed [4,7,14] has led to significant inter-
est in modulating the formation of oxidants by this enzyme (reviewed 
[3]). As Cl− oxidation is relatively slow, HOCl production can be 
modulated by high levels of other halide and pseudo-halides [4]. 
Furthermore, the resulting hypohalous acids are (mostly) less damaging 
than HOCl, as their (two-electron) oxidation potentials decrease along 
the order: HOCl (Eo 1.28 V) > HOBr (Eo 1.13 V) > HOI (Eo 0.78 V) >
HOSCN (Eo 0.56 V) at pH 7.0 [3,5]. However, the infection control ac-
tivity of these less reactive species appears to be preserved [34]. 

Whether NO2
• is less damaging than HOCl is unclear, as this radical is 

a powerful oxidizing and nitrating agent (one-electron Eo 1.04 V [35]). 
However, low NO2

− concentrations in brain tissue have been associated 
with Alzheimer’s disease [36], and studies in animal models, indicate 
that exogenous NO2

− may have beneficial effects on cardiovascular 
health, via an enhancement of NO• bioavailability, vasculature dilation 
and inhibition of platelet aggregation (e.g. Refs. [37–40]). 

Elevation of SCN− levels has been reported to decrease oxidant 
damage in cystic fibrosis, atherosclerosis and ischemia-reperfusion 
injury [41–44], and both experimental and epidemiological studies 
have provided evidence for a protective effect of I− in cardiovascular 
disease [45,46]. These findings are supported by in vitro studies [47–49]. 
However, most of these studies have focused on individual anions, and 
less is known about how these ions, as a group at physiological or sup-
plemented levels, modulate the MPO-derived damage. 

In the light of these data, we hypothesized that physiologically- 
relevant concentrations and mixtures of Br− , I− , SCN− and NO2

− would 
modulate damage induced by MPO-generated HOCl. The ability of these 
anions to influence HOCl-induced damage to both human plasma 
fibronectin (hpFN) and ECM laid down by human coronary artery 
smooth muscle cells (HCASMC) was therefore examined. Specific 
attention was paid to NO2

− , as nitrated products have been detected in 
human atherosclerotic lesions [50–53]. Moreover, NO2

− elevation can be 
readily achieved by dietary means, and may have positive or negative 
effects [54,55]. These studies provide further insight into the modula-
tion of MPO-mediated damage at sites of inflammation, and the source 
of the nitrated materials detected in various pathologies. 

2. Materials and methods 

2.1. Materials 

All chemicals including hpFN were purchased from Sigma-Aldrich- 
Merck (Søborg, Denmark) unless stated otherwise. Aqueous solutions 
were prepared using MilliQ water (Millipore) and samples were pre-
pared in 100 mM sodium phosphate buffer, pH 7.4, or phosphate- 
buffered saline (PBS), and Chelex-treated prior to use to remove trace 
metal ions. Cl− , Br− , I− , SCN− and NO2

− solutions were prepared using 
NaCl, NaBr, NaI, NaSCN and NaNO2, respectively. Concentrations of 
stock solution of H2O2 were determined spectrophotometrically using 
ε240 43.6 M− 1 cm− 1 [56]. MPO was purchased from Planta Natural 
Products (Wien, Austria). ELISA were performed using the following 
antibodies: monoclonal antibody (mAb) 2D10G9 raised against 

Abbreviations 

BSA bovine serum albumin 
3-BrTyr 3-bromotyrosine 
3,5-Br2Tyr 3,5-dibromotyrosine 
3-ClTyr 3-chlorotyrosine 
3,5-Cl2Tyr 3,5-dichlorotyrosine 
ECM extracellular matrix 
HCASMC primary human coronary artery smooth muscle cells 
hpFN human plasma fibronectin 
LC-MS liquid chromatography-mass spectrometry 
mAb monoclonal antibody 
MPO myeloperoxidase 
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 
tetrazolium 

3-NO2Tyr 3-nitrotyrosine 
6-NO2Trp 6-nitrotryptophan 
pAb polyclonal antibody 
PB phosphate buffer 
PBS phosphate-buffered saline 
PBST PBS containing 0.1% Tween-20 
TBS Tris-buffered saline 
TBST Tris-buffered saline containing 0.1% Tween-20  
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HOCl-modified LDL and which recognizes HOCl-generated epitopes in 
general; 3-nitroTyr polyclonal antibody (pAb; Sigma-Aldrich); 6-nitro-
tryptophan (6-NO2Trp) pAb (Japan Institute for the Control of Aging, 
Nikken Seil Co.), alkaline phosphatase-conjugated rabbit anti-mouse 
and goat anti-rabbit IgG were from Abcam (Cambridge, UK). The sub-
strate, p-nitrophenylphosphate for alkaline phosphatase was from 
ThermoFisher Scientific (Hvidovre, Denmark). Primary HCASMC (donor 
number #1522), basal and cell growth media were purchased from Cell 
Applications (San Diego, USA). 

2.2. Cell culture 

HCASMCs were cultured using commercial smooth muscle cell 
(SMC) growth media in a humidified incubator containing 5% CO2 and 
20% O2 at 37 ◦C for 7 days at an initial density of 104 cells in 200 μL 
medium per well in 96-well plates, or 106 cells in 25 mL medium in 175 
cm2 flasks. The growth medium was replaced three times per week and 
the cells were cultured up to passage 5. 

2.3. ECM extract preparations 

HCASMCs were cultured in T-175 tissue culture flasks at an initial 
density of 106 cells in 25 mL growth medium for 1 week to allow the 
cells to generate a native ECM. The cultures were then treated with 8 M 
urea in Tris-HCl (pH 8.0), with the addition of a protease inhibitor 
cocktail (Sigma-Aldrich) at 1:100 dilution, overnight with gentle rock-
ing at 4 ◦C to remove the cells and detach the ECM. Cellular debris was 
removed by 20 min centrifugation at 220g. The samples were then 
concentrated using spin filters (Vivaspin® 6 centrifugal filtration units, 
10 kDa cut off) and washed 3 times with PBS. The concentration of 
protein in the samples was then measured using the BCA assay prior to 
use. 

2.4. Treatment of hpFN and cell-derived ECM with an 
MPO–H2O2–halides/pseudo-halide system in the absence and presence of 
NO2

−

For ELISA experiments using purified hpFN, 50 μL per well of 20 μg 
mL− 1 protein in 0.1 M phosphate buffer (pH 7.4) was adsorbed onto 96- 
well high-binding ELISA plates overnight at 4 ◦C. This results in binding 
of >96% of the hpFN to the plates [57]. The wells were washed twice 
with 200 μL PBS to remove any excess or non-bound hpFN, then treated 
with MPO (100 nM), H2O2 (200 μM), Cl− (100 mM), Br− (50 μM), I−

(0.4 μM), SCN− (20–150 μM) with varying concentrations of NO2
−

(0–200 μM) in a total volume of 50 μL 0.1 M phosphate buffer, pH 7.4 for 
2 h at 37 ◦C. 

For ELISA experiments using cell-derived ECM, HCASMC were 
cultured in 96-well plates at an initial density of 1 × 104 cells in 200 μL 
medium per well for 1 week to allow ECM synthesis. The wells were 
rinsed twice with PBS followed by incubation with two aliquots of 1% 
(w/v) sodium deoxycholate (DOC) to de-cellularize the ECM for 10 min 
at 21 ◦C, each followed by two washes with PBS. The ECM in the wells 
was then treated with the MPO system as described above for hpFN. 

For analysis of modification by mass spectrometry (MS), hpFN (22 
μg) or HCASMC-derived ECM extract (22 μg total protein prepared as 
described in section 2.3) were treated with MPO (700 nM), H2O2 (4 mM; 
added as five equal aliquots to the reaction system over a period of 20 
min), Cl− (100 mM), Br− (50 μM), I− (0.4 μM), SCN− (33 μM) with 
varying concentrations of NO2

− (0–200 μM) in a total volume of 50 μL 
0.1 M phosphate buffer, pH 7.4, for 2 h at 37 ◦C. 

2.5. ELISA 

After treatment (see section 2.4), wells were washed twice with 200 
μL PBS and blocked with 100 μL of 0.1% casein (w/v) in PBS for 1 h at 
21 ◦C. The wells were washed twice with 200 μL PBS to remove residual 

materials, and then incubated with 50 μL primary antibody in 0.1% 
casein (w/v) in PBS, overnight at 4 ◦C, at the following dilutions: mAb 
2D10G9 (1:100); 3-NO2Tyr pAb (1:1000); 6-NO2Trp pAb (1:1000). After 
two washes with 200 μL PBST (0.1% Tween-20 in PBS), the wells were 
incubated with 50 μL alkaline phosphatase-conjugated rabbit anti- 
mouse or goat anti-rabbit IgG secondary antibody (1:1000 dilution) 
for 1 h at 21 ◦C. Unbound secondary antibody was then removed by five 
washes with 200 μL TBST (0. 1% Tween-20 in TBS), with this buffer used 
in the final washes to exclude interference from phosphate in the alka-
line phosphatase assay, in which 100 μL of alkaline phosphatase yellow 
(p-nitrophenylphosphate) substrate solution was added to each well and 
incubated for 15–30 min. Fifty μL 2 M NaOH was then added to stop the 
color development followed by measurement of the optical absorbance 
at 405 nm using a SpectraMax i3x Multi-Mode microplate reader (Mo-
lecular Devices). 

2.6. Mass spectrometric detection of modification products and parent 
amino acids 

Parent and modified amino acids released from treated or non- 
treated hpFN or HCASMC-derived ECM were analyzed by LC-MS as 
described in Refs. [49,58]. Briefly, trichloroacetic acid (10% w/v) was 
added to precipitate proteins, and these were then spiked with a mixture 
of stable isotope-labelled amino acid standards before the samples were 
dried down using a centrifugal vacuum concentrator (30 min, 30 ◦C). 
Methanesulfonic acid (4 M) containing 0.2% (w/v) tryptamine (50 μL) 
was then added to hydrolyze (under vacuum at 110 ◦C) the proteins in 
the pellet. The released species were then purified by solid-phase 
extraction with 30 mg/mL mixed-mode strong cation exchange Strata 
X–C cartridges (Phenomenex). Eluted fractions were dried at 60 ◦C 
under vacuum for 4 h, and then redissolved in 50 μL 0.1% formic acid. 
Analytes were quantified by electrospray ionization LC-MS, in positive 
ion mode, using a Bruker Impact HD II mass spectrometer (Bruker, 
Bremen, Germany). Samples were separated by gradient elution using 
an Imtakt Intrada Amino Acid 100 × 3.0 mm column with acetoni-
trile/formic acid (Solvent A; 100/0.3 v/v) and acetonitrile/100 mM 
ammonium formate (Solvent B; 20/80 v/v). MS analyses and quantifi-
cation was carried out at the MS1 level. MS data was collected using 
Bruker Compass/Hystar and processed using Bruker QuantAnalysis 
software. 

2.7. Adhesion of HCASMCs to native and modified ECM 

Cell adhesion assays were performed using 96-well black tissue 
culture plates coated with native SMC-ECM laid down by HCASMCs, and 
pre-treated with the oxidant systems as described above for the ELISA 
experiments. 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 at 37 ◦C for 1 h to minimize non-specific binding of cells to the plate, 
followed by 2 washes with sterile PBS containing Ca2+ and Mg2+. 
HCASMCs were pre-loaded with 5 μM calcein-AM at 37 ◦C for 30 min, 
with the residual calcein-AM then removed by washing with pre- 
warmed basal medium. The calcein-AM loaded HCASMCs were then 
resuspended in SMC basal media and added to each well at a density of 
104 cells per 50 μL media and incubated in a tissue culture incubator at 
37 ◦C for 90 min. The plates were then rinsed twice with PBS containing 
Ca2+ and Mg2+, to remove non-adherent cells. The fluorescence in-
tensities of the adherent cells were then measured using a SpectraMax 
i3x microplate reader (9-point measurement, average of 8 technical 
replicates) with λex 490 nm and λem 520 nm. 

2.8. Cell metabolic activity assay 

Native ECM laid down by HCASMC was prepared in black, clear- 
bottom 96-well plates and then either left untreated or subjected to 
the oxidant systems as described above. Naïve (non-oxidant exposed) 
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HCASMC were then added and allowed to adhere as described in section 
2.7. The plates were then incubated at 37 ◦C under 5% CO2 for 40 h. The 
metabolic activity of the final cell population was determined using the 
MTS assay, with 200 μL growth medium containing MTS (10:1 ratio v/v) 
added to each well, and the plates incubated at 37 ◦C for 3 h. The so-
lutions were then transferred to clear 96-well microtitre plates and the 
absorbance read at 490 nm using a SpectraMax i3x microplate reader. 

2.9. Statistical analyses 

The data presented are from three independent experiments. Statis-
tical analyses were performed using GraphPad Prism 8.0.2 (GraphPad 
Software, San Diego, CA, USA). One-way ANOVA, followed by Dunnett’s 
multiple comparison test, was carried out to examine statistical signifi-
cance as indicated in the text and figure legends, with p < 0.05 (indi-
cated by *, #, a, b or c) considered as statistically significant. 

3. Results 

3.1. Halide (Br− , I− ) and pseudo halide (SCN− ) ions attenuate the extent 
of damage induced by MPO–H2O2–Cl−

Initial experiments examined the effects of physiologically-relevant 
concentrations of Br− , I− and SCN− on the extent of chlorination 
induced by the MPO–H2O2–Cl− system by ELISA. hpFN (20 μg protein 
mL− 1) or decellularized HCASMC-derived ECM were exposed to MPO- 
derived oxidation in the absence or presence of a mixture of Br− (50 
μM), I− (0.4 μM) and SCN− (50 μM). These concentrations mimic those 
in plasma from healthy subjects [8]. The formation of modified epitopes 
on hpFN or HCASMC ECM was detected using mAb 2D10G9 [59]. Sig-
nificant recognition by mAb 2D10G9, consistent with HOCl-mediated 
damage was observed after exposure to MPO–H2O2–Cl− , whereas un-
treated proteins showed very low background signals (Fig. 1). Inclusion 
of the mixture of halide (Br− , I− ) and pseudo-halide (SCN− ) ions resulted 
in a decrease in recognition of the oxidant-treated samples, by mAb 
2D10G9, with the levels detected being close to, and not statistically 
different from the non-treated control samples (Fig. 1). Similar behavior 
was detected with both hpFN and HCASMC ECM samples, indicating 

that HOCl-mediated damage is markedly reduced by the combination of 
halide (Br− , I− ) and pseudo-halide (SCN− ) ions added to the 
MPO–H2O2–Cl− system. 

3.2. SCN− induces a marked decrease in the extent of chlorination 
induced by MPO–H2O2–Cl− at physiologically-attainable levels 

As the above data indicate that the mixture of halide/pseudohalide 
ions has significant effects on the extent of damage induced by the 
MPO–H2O2–Cl− system, the contribution of each ion (or combinations 
ions) to this effect was examined with hpFN as the target, using similar 
reaction systems to those described above, with damage evaluated by 
ELISA using mAb 2D10G9. The resulting data (Fig. 2A) indicate that 
marked reductions in the extent of modification were only obtained in 
those groups containing SCN− , when compared to the samples con-
taining only Cl− . These data indicate that the presence of 50 μM SCN− , 
has a profound influence on MPO–H2O2–Cl− -mediated damage. 

The effect of varying concentrations of SCN− on the formation of 
HOCl-generated epitopes was subsequently examined (Fig. 2B) using 
hpFN (20 μg mL− 1) treated with MPO (100 nM), H2O2 (200 μM), Cl−

(100 mM), Br− (50 μM), I− (0.4 μM) and varying concentrations of SCN−

(20–150 μM). Increasing concentrations of SCN− resulted in decreased 
recognition by mAb 2D10G9, consistent with a lower extent or altered 
pattern of damage. The IC50 value for inhibition by SCN− was calculated 
from these data as ~33 μM. This concentration of SCN− together with 
concentrations of 100 mM Cl− , 50 μM Br− , and 0.4 μM I− were therefore 
used in subsequent experiments. 

3.3. NO2
− attenuates the extent and nature of MPO-induced damage 

Potential modulatory effects of NO2
− on MPO-mediated damage was 

examined using hpFN (20 μg mL− 1, 50 μL) or HCASMC-derived ECM 
treated with the MPO–H2O2–Cl− system containing Br− (50 μM), I− (0.4 
μM) and SCN− (33 μM), in the presence of varying concentrations of 
NO2

− (0–200 μM). Protein modifications were evaluated using mAb 
2D10G9 and pAbs against 3-NO2Tyr and 6-NO2Trp by ELISA. 

Increasing NO2
− concentrations in the above reaction systems resul-

ted in decreased recognition of the modified protein targets by 2D10G9 
mAb (Fig. 3A and B), with a loss of ~70% of the recognition of modified 
protein epitopes by 2D10G9 detected at a NO2

− concentration of 3 μM, 
for the experiments with hpFN, and 10 μM for the HCASMC-derived 
ECM. Near complete suppression of 2D10G9 recognized epitopes was 
detected at ~7 μM NO2

− for hpFN, and ~20 μM NO2
− for the HCASMC- 

derived ECM. 
pAbs that detect 3-NO2Tyr and 6-NO2Trp were employed to evaluate 

the formation of these nitration products on the protein targets. Exper-
iments with increasing concentrations of NO2

− resulted in increased 3- 
NO2Tyr pAb recognition of the target proteins, consistent with extensive 
nitration, with this being significant at NO2

− concentrations ≥0.5 μM, 
with the maximum absorbance detected at the highest NO2

− concentra-
tion taken as 100% (Fig. 3C and D). For the hpFN reaction system, the 
maximum yield of 3-NO2Tyr detected by ELISA was obtained with NO2

−

concentration ≥5 μM. The (apparent) high absorbance value detected 
for the 0 μM NO2

− condition with the hpFN samples is likely to be artefact 
arising from the use of the maximum absorbance as the 100% value, 
rather than an indication of a high level of nitration in the control 
samples (cf. the LC-MS data presented below). For the HCASMC-derived 
ECM, a dose-dependent formation of 3-NO2Tyr was also detected with 
the maximum yield observed at 200 μM NO2

− . Extensive nitration of 
tryptophan was also observed with increasing concentrations of NO2

− , 
with this being significantly increased at 50 μM, for hpFN, and 20 μM 
NO2

− for HCASMC-derived ECM (Fig. 3E and F). 

Fig. 1. ELISA-based detection of HOCl-mediated damage to (A) hpFN (1 μg in 
50 μL), and (B) HCASMCs-derived ECM exposed to a MPO (100 nM)-H2O2 (200 
μM)-Cl− (100 mM) system in the absence or presence of a mixture of Br− (50 
μM), I− (0.4 μM) and SCN− (50 μM), respectively, for 2 h at 37 ◦C in 0.1 M 
phosphate buffer, pH 7.4. mAb 2D10G9 (1:100) was used to detect HOCl- 
generated epitopes. Data are presented as mean +SD from 3 independent ex-
periments. * (p < 0.05) indicates statistically significant differences between 
either the control (treated with MPO–H2O2–Cl− system) and the non-treated 
sample (treated with 0.1 M phosphate buffer) or between the control and the 
oxidized sample treated with MPO–H2O2–Cl− /Br− /I− /SCN− , as determined by 
one-way ANOVA with post-hoc analysis using Dunnett’s multiple comparison 
test; ns = non significant. 
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3.4. LC-MS quantification of 3-ClTyr formation induced by 
MPO–H2O2–Cl− in the absence and presence of Br− , I− and SCN−

As antibodies can exhibit artifactual binding, and may show sensi-
tivity to multiple or poorly-defined epitopes, the data reported above 
was corroborated using LC-MS analyses. hpFN and HCASMC-ECM ex-
tracts (22 μg protein in each case, in 50 μL 0.1 M phosphate buffer) from 
section 3.4, were treated with a reaction system containing 700 nM 
MPO, 4 mM H2O2, 100 mM Cl− , in the absence or presence of a mixture 
of 50 μM Br− , 0.4 μM I− and 33 μM SCN− prior to analysis for 3-ClTyr by 
LC-MS. It should be noted that although the absolute concentrations 
employed in these experiments differ from the ELISA experiments (for 
sensitivity reasons), the ratio of the anions between the different ex-
periments were maintained at a constant value. 

Exposure to a MPO–H2O2–Cl− system in the absence of other added 
anions resulted in significant yields of 3-chlorotyrosine (3-ClTyr; ~92 
μM for hpFN, ~33 μM for HCASMC-derived ECM extracts, respectively) 
when compared to the non-oxidized controls (Fig. 4A and B). These 
values were markedly decreased for both protein targets by the presence 
of the combination of other anions when compared to the Cl− alone 
condition (Fig. 4A and B). These data are consistent with ELISA studies 
using mAb 2D10G9 reported above. No evidence was found for the 
alternative Tyr-derived product, di-tyrosine, under these conditions. 

3.5. LC-MS quantification of products generated by MPO-H2O2 in the 
presence of Cl− , Br− , I− , SCN− with varying concentrations of NO2

−

The nature of the products generated by the MPO system in the 

Fig. 2. ELISA-based detection, using mAb 2D10G9, 
of HOCl-mediated damage to hpFN (1 μg in 50 μL) 
incubated with (A) an MPO–H2O2–Cl− system (see 
Fig. 1) in the absence or presence of the indicated 
combinations of Br− , I− and SCN− (Br− , 50 μM; I− , 
0.4 μM; SCN− , 50 μM) for 2 h at 37 ◦C in 0.1 M 
phosphate buffer, pH 7.4. (B) Incubation of hpFN (1 
μg in 50 μL) with an MPO–H2O2–Cl− /Br− /I− system 
(concentrations as above) with varying concentra-
tions of NaSCN (20–150 μM) for 2 h at 37 ◦C in 0.1 M 
phosphate buffer, pH 7.4. Data are presented as mean 
+SD from 3 independent experiments. * (p < 0.05) in 
panel (A) indicates statistical significance against the 
oxidized sample treated with MPO–H2O2–Cl− ; while * 
(p < 0.05) in panel (B) indicates statistical signifi-
cance against the oxidized sample treated with 
MPO–H2O2–Cl− /Br− /I− in the presence of 20 μM 
NaSCN, as determined by one-way ANOVA with post- 

hoc analysis using Dunnett’s multiple comparison test.   

Fig. 3. ELISA-based detection of MPO-induced dam-
age to (A, C, E) hpFN (1 μg in 50 μL), and (B, D, F) 
HCASMC-derived ECM incubated with a 
MPO–H2O2–Cl− /Br− /I− /SCN− system (100 nM, 200 
μM, 100 mM, 50 μM, 0.4 μM, and 33 μM respectively) 
in both the absence or presence of NO2

− (0.5–200 μM) 
in 0.1 M phosphate buffer, pH 7.4 for 2 h at 37 ◦C. 
Antibodies were used to detect (A, B) HOCl-induced 
damage, (C, D) 3-NO2Tyr, and (E, F) 6-NO2Trp. 
Data are presented as means +SD from 3 independent 
experiments and are expressed as a % of the values 
detected in the presence of 0 μM NO2

− (for mAb 
2D10G9), or as a % of the values detected with the 
highest NO2

− concentration used (200 μM) for the pAb 
3-NO2Tyr and pAb 6-NO2Trp experiments. *(p <
0.05) indicates statistical significance against the 
oxidized sample in the absence of NO2

− (0 μM NO2
− ), 

as determined by one-way ANOVA with post-hoc 
analysis using Dunnett’s multiple comparison test.   
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presence of increasing concentrations of NO2
− was examined for the 

hpFN and HCASMC-derived ECM systems. hpFN and HCASMC ECM 
were oxidized as described above (section 3.4) with the complete 
spectrum of halide/pseudohalide ions in the absence or presence of 
0–200 μM NO2

− , then subjected to LC-MS analysis. 
As expected on the basis of the above data, 3-ClTyr levels were 

markedly elevated on both protein samples treated with the complete 
MPO system, in the absence of NO2

− , when compared to control (non- 
oxidized) samples with the levels detected on hpFN being ~21 μM, and 
on HCASMC-derived ECM ~7 μM (Fig. 5, cf. Fig. 4). The presence of 
increasing concentrations of NO2

− decreased 3-ClTyr levels in a dose- 
dependent manner, with the decrease being statistically-significant at 
≥ 5 μM NO2

− for both the hpFN and HCASMC-derived ECM samples 
(Fig. 5A and B). These data are consistent with those obtained in the 
ELISA experiments. 

Concurrent with the decrease in 3-ClTyr levels, increased formation 
of 3-NO2Tyr was detected, with this increasing in a dose-dependent 
manner with higher NO2

− concentrations (Fig. 5C and D). The detec-
tion of this species was significant at NO2

− concentrations ≥20 and ≥50 
μM for the hpFN and ECM extracts, respectively. At low NO2

− concen-
trations, the signal from 3-NO2Tyr was not significantly elevated 
compared to controls, unlike the ELISA data, possibly due to a lower 
sensitivity of the analysis method. 

Increasing concentrations of NO2
− also resulted in the detection, in a 

dose-dependent manner, of a nitration product of tryptophan, 6- 
NO2Trp, with this being significant at NO2

− concentrations of ≥50 and 
≥5 μM for the hpFN and ECM extracts, respectively (Fig. 5E and F). 

As both HOCl and NO2
• can induce other modifications (c.f. modifi-

cation of Tyr, Trp, Met and His on reaction of HOCl and ONOOH with 
hpFN [60–62]), loss of the corresponding parent amino acids and for-
mation of other products was also examined (Fig. 6). For amino acids 
such as Val, which would not be expected to be major targets for these 
oxidants, the levels detected were not significantly altered under any of 
the conditions tested (Figs. 6A and 7A) consistent with efficient sample 
hydrolysis and amino acid recovery. In the case of Tyr, a significant 
initial decrease in the level of this amino acid was detected with the 
complete MPO oxidation system, in the absence of NO2

− , but this 

decrease was diminished upon inclusion of modest levels of NO2
−

(Figs. 6B and 7B), before reaching a plateau (at 20–50 μM NO2
− ) and then 

decreasing again at high NO2
− concentrations. This biphasic loss suggests 

a differential reactivity between HOCl and NO2
• with this residue and 

complex reaction mechanisms (see Discussion). 
In the case of Trp, the complete MPO oxidation system, in the 

absence of NO2
− , gave rise to a decrease in Trp concentrations when 

compared to the untreated protein. In the presence of increasing levels 
of NO2

− , an additional loss of Trp was detected, which was greater at 
higher NO2

− concentrations, and statistically-significant at ≥ 20 μM NO2
−

for both the hpFN and ECM samples (Figs. 6C and 7C). Similarly, there 
was an increase in the yield of 6-NO2Trp with increasing NO2

− . In 
contrast, the behavior of Met was similar to that observed with Tyr. A 
marked initial consumption of Met was detected with the complete MPO 
oxidation system (in the absence of NO2

− ) and a decrease in the extent of 
this loss with increasing NO2

− concentrations, with this then achieving a 
plateau value (at ~40 μM NO2

− for hpFN, and ~25 μM NO2
− for the ECM 

samples), and then declining again with higher NO2
− concentrations 

(Figs. 6D and 7D). In contrast, no significant changes were detected in 
His and Lys concentrations with the complete MPO system in either the 
absence or presence of NO2

− . 

3.6. Modified ECM generated by MPO-H2O2 in the presence of Cl− , Br− , 
I− , SCN− with varying concentrations of NO2

− , modulates HCASMC 
adhesion 

In the light of the above data showing that other halide/pseudoha-
lide anions and nitrite can significantly modulate the extent and nature 
of MPO-induced damage, the functional effects of these different types 
of modification on HCASMC adhesion were examined. The native 
HCASMC-ECM was treated with the various oxidant systems, as 
described above, before addition of naïve (non-oxidant exposed) cells. 
Pretreatment with MPO/H2O2/Cl− resulted in a significant loss (~75%) 
of adhesion of the HCASMCs to the modified ECM relative to ECM 
treated with phosphate buffer (PB) (Fig. 8). Pretreatment with MPO/ 
H2O2 individually or together also reduced the extent of cell adhesion 
(Fig. 8), with this ascribed to binding of MPO to the ECM (cf. data in 
Refs. [4,63,64]), and oxidation induced by H2O2 alone or the 
MPO/H2O2 (Compound I or Compound II) system. Addition of halides 
(Br− , I− ) and SCN− into the pretreatment oxidant system partially 
restored the level of cell adhesion (from ~25% to ~47% of the value 
detected for the PB control), and the latter value being similar (and not 
statistically significant from) to that detected with MPO/H2O2 alone. 
The additional presence of increasing concentrations of NO2

− did not 
significantly alter the extent of cell adhesion to the modified ECM. The 
extent of adhesion detected with the MPO/H2O2/NO2

− system was also 
not statistically different to that detected after treatment with 
MPO/H2O2. 

3.7. Effects of modified ECM on HCASMC metabolic activity 

In addition to the initial effect of ECM modification detected in the 
cell adhesion assay, longer term functional effects of the oxidant systems 
were examined by measurement of the metabolic activity of the cells 
adhered to the modified ECM. HCASMCs were seeded on pretreated 
native or modified ECM as described in section 3.6. After a subsequent 
40 h incubation, the mitochondrial reductive capacity (a widely used 
measure of metabolic activity) was measured using the MTS assay 
(Fig. 9). Pretreatment with MPO/H2O2/Cl− resulted in a significant 
decrease in cell metabolic activity of HCASMCs adherent to the modified 
SMC-ECM relative to the controls treated with PB (Fig. 9). The presence 
of additional halides (Br− , I− ) and pseudohalide (SCN− ) ions in the 
oxidant pretreatment system did not significantly affect the cellular 
metabolic activity compared to those adherent to the ECM pretreated 
with MPO/H2O2/Cl− . However, inclusion of increasing cocnentrations 
of NO2

− in the oxidant pretreatment system in addition to the halides/ 

Fig. 4. Quantification of the modification product 3-ClTyr in (A) hpFN, and (B) 
HCASMC-derived ECM extracts exposed to a MPO–H2O2–Cl− system (700 nM, 
4 mM, and 100 mM respectively) in the absence or presence of a mixture of Br−

(50 μM), I− (0.4 μM) and SCN− (33 μM) by LC-MS analysis. hpFN (22 μg in 50 
μL, 1 μM) or HCASMC-ECM extracts (22 μg protein) was treated with MPO, 
H2O2, Cl− in the absence or presence of Br− , I− , and SCN− in a total volume of 
50 μL 0.1 M phosphate buffer, pH 7.4 for 2 h at 37 ◦C before analysis by LC-MS. 
Data are presented as mean +SD from 3 independent experiments. * (p < 0.05) 
indicates a statistical difference of when compared to either the non− oxidized 
control or the oxidized samples in presence of Br− , I− and SCN− , as determined 
by one− way ANOVA with post-hoc analysis using Dunnett’s multiple com-
parison test. 
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pseudohalide enhanced the cell metabolic at low or modest concentra-
tions, with the highest value detected with 20 μM NO2

− , but this showed 
a trend towards a decrease at higher levels (Fig. 9). Notably, there were 
no significant difference in the values between the samples preteated 
with MPO/H2O2/Cl− /Br− /I− in the presence of ≥5 μM NO2

− and the 
control sample treated with PB alone. Additionally, no significant dif-
ference was detected between the samples pretreated with MPO/H2O2/ 
NO2

− and the PB control. 

4. Discussion 

Whilst many studies have focused on the formation and reactions of 
HOCl, (e.g. Refs. [1,7,13,14,65,66]), the role of other anions in modu-
lating the formation of HOCl by MPO is less well understood. Other 
anions can react with Compound I of MPO in a competitive manner [5, 
6], with emphasis having been placed on the effects of SCN− [9,47,48, 
67,68], though data have also been reported for individual effects of Br−

[69], I− [49] and NO2
− [5,22,23,70]. Few studies have examined the 

effects of (physiologically-relevant) mixtures of these species. In the 
study reported here, we show that such mixtures have profound effects 
on the extent of HOCl-mediated damage, and the products formed. 

Particular emphasis has been placed on the effects of SCN− , which can 
alter the extent of tissue damage in a number of pathologies [41–43,71]) 
and NO2

− , as oxidation of this anion might account for the formation of 
nitrated species in various pathologies (e.g. Refs. [51–53,72]). 

The data obtained indicate that SCN− , at levels that are present in 
plasma from healthy subjects [8,42,73] has a dramatic effect on the 
extent of HOCl-mediated damage to both fibronectin (which occurs both 
in plasma, hpFN, and the ECM of tissues), and also the ECM laid down by 
HCASMC. The data obtained by both immunological methods (ELISA 
using a mAb raised against HOCl-modified proteins) and quantitative 
LC-MS analysis at the amino acid level, indicate that SCN− inhibits 
HOCl-mediated damage significantly with an IC50 value of ~33 μM, 
when the other halide ions are present at typical physiological levels. 
This value is of a similar magnitude to that determined in studies where 
Cl− and SCN− were compared in the absence of other anions [9]. In this 
previous study, the presence of SCN− was shown to enhance H2O2 
consumption, indicating that MPO was not saturated under the condi-
tions employed, and to result in an overall increase in oxidant formation 
[9]. The data presented here indicate that despite any increase in total 
oxidant formation, the yield of chlorinated products is decreased 
significantly. Thus, SCN− oxidation is not supplementary to HOCl 

Fig. 5. Quantification of the products 3-ClTyr (A, B), 
3-NO2Tyr (C, D), and 6-NO2Trp (E, F) formed on 
hpFN (22 μg protein) (A, C, E), and HCASMC-ECM 
extracts (22 μg total protein) (B, D, F) exposed to 
the MPO–H2O2–Cl− system (MPO [700 nM], H2O2 [4 
mM], Cl− [100 mM]) in the presence of a mixture of 
Br− (50 μM), I− (0.4 μM) and SCN− (33 μM) or 
increasing concentrations of NO2

− (5–200 μM) in 0.1 
M phosphate buffer, pH 7.4 for 2 h at 37 ◦C, with 
detection by LC-MS analysis of the hydrolyzed pro-
tein samples. Data are presented as mean +SD from 3 
independent experiments. #(p < 0.05) indicates sta-
tistical significance of the control against the oxidized 
sample in the absence of NO2

− (0 μM NO2
− ) while *(p 

< 0.05) indicates statistical significance against the 
oxidized sample in the absence of NO2

− (0 μM NO2
− ), 

as both determined by one-way ANOVA with post- 
hoc analysis using Dunnett’s multiple comparison 
test.   
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formation, but significantly inhibits it. The current data also indicate 
that Br− and I− do not compete, to a significant extent, with Cl− and 
SCN− at normal physiological concentrations, though both anions do 
compete when present at elevated levels [49,69]. In the case of Br− , 
increased formation of HOBr is unlikely to afford protection, as HOBr is 
highly reactive and damaging [69,74,75]. In contrast, HOI (or down-
stream species such as IO3

− ) formed from I− is less reactive, more se-
lective and results in decreased damage [49]. 

The current data also indicate that NO2
− competes with Cl− for 

Compound I, though in this case the competition diverts the enzyme 
from the halogenation cycle (i.e. resting state Fe3+ → Compound I → 
resting state) to its peroxidase cycle (resting state Fe3+ → Compound I → 
Compound II → resting state) [5] with this resulting in the formation of 
NO2

• and nitrated products (3-NO2Tyr and 6-NO2Trp) as detected by 
both ELISA (using a pAb against 3-NO2Tyr) and LC− MS analysis. The 
concentrations at which inhibition of HOCl− mediated damage, and 
detection of nitration become statistically-significant, differ between the 
assays, with the ELISA data (Fig. 3) indicating inhibition at the lowest 
NO2

− concentrations examined (0.5 μM), and within the range of NO2
−

concentrations present in human plasma [8]. The concentrations at 
which inhibition became significant were higher in the LC− MS experi-
ments (~5 μM, though lower levels were not examined). This may 

reflect the greater specificity of the LC-MS analyses, where individual 
species were quantified, rather than the less specific detection using the 
antibodies, particularly in the case of 2D10G9, where the HOCl-induced 
products that are detected are not fully established [59]. However, the 
mAb raised against in vitro modified HOCl-proteins recognizes in situ 
HOCl-modified epitopes (generated via the MPO–H2O2–Cl- system under 
in vivo conditions [57,62,76]) as well as HOCl-modified proteins 
extracted from human lesion materials [57,62,76]). The similarity of the 
data for hpFN and HCASMC ECM suggests that this competition is a 
general phenomenon, and not limited to specific targets to which the 
MPO may be bound or associated (and hence site-specific chemistry) 
[4]. 

The LC-MS protocol employed also allowed quantification of the loss 
of parent amino acids. As both hpFN and HCASMC ECM are extracellular 
targets, they contain low levels of Cys (a common feature of extracellular 
proteins), so the loss of this residue was not quantified. For the residues 
quantified, no significant change was detected for those that are not 
major targets of HOCl or NO2

• (e.g. Val, cf. Fig. 6 and 7) [75,77,78]. 
Furthermore, the consistency in the concentrations determined for this 
side chain are consistent with efficient hydrolysis and excellent amino 
acid recovery. For His and Lys, which react with HOCl and are kineti-
cally important targets [10], no significant change was detected. This is 

Fig. 6. Quantification of the absolute levels of the 
amino acids (A) Val, (B) Tyr, (C) Trp, (D) Met, (E) 
His, and (F) Lys on hpFN, and this protein exposed to 
the MPO–H2O2–Cl− system (MPO [700 nM], H2O2 [4 
mM], Cl− [100 mM]) in the presence of a mixture of 
Br− (50 μM), I− (0.4 μM) and SCN− (33 μM) in the 
absence or presence of NO2

− (5–200 μM) as deter-
mined by LC-MS analysis. hpFN (22 μg in 50 μl, 1 μM) 
was treated with the oxidant system in a total volume 
of 50 μL 0.1 M phosphate buffer, pH 7.4 for 2 h at 
37 ◦C prior to analysis by LC-MS. The higher values 
detected for the control samples in the presence of 
MPO (black bars) compared to its absence (white 
bars) reflect the additional protein present arising 
from the addition of MPO. Data are presented as 
mean +SD from 3 independent experiments. # (p <
0.05) indicates statistical significance of the control 
against the oxidized sample in the absence of NO2

− (0 
μM NO2

− ), while *(p < 0.05) indicates statistical sig-
nificance against the oxidized sample in the absence 
of NO2

− (0 μM NO2
− ), as both determined by one-way 

ANOVA with post-hoc analysis using Dunnett’s mul-
tiple comparison test.   
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not surprising, as reaction of HOCl with these side chains generates 
short-lived chloramines (RNHCl, on the imidazole ring in the case of His, 
and the Nε− nitrogen for Lys) [79,80]. These species can undergo further 
reactions, including formation of 3-ClTyr from Tyr residues [79,81], and 
typically do not survive the work-up employed in these analyses. For 
Trp, depletion was induced by the complete MPO oxidation system in 
the absence of NO2

− as expected from previous data [10], with a further 
loss detected in the presence of increasing concentrations of NO2

− . These 
data are consistent with the relatively high rate constant, k, for reaction 
of Trp with NO2

• (6 × 106 M− 1 s− 1 [82]) with this being higher than for 
reaction of HOCl with Trp (k 1.1 × 104 M− 1 s− 1 [10]. 

The situation with Tyr and Met (cf. Figs. 6 and 7) is different, with 
increasing NO2

¡ concentrations resulting, at low to moderate concen-
trations, in decreased Tyr and Met consumption. Thus, NO2

¡ decreases 
the extent of damage to these side chains and indicates that HOCl inflicts 
more damage (overall) than NO2

•; this is consistent, at least in part, with 
the known rate constants for these reactions [10,82] It should however 
be noted that the oxidation mechanisms of these two oxidants are 
different, with HOCl reacting with Met to give Met sulfoxide [likely via a 
transient –S(Cl)+− species that then reacts rapidly with H2O] [83], 
whereas NO2

• typically reacts via electron transfer to give the 
radical-cation (Met− S.þ) [82]. The latter can undergo multiple 

alternative further reactions, including electron− transfer reactions that 
restore the original species [84]. Such chemistry may result in an un-
derestimation of the extent of reaction via this channel. 

With Tyr, HOCl gives ring chlorination at the 3-position (to yield 3- 
ClTyr), either directly or via chloramine intermediates (see above and 
[81]). In contrast, NO2

• undergoes electron− transfer reactions, with 
rapid formation of a Tyr phenoxyl radical (i.e. TyrO•) [77]. Subsequent 
reaction of TyrO• with another NO2

• gives the observed 3-NO2Tyr. 
However, TyrO• can also undergo alternative reactions, including 
dimerization to give di− tyrosine (though this was not detected here), 
reaction with O2

•¡ (to give peroxides) and NO• (3-nitrosoTyr), and 
electron-transfer reactions with other species including Trp and 
reducing agents (e.g. ascorbate, thiols, flavonoids, though these were 
not present in these experiments) [85]. The latter reactions ‘repair’ 
TyrO• and therefore decrease overall loss. An alternative explanation of 
the protective effect of NO2

− , that involves reaction of HOCl with NO2
− to 

give NO2–Cl [21], is unlikely to be a major pathway, as this would be 
expected to decrease the extent of damage to all the amino acids, con-
trary to what is detected with Trp. It is also worth noting that reagent 
HOCl has been reported to decrease the yield of 3-NO2Tyr formed on 
peptides and proteins by nitrating systems [86]; the mechanism(s) 
involved are not clear and may involve destruction of the nitrated ring 

Fig. 7. Quantification of the levels of the amino acids 
(A) Val, (B) Tyr, (C) Trp, (D) Met, (E) His, and (F) Lys 
on HCASMC ECM exposed to the MPO–H2O2–Cl−

system (MPO [700 nM], H2O2 [4 mM], Cl− [100 
mM]) in the presence of a mixture of Br− (50 μM), I−

(0.4 μM) and SCN− (33 μM) in both the absence or 
presence of NO2

− (5–200 μM) by LC-MS analysis. 
HCASMC-ECM extracts (22 μg total protein) was 
treated with the oxidant systems in a total volume of 
50 μL 0.1 M phosphate buffer, pH 7.4 for 2 h at 37 ◦C 
prior to analysis by LC-MS. The higher values detec-
ted for the control samples in the presence of MPO 
(black bars) compared to its absence (white bars) 
reflect the additional protein present arising from the 
addition of MPO. Data are presented as mean +SD 
from 3 independent experiments. # (p < 0.05) in-
dicates statistical significance of the control against 
the oxidized sample in the absence of NO2

− (0 μM 
NO2

− ), while *(p < 0.05) indicates statistical signifi-
cance against the oxidized sample in the absence of 
NO2

− (0 μM NO2
− ), as both determined by one-way 

ANOVA with post-hoc analysis using Dunnett’s mul-
tiple comparison test.   
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structure. These types of reactions are unlikely to be major pathways 
here due to the abundance of other targets and the data presented below 
on the total yields of products. At high levels of NO2

− this protection is 
lost, with this ascribed to the generation of higher fluxes of NO2

•, and a 
greater extent of NO2

• mediated reaction with intermediates (e.g. 
enhanced reaction of TyrO• with NO2

• to give 3-NO2Tyr) that 
out-compete any repair reactions, resulting in a greater loss of Tyr and 
Met. 

As the LC-MS experiments allow absolute quantification of parent 
amino acid loss and product formation, the ‘material balance’ of these 
reactions was examined for Tyr with increasing NO2

− concentrations 
(Fig. 10). As can be seen, the total amount of Tyr that could be accounted 
for, was decreased by oxidation by the MPO complete system in the 
absence of NO2

− , but the material balance then increased with increasing 
NO2

− concentrations to levels close to those of control samples (i.e. 
approximately all the material could be accounted for), before declining 
at high NO2

− concentrations. The ‘missing’ material from the complete 
reaction system in the absence of NO2

− may be due to further modifi-
cation of the 3-ClTyr formed (e.g. to give 3,5-dichlorotyrosine (3,5- 
Cl2Tyr) [10]), or formation of other products, such as 3-bromotyrosine 
(3-BrTyr) and 3,5-dibromotyrosine (3,5-Br2Tyr) from MPO-mediated 
generation of HOBr from the Br− present in these reaction systems. 
Similar analyses were not attempted for Met and Trp, as both of these 
yield multiple products, not all of which are easily quantified [87,88]. 

The current data corroborate previous reports that indicate that MPO 
is an efficient, but not the only, source of nitrating species in biological 
systems, with evidence presented in the literature for multiple 
competing or complementary pathways including from peroxynitrite/ 
peroxynitrosocarbonate, and from MPO/H2O2/NO2

− systems in the 
absence or presence of Cl− , amongst others (see, for example [5,20,22, 

55,89–91]). Thus, whether the nitration detected in both healthy human 
and animal tissue samples, and also pathological specimens, is generated 
by peroxynitrous acid/peroxynitrite/peroxynitrosocarbonate or MPO 
remains to be determined. Although, nitric oxide synthase (NOS, the 
source of NO• in vivo) inhibitors, such as L-NAME [92], or knock-
down/knockout of NOS, may shed some light on this point, it should be 
noted that these approaches are also likely to affect NO2

− (and NO3
− ) 

levels, as these are products of NO•, and hence the pool of NO2
− available 

for reaction with MPO. Studies with MPO inhibitors may also provide 
illumination on this point; the development of low-toxicity species 
(reviewed in Ref. [3]) should faciliate such studies. 

The functional studies (adhesion and subsequent metabolic activity 
measurements) carried out in this study, also indicate that the presence 
of other halide/pseudohalide ions, in addition to Cl− can modulate the 
damage induced by the MPO/H2O2/Cl− (ascribed to HOCl-mediated 
reactions) with the cell adhesion levels returning to ‘normal’ levels in 
the presence of the mixture of Br− /I− and SCN− . The additional presence 
of NO2

− did not further enhance the extent of adhesion, but statistical 
different detected between the data obtained for MPO/H2O2/Cl− and 
MPO/H2O2/NO2

− (Fig. 8) is consistent with less marked damage with the 
latter system when compared to the former, and in line with the 
analytical data. The metabolic activity data obtained after 40 h, show a 
slightly different pattern, with the presence of added NO2

− enhancing the 
detected level of MTS reduction over that detected with the MPO/H2O2/ 
Cl− /Br− /I− /SCN− system. Thus, at these longer time points the presence 
of NO2

− appears to maintain (or stimulate) the level of cellular meta-
bolism at control levels and protect against the adverse effects of 
exposure to MPO/H2O2/Cl− . 

Overall, these data provide compelling evidence for an inhibitory 
effect of a range of physiologically-relevant anions, at concentrations 

Fig. 8. Adhesion of human coronary artery smooth muscle cells (HCASMCs) to 
HCASMC-ECM pretreated with the MPO/H2O2 oxidant system in the absence or 
presence of halides/pseudohalides/NO2

− . Native ECM generated by HCASMCs 
was pretreated with the different oxidant systems (see Materials and methods 
and text) for 2 h at 37 ◦C in 0.1 M phosphate buffer, pH 7.4. Wells were washed 
with sterile PBS and blocked with 1% denatured-BSA in sterile PBS. Naïve 
HCASMCs pre-stained with calcein-AM (5 μM) were added and allowed to 
adhere. After 90 min, non-adherent cells were washed off and fluorescence from 
the adherent cells was measured. Data are presented as mean +SD from three 
independent experiments. ‘a’ Indicates a statistical difference between the 
samples with added PB against the oxidation systems. ‘b’ Indicates a statistical 
difference between the remaining samples and the samples pretreated with 
MPO/H2O2 alone. ‘c’ Indicates a statistical significance between the remaining 
samples and those pretreated with the MPO/H2O2/Cl− system. In each case 
statistical differences were determined by one-way ANOVA followed by Dun-
nett’s multiple comparison test, using data (mean +SD) from three independent 
experiments. 

Fig. 9. Metabolic activity (assessed by mitochondrial reductive capacity using 
the MTS assay) of HCASMCs after 40 h of culture on native or oxidant pre-
treated HCASMC-ECM. Native ECM generated by HCASMCs was pretreated 
with PB or the various oxidant systems (see Materials and methods and text for 
details) for 2 h at 37 ◦C in 0.1 M phosphate buffer, pH 7.4. Naïve HCASMCs 
were then seeded on pretreated ECM as described in Section 3.6. and the legend 
to Fig. 8. After a subsequent 40 h incubation, the metabolic activity of the final 
cell population was determined using the MTS assay as described in the Ma-
terials and methods. Data are presented as mean +SD from three independent 
experiments. ‘a’ Indicates statistical differences between the samples pretreated 
with PB against the oxidant treated samples. ‘b’ Indicates statistical differences 
between the sample pretreated with MPO/H2O2/Cl− against the other condi-
tions. ‘c’ Indicates statistical differences between the samples pretreated with 
MPO/H2O2/Cl− /Br− /I− against the sample pretreated with MPO/H2O2/Cl− / 
Br− /I− in the presence of NO2

− , and that treated with MPO/H2O2/NO2
− , as 

determined by one-way ANOVA followed by Dunnett’s multiple compari-
son test. 
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relevant to normal physiology, supplementation studies, and patholog-
ical situations, on the chlorinating and nitrating capacity of MPO. The 
significant decrease in MPO-mediated damage and chlorination in the 
presence of these anions rationalizes the low levels of chlorinated 
products present on human plasma proteins under normal (non-in-
flammatory) conditions, despite the presence of MPO and H2O2 in most 
biological fluids and samples [7,31,93]. In particular, SCN¡ appears to 
play a key role in decreasing HOCl formation, though other anions, 
including NO2

− , can also play a role, and particularly when present at 
elevated levels (e.g. from the diet or supplementation). In the case of 
SCN¡, this is believed to limit HOCl-mediated damage via the formation 
of the less reactive, thiol-specific, weak oxidant HOSCN [94], whose 
damage can, in some cases, be repaired. Unfortunately, no specific 
biomarker for HOSCN-induced damage is available to allow confirma-
tion of this. The effective competition for HOCl formation provided by 
NO2

− suggests that at sites of inflammation, or in saliva, where NO2
−

levels are typically elevated, the MPO enzyme system is a major source 
of NO2

• and nitrated biomolecules [51–53,72,95]. This possibility needs 
to be tested in further studies. 
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