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A B S T R A C T   

Myeloperoxidase (MPO) is a vital component of the innate immune system, which produces the potent oxidant 
hypochlorous acid (HOCl) to kill invading pathogens. However, an overproduction of HOCl during chronic in
flammatory conditions causes damage to host cells, which promotes disease, including atherosclerosis. As such, 
there is increasing interest in the use of thiocyanate (SCN− ) therapeutically to decrease inflammatory disease, as 
SCN− is the favoured substrate for MPO, and a potent competitive inhibitor of HOCl formation. Use of SCN− by 
MPO forms hypothiocyanous acid (HOSCN), which can be less damaging to mammalian cells. In this study, we 
examined the ability of SCN− to modulate damage to macrophages induced by HOCl, which is relevant to lesion 
formation in atherosclerosis. Addition of SCN− prevented HOCl-mediated cell death, altered the extent and 
nature of thiol oxidation and the phosphorylation of mitogen activated protein kinases. These changes were 
dependent on the concentration of SCN− and were observed in some cases, at a sub-stoichiometric ratio of SCN− : 
HOCl. Co-treatment with SCN− also modulated HOCl-induced perturbations in the expression of various anti
oxidant and inflammatory genes. In general, the data reflect the conversion of HOCl to HOSCN, which can induce 
reversible modifications that are repairable by cells. However, our data also highlight the ability of HOSCN to 
increase pro-inflammatory gene expression and cytokine/chemokine release, which may be relevant to the use of 
SCN− therapeutically in atherosclerosis. Overall, this study provides further insight into the cellular pathways by 
which SCN− could exert protective effects on supplementation to decrease the development of chronic inflam
matory diseases, such as atherosclerosis.   

1. Introduction 

Myeloperoxidase (MPO), an important heme peroxidase enzyme 
released by immune cells, generates various oxidants, which have potent 
antibacterial properties and play an important role in innate immunity 
[1,2]. The main oxidants produced by MPO under normal physiological 
conditions are hypochlorous acid (HOCl) and hypothiocyanous acid 
(HOSCN) from the reaction of hydrogen peroxide (H2O2) with chloride 
(Cl− ) and thiocyanate (SCN− ) ions, respectively [3,4]. HOCl is a reactive 
and indiscriminate oxidant, which induces oxidative damage to proteins 
and many other biological molecules [1,5]. The overproduction of HOCl 
and the associated oxidative damage is strongly linked to the develop
ment of many chronic inflammatory pathologies [1]. 

The evidence linking MPO and production of HOCl with cardiovas
cular disease is particularly compelling. MPO is enriched in human 
atherosclerotic plaques and involved in all stages of atherosclerosis, 
from the initiation stage of low-density lipoprotein (LDL) oxidation, to 

inducing endothelial dysfunction and weakening of the fibrous cap 
(reviewed [6–8]). In addition, it is well established that MPO is a key risk 
factor and prognostic marker for the development of cardiovascular 
disease and associated complications (reviewed [9]). Evidence for 
elevated levels of HOCl-specific biomarkers in human atherosclerotic 
tissue implicates this oxidant as playing a role in MPO-mediated cellular 
damage [10,11]. In contrast, whether HOSCN plays a role in the 
development of chronic inflammatory pathologies is less clear [4,12]. 

Given the damaging nature of HOCl and its role in numerous chronic 
inflammatory pathologies, there is significant interest in developing 
strategies to mitigate the extracellular production of this oxidant by 
MPO. HOSCN is a less potent oxidant compared to HOCl, and reacts by 
targeting free thiol (and selenol) residues with high selectivity [13–16]. 
This results in the formation of a range of reversible oxidation products, 
including sulfenyl thiocyanates, sulfenic acids and disulfides, which can 
potentially be repaired [17–20]. In addition, unlike HOCl, HOSCN can 
be detoxified by cellular antioxidant systems, particularly thioredoxin 
reductase (TrxR) [21]. Therefore, HOSCN could be considered to be less 
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damaging and more tolerated by host tissues than HOCl. This raises the 
possibility that supplementation with SCN− to favour HOSCN produc
tion by MPO could have therapeutic benefit in chronic inflammatory 
pathologies [4,22]. 

SCN− is ubiquitous in human plasma (around 30–50 μM) [23], and 
can be markedly elevated by smoking, drugs and diet [16,24,25]. 
Extracellular fluids, such as saliva and airway secretions, are enriched 
with SCN− with levels up to mM, but the concentrations vary widely 
depending on individuals and physiologic conditions [26–28]. 
Compared to Cl− , SCN− has a much higher specificity constant (ca. 730 
fold) for MPO, which results in the preferential formation of HOSCN on 
increasing plasma SCN− [3,25]. Supplementation with SCN− to achieve 
levels of 400 μM are predicted to completely mitigate HOCl production 
by MPO under normal, physiological concentrations of Cl− [22]. 
Moreover, the direct reaction of SCN− with HOCl also produces HOSCN 
in physiological fluids (Reaction 1) [29]. However, it has been reported 
that an excess of SCN− is required to cleanly produce HOSCN from HOCl 
or related species, owing to the ability of HOSCN to react further with 
HOCl to form over-oxidized products such as HO2SCN (Reaction 2) [30]. 
The biological reactivity of these over-oxidation products has not been 
characterised, but sulfate (SO4

2− ) and cyanate (OCN− ) are the reported 
end products of this reaction (Reaction 3, where Cl+ is from HOCl) [30].  

HOCl + SCN− → OSCN− + Cl− + H+ (1)  

HOCl + OSCN− → O2SCN− + Cl− + H+ (2)  

4 Cl+ + SCN− + 5 H2O → 4 Cl- + SO4
2− + OCN− + 10 H+ (3) 

Previous studies have indicated that elevated concentrations of SCN−

can decrease the extent of HOCl-induced protein oxidation [31], cell 
death in model in vitro systems [32–34] and the development of disease 
in vivo [34–36]. Thus, in a cystic fibrosis infection model, nebulisation 
with SCN− was shown to effectively decrease the infiltration of neu
trophils into the airway, together with inflammation and 
pro-inflammatory cytokine production and reduced the bacterial load 
[34]. In atherosclerosis-prone mice that over-express human MPO, 
supplementation with SCN− in the drinking water resulted in a 30% 
decrease in lesion formation [35]. SCN− supplementation also reduced 
plaque size in ApoE− /- mice, and decreased serum levels of the 
pro-inflammatory cytokine interleukin 6 (IL-6), while increasing inter
leukin 10 (IL-10), which is associated with the resolution of inflamma
tion [36]. Evidence was also obtained in this study for reduced oxidative 

damage and improved endothelial function [36]. In humans, it has been 
shown that elevated plasma SCN− correlates with decreased long-term 
mortality in patients after a first myocardial infarction [37]. 

However, in general, the underlying mechanism responsible for 
these effects are poorly defined. This is significant, in light of the body of 
data from in vitro studies with different cellular models, for a detrimental 
and damaging effect of HOSCN. Studies show that both HOCl and 
HOSCN result in oxidative damage, enzyme inactivation, altered cyto
solic Ca2+ accumulation, activation of pro-inflammatory signalling to 
culminate in cell death by various pathways (reviewed [1,38]). In some 
cases, HOSCN has been reported to be more damaging than HOCl on 
account of its ability to selectively target free Cys residues, which can 
result in a greater extent of enzyme inactivation (e.g. Ref. [39,40]). 
However, these effects are highly dependent on the specific treatment 
conditions, as there is evidence that cells can recover from oxidative 
insult following exposure to HOSCN [41]. 

In this study, we examined the ability of SCN− to influence the extent 
and nature of HOCl-induced damage to macrophages, which are a key 
target for MPO-derived oxidants in the vasculature [42], and play a 
critical role in the development of atherosclerosis [43,44]. We focus on 
the role of HOCl compared to HOSCN in the oxidation of intracellular 
thiols, perturbation of cytosolic Ca2+ and activation of 
pro-inflammatory signalling cascades, and assess how the presence of 
SCN− influences these pathways. These studies provide further insight 
into the pathways by which SCN− could influence lesion development, 
given the aberrant pro-inflammatory signalling and macrophage 
dysfunction that is prevalent in atherosclerosis. 

2. Materials and methods 

2.1. Reagents and materials 

All aqueous solutions were prepared using nano-pure H2O from a 
MilliQ system (Millipore). The concentration of HOCl was determined 
by UV absorbance at 292 nm at pH 11 using an extinction coefficient of 
350 M− 1 cm− 1 [45]. HOSCN was prepared enzymatically using lacto
peroxidase (LPO; from bovine milk) as described previously [39] with 
the concentration determined by quantifying the consumption of 
5-thio-2- nitrobenzoic acid (TNB) at 412 nm [46] using an extinction 
coefficient of 14,150 M− 1 cm− 1 [47]. All chemicals and reagents were of 
the highest purity available and purchased from Sigma-Aldrich/Merck 
unless stated otherwise. 

Abbreviations 

18S 18S ribosomal RNA 
BSA bovine serum albumin 
DMEM Dulbecco’s modified Eagle’s medium 
ERK extracellular signal regulated kinase 
FBS fetal bovine serum 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GCLc glutamate – cysteine ligase catalytic subunit 
GCLm glutamate – cysteine ligase modifier subunit 
GPx1 glutathione peroxidase 1 
GSTP1 glutathione S-transferase Pi 1 
HBSS Hanks balanced salt solution 
HMOX1 heme oxygenase 1 
HOBr hypobromous acid 
HOCl hypochlorous acid 
HOSCN hypothiocyanous acid 
IL-1β interleukin-1β 
IL-18 interleukin 18 
JNK c-Jun N-terminal kinase 

LDL low-density lipoprotein 
LPO lactoperoxidase 
MAPK mitogen activated protein kinase 
MCP-1 monocyte chemoattractant protein 1 
MPO myeloperoxidase 
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3- 

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

NFκB nuclear factor κB 
PTP protein tyrosine phosphatases 
RANTES Regulated on Activation Normal T cell Expressed and 

Secreted 
SERCA sarco/endoplasmic reticulum Ca2+-ATPase 
SCN− thiocyanate 
SOD2 mitochondrial superoxide dismutase 2 
TBP TATA-box binding protein 
TNFα tumour necrosis factor α 
TrxR thioredoxin reductase 
TXNIP thioredoxin interacting protein  
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2.2. Cell culture 

Murine macrophage-like J774A.1 cells (ATCC No. 91051511) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS; ThermoFisher), 2 mM L-glutamine 
and 100 units mL− 1 penicillin (Invitrogen) at 37 ◦C in a 5% CO2 incu
bator. For experiments, cells were seeded in 12-, 24- or 96-well plates at 
a density of 1 × 106 cells mL− 1 using a volume of 1000 μL, 500 μL or 100 
μL, respectively, and allowed to adhere overnight. Before treatments, 
cells were washed with warm Hanks buffered salt solution (HBSS) at 37 
◦C. The same volumes of treatment media were used to ensure that the 
ratio of oxidant: cell remains constant in each case. 

2.3. Cell viability 

Cell viability was measured using a commercial MTS (3-(4, 5-dime
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 
tetrazolium) assay kit (Promega). J774A.1 cells (0.1 × 106 cells/well in 
96-well plates) were treated with HOCl (0–200 μM) or HOSCN (0–200 
μM), or were co-treated with HOCl (100 or 200 μM) and SCN− (0–200 
μM) for 1 h, with or without subsequent re-incubation in DMEM for 
4–24 h. Following treatment, cells were washed with HBSS and re- 
incubated in DMEM (100 μL) containing the MTS reagent (10 μL) for 
4 h. The absorbance change was measured at 490 nm using a Spectra 
Max i3x microplate reader (Molecular Devices). 

2.4. Quantification of cellular thiols 

J774A.1 cells (0.5 × 106 cells/well in 24-well plates) were treated 
with HOSCN or co-treatments of HOCl with SCN− as described above. To 
assess whether thiol oxidation could be reversed, total cellular thiols 
were measured after 1 h treatment and following re-incubation in 
DMEM for 2, 4 or 24 h. The cellular thiol concentrations were assessed 
using the ThioGlo-1 assay, as described previously, with fluorescence 
measured at λex 384 nm and λem 513 nm [46]. Thiol concentrations were 
quantified using a standard curve constructed with GSH. Total protein 
concentrations were quantified by BCA assay (Pierce™ BCA Protein 
Assay Reagent A, ThermoFisher) assay to normalize thiol concentra
tions, as previously [41]. 

2.5. Cellular GSH quantification by HPLC 

J774A.1 cells (0.5 × 106 cells/well in 24-well plates) were treated 
with HOCl, HOSCN or HOCl/SCN− for 1 h, with and without re- 
incubation in DMEM (4 and 24 h). Cells were washed with PBS and 
lysed in water (200 μL) before analysis of GSH. Cellular GSH was 
quantified after derivatization with monobromobimane using HPLC 
separation, as described previously [41]. Briefly, an equal volume of 
KPBS buffer (50 mM potassium phosphate buffer, 17.5 mM EDTA, 50 
mM serine, 50 mM boric acid, pH 7.4) was added to cell lysate, and 
samples were derivatized by addition of 10 μL monobromobimane (3 
mM in acetonitrile), and incubated for 30 min in the dark. The reaction 
was terminated by the addition of 10 μL perchloric acid (70% v/v). 
Mobile phase A consisted of 1% (v/v) acetic acid and 5% (v/v) aceto
nitrile, and mobile phase B consisted of 1% (v/v) acetic acid and 20% 
(v/v) acetonitrile. The pH of each mobile phase was adjusted to 4.25 
using ammonium hydroxide. GSH was quantified after separation using 
a Shimadzu HPLC system equipped with a fluorescence detector 
(RF-20Axs, Shimadzu; using λex 390 nm and λem 480 nm), with a Synergi 
4-mm Hydro-RP C-18 column (150 × 4.6 mm; Phenomenex) and a flow 
rate of 1 mL min− 1 at 30 ◦C. Gradient elution used tfor the separation as 
follows: 0% B for 0–5 min; 0–100% B over 5–10 min; 100% B for 10–15 
min; 100-0% B over 15–17 min; 0% B re-equilibration for 17–25 min. 
Total protein concentrations in the cell lysates were quantified by BCA 
assay to normalize GSH concentrations to cell protein in each case. 

2.6. Quantitative real-time polymerase chain reaction (qPCR) 

J774A.1 cells (0.5 × 106 cells/well in 24-well plates) were treated 
with HOCl (50 or 100 μM), HOSCN (100 or 200 μM) or a co-treatment of 
HOCl (100 μM) with SCN− (50 or 200 μM) for 1 h, before re-incubation 
in DMEM (3 h for NF-κB1 and p65, 24 h for other genes). Total RNA was 
extracted using an RNeasy Kit (Qiagen), and genomic DNA removed 
using RNAse Free DNase (Qiagen) before reverse transcription using a 
SensiFAST cDNA Synthesis Kit (Nordic Biosite). Real-time PCR was 
performed on a 7900HT Fast Real-Time PCR System (Applied Bio
systems) under the following thermal cycling conditions: 95 ◦C for 5 
min, then 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for 30 s for 40 cycles, 
followed by 95 ◦C for 1 min and 55 ◦C for 1 min. A melt curve step 
consisting of step-wise temperature increases of 0.5 ◦C every 5 s 
beginning at 65 ◦C and ending at 95 ◦C was performed. The primer se
quences are shown in Table S1. Relative mRNA concentrations of the 
genes of interest were normalized to 18S ribosomal RNA (18S) and 
TATA-box binding protein (TBP) housekeeping genes. Data analysis was 
carried out using the 2− ΔΔCT method. 

2.7. Western blotting 

For the expression of mitochondrial superoxide dismutase (SOD2) 
and heme oxygenase 1 (HMOX1), J774A.1 cells (1 × 106 cells/well in 
12-well plates) were treated with oxidants as for the qPCR experiments 
and re-incubated in DMEM for 3 h and 24 h. The cell lysates were har
vested in RIPA buffer (Sigma-Aldrich) containing 1% protease inhibitors 
(Sigma-Aldrich). To assess phosphorylation indicative of mitogen acti
vated protein kinase (MAPK) signalling, the cells were treated with 
HOCl (100 μM) or HOSCN (200 μM) for different treatment time points 
(5–120 min), or treated with oxidants for 1 h and then re-incubated for 
different treatment time points (0–180 min) in DMEM. Cell lysates were 
harvested in RIPA buffer containing 1% protease and phosphatase 
(PhosSTOP) inhibitors (Sigma-Aldrich). Lysates were centrifuged 
(10,000 g, 10 min, 4 ◦C) to remove cell debris. The total protein con
centration was determined by BCA assay to make sure an equal amount 
of protein was loaded. 

Protein (10 μg) was then separated by SDS-PAGE using NuPAGE 
4–12% Bis-Tris gels (ThermoFisher) at 200 V for 35 min, and transferred 
onto a polyvinylidene fluoride (PVDF) membrane (ThermoFisher) at 20 
V for 7 min. Membranes were blocked with 1% (w/v) BSA in TBST (0.1% 
Tween-20 in TBS) for 1 h at 21 ◦C, washed three times in TBST for 5 min, 
and then incubated with the following primary antibodies (dilution 
1:1000) overnight at 4 ◦C: anti-HMOX-1 (No. ab13243, Abcam), anti- 
SOD2 (No. ab68155, Abcam), anti-p-ERK (No. 44-680G, Thermo
Fisher), anti-ERK (No. 44-654G, ThermoFisher), anti-p-JNK (No. 4668s, 
CST/BioNordika), anti-JNK (No. 9252s, CST/BioNordika), anti-p-p38 
(No. 4511s, CST/BioNordika) or anti-p38 (No. 8690s, CST/Bio
Nordika). The membranes were washed three times in TBST and incu
bated in HRP-conjugated anti-mouse (1:2000, No. NXA931, VWR) or 
anti-rabbit (1:2000, No. 7074S, BioNordika) IgG secondary antibodies 
for 1 h at 21 ◦C. The membrane was washed a further three times in 
TBST and imaged using SuperSignal™ West Pico PLUS Chemilumines
cent Substrate (ThermoFisher) using a Sapphire Biomolecular Imager 
(Azure Biosystems). Band densities were normalized to the loading 
control protein β-actin. 

2.8. Quantification of cytokines using ELISA 

J774A.1 cells (1 × 106 cells/well in 12-well plates) were treated for 
1 h and re-incubated in cell media for 3 and 24 h, as described above. 
Cell media (supernatant) was collected after centrifugation (1000 g, 10 
min) at 21 ◦C. Cell lysates were harvested in RIPA buffer containing 1% 
protease inhibitors, as described above. Levels of extracellular and 
intracellular MCP-1/CCL2 and CCL5/RANTES were quantified using a 
commercial MCP-1/CCL2 Mouse ELISA Kit (ThermoFisher) and Mouse 
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CCL5/RANTES DuoSet ELISA (R&D) according to the manufacturer’s 
instructions. For cell lysates, the concentrations of each cytokine was 
normalized to total protein measured by BCA assay. 

2.9. Measurement of intracellular Ca2+

Cytosolic Ca2+ was assessed using the calcium indicator Fluo-4 AM 
(Life technologies) coupled with flow cytometry. J774A.1 cells (1 × 106 

cells/well in 12-well plates) were treated with oxidants for 1 h in either 
Ca2+-supplemented HBSS or Ca2+-free HBSS, followed by the addition of 
Fluo-4 AM (5 μM) for 15 min, and washing and lifting into suspension by 
gentle scraping. Flow cytometry analysis was performed on a FACSVerse 
flow cytometer (BD Biosciences). To further investigate the alterations 
in cytosolic Ca2+, cells were pre-treated for 15 min with 1) Ru 360 (25 
μM), to inhibit mitochondrial calcium uptake, 2) thapsigargin (25 μM), 
to inhibit SERCA (sarco/endoplasmic reticulum Ca2+ ATPase), or 3) 
nisoldipine (25 μM), to inhibit L-type (dihydropyridine) calcium chan
nels, before treatment with oxidants. 

2.10. Statistical analyses 

Statistical analyses were performed using GraphPad Prism (versions 
7 and 8; GraphPad Software, San Diego, USA) using 1-way or 2-way 
ANOVA with p < 0.05 taken as significant. Data represent mean ± S. 
E.M. from at least 3 independent experiments in each case, with the 
details of the specific multiple comparison tests used outlined in the 
Figure Legends. 

3. Results 

3.1. SCN− prevents HOCl-induced cell death and alters the pattern of 
cellular thiol oxidation 

Initial studies were performed to examine the ability of SCN− to 
prevent HOCl-induced J774A.1 cell death, as reported for other cell 
types [33,34]. J774A.1 cells were exposed to HOCl (100 or 200 μM) for 
1 h in the absence or presence of SCN− (10–200 μM), prior to examining 
the metabolic activity of the cells using the MTS assay. Exposure of the 
cells to HOCl caused a significant decrease in their metabolic activity, 
consistent with a loss in viability to ≤50%, when exposed to 100 or 200 
μM HOCl, compared to that seen in the non-treated cells (Fig. 1B). The 
loss in metabolic activity was less extensive or prevented, on addition of 
HOCl to the cells in the presence of increasing concentrations of SCN−

(Fig. 1B). This protective effect was dependent on the concentration of 
both HOCl and SCN− . A more pronounced protective effect of SCN− was 
seen in experiments with 100 μM HOCl, where the addition of a 
sub-stoichiometric concentration of SCN− (20 μM) led to a significant 
increase in the metabolic activity to levels comparable to that of the 
non-treated cells (Fig. 1B). 

The metabolic activity of the cells exposed to 100 μM HOCl in the 
presence of >20 μM SCN− was greater (over 100%) than that seen in the 
non-treated cells (Fig. 1B). This effect was not apparent in cells exposed 
to SCN− in the absence of HOCl (data not shown). This effect was also 
not observed in the corresponding experiments with HOSCN, which is 
formed on reaction of HOCl with SCN− [29,30]. With HOSCN, evidence 
was obtained for a loss in metabolic activity on exposure of J774A.1 cells 
to 200 μM oxidant, which was much less extensive than that seen with 
HOCl (Fig. 1A). These data conflict with previous studies performed 
with HOCl and HOSCN in this cell type, where a greater degree of 
toxicity was apparent with HOSCN [39]. This discrepancy may be 
attributed to the measurement of MTS metabolism following washing 
and re-incubation of the cells over 4 h in cell media, which could allow 
for alterations in gene expression, or the repair of reversible modifica
tions to thiols, which are key targets for HOSCN [16]. Therefore, total 
cellular thiols were measured using ThioGlo-1, to further investigate 
cellular toxicity induced by HOCl and HOSCN. 

Exposure of J774A.1 cells to HOSCN (Fig. 2A) and HOCl (Fig. 2B and 
C) for 1 h resulted in a significant, dose-dependent, decrease in intra
cellular thiols compared to that seen in the non-treated, control cells, 
when measured immediately following treatment. This dose-dependent 
decrease in cellular thiols was not as marked on re-incubation of the cells 
in media for 4 or 24 h, following initial HOSCN exposure (Fig. 2A). In 
each case, the cell thiol concentrations have been normalized to the 
intracellular protein concentration to account for any loss of thiols due 
to cell lysis. The data are therefore consistent with reversible thiol 
oxidation under these treatment conditions, particularly with ≤100 μM 
HOSCN. 

In contrast, although exposure to 100 or 200 μM HOCl for 1 h 
resulted in a decrease in intracellular thiols, there was no significant 
increase in intracellular thiols on re-incubation of cells for 4 or 24 h 
following initial exposure to HOCl (Fig. 2B and C), consistent with non- 
reversible thiol oxidation. The HOCl-induced decrease in intracellular 
thiols was significantly less extensive on addition of the oxidant in the 
presence of SCN− (10–200 μM), particularly in experiments with 100 μM 
HOCl, where the concentration of thiols was not significantly different to 
non-treated, control cell levels, in the presence of ≥20 μM SCN− (Fig. 2B 
and C). In the co-treatment experiments, a further increase in thiol 
concentration to levels greater than that seen in the non-treated cells 
was also apparent on re-incubation of the cells, which was significant at 
24 h following the initial oxidant exposure with 50, 100 and 200 μM 
SCN− (Fig. 2B and C). 

These studies were extended to determine the effect of HOCl, HOSCN 
and the co-treatment of HOCl with SCN− on intracellular GSH, using 
HPLC following derivatization of the GSH with monobromobimane. A 

Fig. 1. SCN¡ decreases HOCl-induced cell death. J774A.1 cells (1 × 105) 
were exposed to (A) HOSCN (0–200 μM) or (B) HOCl (100 μM, black bars; 200 
μM, grey bars) in the absence and presence of SCN− (0–200 μM) for 1 h at 37 ◦C 
in HBSS before washing and re-incubation in cell media with MTS for 4 h. The 
metabolic activity of the treated cells is shown as a percentage compared to the 
non-treated control group. In (A) **** shows a significant difference (p <
0.0001) compared to the non-treated control group by a 1-way ANOVA with a 
Dunnett’s multiple comparison test. In (B) *, and **** show a significant dif
ference (p < 0.05 and 0.0001, respectively) compared to the respective HOCl- 
treated group without addition of SCN− by a 2-way ANOVA with a Sidak’s 
multiple comparison test. 
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significant loss of GSH was observed on exposure of the cells to HOCl or 
HOSCN (200 μM) for 1 h, which was reversed on re-incubation of the 
cells with media for 4 h (HOSCN) or 24 h (HOCl) (Fig. 2D). The con
centration of GSH in the cells was greater on co-treatment of the cells 
with HOCl and SCN− (both 200 μM) compared to that seen with HOCl 
(Fig. 2D). Under these co-treatment conditions, a further increase in 
intracellular GSH was observed on re-incubation of the cells for 4 and 24 
h following the initial oxidant treatment, analogous to that seen in the 
experiments with HOSCN (Fig. 2D). 

3.2. Effect of HOCl, HOSCN and SCN− on the expression of antioxidant 
enzymes in J774A.1 cells 

Given the effects of SCN− on the extent and nature of HOCl-induced 
thiol oxidation, studies were performed to examine the effect of the 
oxidants on the expression of a range of antioxidant enzymes, including 
Nrf2-related genes involved in GSH synthesis and turnover. J774A.1 
cells were treated with HOCl (50–100 μM), HOSCN (100–200 μM) or a 
co-treatment of HOCl (100 μM) with SCN− (50 or 200 μM) for 1 h, before 
washing and re-incubation of the cells for a further 24 h and qPCR to 
determine alterations in mRNA expression. A significant increase in the 

gene expression of thioredoxin interacting protein (TXNIP), heme oxy
genase 1 (HMOX1), superoxide dismutase 2 (SOD2), and glutathione S- 
transferase Pi 1 (GSTP1) but not glutathione peroxidase 1 (GPx1), was 
detected in the cells exposed to HOCl (Fig. 3, red bars). Western blotting 
experiments performed under the same treatment conditions showed 
that the protein expression of HMOX1 and SOD2 was also increased on 
exposure of the cells to HOCl (Fig. 4). In the case of HMOX1 and TXNIP, 
but not SOD2, a significant increase in mRNA expression was also 
observed following 3 h re-incubation of the cells after the initial HOCl 
treatment (Suppl. Fig. S1). With SOD2, the changes in gene expression 
with 3 h re-incubation following HOCl treatment, are not consistent with 
the corresponding Western blotting experiments, where an increase in 
protein expression is seen (Fig. 4). 

These experiments were extended to examine expression of other 
Nrf-2 related genes, including glutamate – cysteine ligase catalytic 
subunit (GCLc), glutamate – cysteine ligase modifier subunit (GCLm), 
glutathione synthetase (GS) and NAD(P)H:quinone oxidoreductase 
(NQO1) in the HOCl-treated cells. However, in this case, no changes 
were observed in the mRNA expression (data not shown). Similarly, the 
changes in mRNA expression of TXNIP, HMOX1, SOD2, GPx1 and 
GSTP1 were not observed in the corresponding experiments with 

Fig. 2. SCN¡ influences the extent and nature of HOCl-induced thiol oxidation in J774A.1 cells. Thiol concentration was assessed by the ThioGlo-1 assay after 
treatment of the J774A.1 cells (0.5 × 106 cells/well) with (A) HOSCN (0–200 μM), (B) co-treatment with HOCl (100 μM) and SCN− (0–200 μM) or (C) co-treatment 
with HOCl (200 μM) and SCN− (0–200 μM) for 1 h at 37 ◦C, followed by re-incubation in cell media for 0 h (black bars), 4 h (yellow bars) and 24 h (blue bars). (D) 
shows the GSH concentration in the cells after treatment with HOSCN (200 μM), HOCl (100 or 200 μM) or co-treatment of HOCl (100 or 200 μM) and SCN− (200 μM) 
for 1 h before cell lysis and derivatization of GSH with monobromobimane and HPLC separation as described above. Cellular thiols and GSH are normalized by total 
protein and shown as fold changes compared to the non-treated control groups. * shows a significant difference (p < 0.05) compared to the non-treated control 
groups with same re-incubation time period; # shows a significant difference (p < 0.05) compared to HOCl group without addition of SCN− ; Δ shows a significant 
difference (p < 0.05) compared to counterparts (with same treatments) without re-incubation by 2-way ANOVA with a Tukey’s multiple comparison test. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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HOSCN or on co-treatment of the cells with HOCl and SCN− (Fig. 3). 
These data are consistent with the conversion of HOCl to HOSCN 
following reaction with SCN− , with sub-stoichiometric molar excesses of 
SCN− compared to HOCl shown to have a significant effect on gene 
expression (Fig. 3). Experiments were also performed with cells exposed 
to SCN− for 1 h in the absence of HOCl, with subsequent re-incubation 
for 24 h. Treatment with SCN− alone resulted in a small, but non- 
significant, increase in the expression of TXNIP, SOD2, GPx1 and 
GSTP1, compared to the non-treated, control cells (Fig. 3, green bars). 

3.3. Effect of HOCl, HOSCN and SCN− on the expression of 
inflammatory genes and chemokines in J774A.1 cells 

As HOCl and HOSCN have been reported to influence the expression 
of pro-inflammatory genes in various cell types (reviewed [1,38]), ex
periments were performed to examine the expression of a range of 
pro-inflammatory genes, including nuclear factor κB1 (NF-κB1), p65, 
tumour necrosis factor α (TNFα), pro-interleukin-18 (IL-18) and 
pro-interleukin-1β (IL-1β), monocyte chemotactic protein 1 (MCP1) and 
RANTES (Regulated on Activation Normal T cell Expressed and 
Secreted). Exposure of the J774A.1 cells to HOCl for 1 h followed by 24 h 
re-incubation, resulted in an up-regulated expression of TNFα, MCP1 
and pro-IL-1β (Fig. 5A–C). This increase in gene expression was not 
observed on treatment of the cells with HOCl in the presence of SCN−

(Fig. 5A–C). An increase in TNFα and pro-IL-1β gene expression was also 
observed in cells exposed to HOCl with a 3 h re-incubation period 
(Suppl. Fig. S2). There was no increase in the expression of pro-IL-18, 

RANTES, NF-κB1 or p65 in experiments with HOCl (Fig. 5D–G). How
ever, a significant increase in the expression of RANTES and p65 was 
observed on co-treatment of J774A.1 cells with HOCl and SCN− , 
compared to that seen in the control or HOCl-treated cells (Fig. 5E–G). 

Further experiments were performed to examine whether the 
changes seen on co-treatment of the cells with HOCl and SCN− reflect 
HOSCN formation, or are a result of a direct effect of SCN− on the cells. A 
different pattern of reactivity was observed on exposure of the J774A.1 
cells to HOSCN compared to HOCl. There were no changes in the 
expression of TNFα or MCP1 (Fig. 5A and B), but an increase in the 
expression of pro-IL-1β, pro-IL-18 and RANTES was seen following 24 h 
re-incubation (Fig. 5C–E). Similarly, with HOSCN, there was an increase 
in the expression of NF-κB1 and p65 after 3 h of re-incubation (Fig. 5F 
and G). Changes in gene expression were also seen in experiments with 
SCN− added in the absence of HOCl, which was significant with RANTES 
(Fig. 5E). However, the release of RANTES into the cellular supernatant 
was not affected by SCN− supplementation (data not shown). 

ELISA experiments were performed to examine the effects of each 
oxidant treatment on the intracellular concentration and release of 
MCP1 and RANTES, given the changes seen in the respective gene 
expression. Exposure of the J774A.1 cells to HOCl (100 μM) for 1 h with 
re-incubation in cell media for 24 h resulted in a significant increase in 
the intracellular concentration (in cell lysate), but not the extracellular 
release (in cell supernatant), of both MCP1 and RANTES (Fig. 6, grey 
bars). With HOSCN, there was a greater concentration of intracellular 
MCP1 but not RANTES, and no change in the extracellular release of 
either chemokine (Fig. 6, grey bars). Addition of HOCl to the cells in the 

Fig. 3. Exposure of J774A.1 cells to HOCl increases the expression of antioxidant genes. J774A.1 cells (0.5 × 106 cells) were treated with HOCl (50, 100 μM; 
red bars), HOSCN (100, 200 μM; blue bars), 100 μM HOCl with SCN− (50, 200 μM; orange bars), and SCN− (50, 200 μM; green bars) for 1 h at 37 ◦C before re- 
incubation in cell media for 24 h. Expression of antioxidant genes, TXNIP (A), HMOX1 (B), SOD2 (C), GPx1 (D) and GSTP1 (E) was measured using qPCR. The 
data are expressed as the fold change compared to the non-treated control group following normalization to the housekeeping genes TBP and 18s. *, **. *** and **** 
show a significant difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively) compared to non-treated control groups, by 1-way ANOVA with a Dunnett’s multiple 
comparison test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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presence of SCN− decreased the intracellular concentration of MCP1 and 
RANTES compared to that seen with HOCl, though in each case, the 
levels remained higher than those seen in the non-treated control cells 
(Fig. 6, grey bars). 

For HOCl, the MCP1 protein concentrations match the pattern of 
mRNA expression, but this was not the case for RANTES, where no 
change in mRNA expression was seen (Fig. 5). Similarly, HOSCN treat
ment increased MCP1 protein but not mRNA, while the reverse is true 
for RANTES. Therefore, additional experiments were performed to 
examine the concentrations of MCP1 and RANTES following 3 h re- 
incubation of the oxidant-treated cells (Fig. 6, black bars). The pattern 
of MCP1 and RANTES protein expression was comparable to the 24 h 
experiments, though the intracellular and extracellular MCP1 and 
RANTES concentrations were generally lower in the 3 h experiments 
(Fig. 6). 

3.4. Activation of MAPK pathway signalling by HOCl and HOSCN in 
J774A.1 cells 

Mitogen activated protein kinases (MAPK) signalling pathways 
(ERK, JNK and p38) are involved in the induction of many genes, 
including those involved in inflammatory processes and cellular sur
vival. Therefore, the phosphorylation of ERK, JNK and p38 was assessed 
by Western blotting in J774A.1 cells exposed to HOCl (100 μM) and 
HOSCN (200 μM) for different incubation times (5–120 min). Evidence 
was obtained for a rapid, time-dependent, increase in the phosphory
lation of JNK and p38 on treatment of the cells with both HOCl and 
HOSCN (Fig. 7). In contrast, the phosphorylation of ERK1/2 decreased 

over time in cells treated with HOCl and HOSCN. The extent of p38 
phosphorylation observed with HOCl was much greater than that seen 
with HOSCN treatment. In general, the extent of p38 and JNK phos
phorylation reached a maximal value after 1 h exposure of the cells to 
each oxidant. Therefore, additional experiments were performed to 
examine the effect of re-incubation of the cells in media for varying 
times (5–180 min) following the initial 1 h HOCl or HOSCN treatments. 
With HOCl, the phosphorylation of p38 was increased further on re- 
incubation of the cells for an additional 30–180 min (Fig. 8A). This 
was not the case with JNK or ERK1/2, where no further alterations in 
phosphorylation were apparent with re-incubation (Fig. 8A). In contrast, 
the extent of phosphorylation of p38 decreased on re-incubation of cells 
exposed to HOSCN for 1 h (Fig. 8B). A similar effect was also observed 
with JNK, whereas an increase in the phosphorylation of ERK1/2 was 
seen following re-incubation for 180 min (Fig. 8B). 

In light of these differences particularly with p38, additional co- 
treatment experiments were performed with HOCl (100 μM) and SCN−

(50–200 μM). No significant changes in the phosphorylation levels of 
ERK1/2, JNK or p38 were observed on addition of HOCl to the cells in 
the presence of SCN− compared to that seen in the non-treated controls 
(Suppl. Fig. S3). This suggests that SCN− is able to prevent the HOCl- 
induced phosphorylation of JNK and p38 and dephosphorylation of 
ERK1/2. 

3.5. Exposure to HOCl but not HOSCN increases intracellular Ca2+ in 
J774A.1 

Alterations in intracellular Ca2+ are strongly associated with 

Fig. 4. Exposure of J774A.1 cells to HOCl increased the protein expression of HMOX1 and SOD2. J774A.1 cells (1 × 106 cells) were treated with (A) HOCl (50 
and 100 μM) or HOSCN (100 and 200 μM), or (B) co-treatment of HOCl (100 μM) and SCN− (50 and 200 μM) in HBSS for 1 h at 37 ◦C, before re-incubation in cell 
media for 3 h (black bars) or 24 h (grey bars) and probing for HMOX1 and SOD2 by Western blotting with β-actin used as a loading control. Images are representative 
of 3 independent experiments. Panels C and D show the densitometry analysis of HMOX1 (C) and SOD2 (D) following normalization to β-actin. Data are expressed as 
the fold change compared to the respective non-treated control group. * shows a significant difference (p < 0.05) compared to the non-treated control groups by 2- 
way ANOVA with a Tukey’s multiple comparison test. 
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oxidative stress and perturbation of stress-related signalling pathways. 
Thus, subsequent experiments were performed to examine changes in 
intracellular Ca2+ in the J774A.1 cells using the calcium fluorophore 
Fluo-4 AM and flow cytometry. Exposure of J774A.1 cells to HOCl 
(50–200 μM) in HBSS (with or without Ca2+) resulted in a significant 
increase in cytosolic Ca2+ compared to the non-treated cells (Fig. 9A, 
Suppl. Fig. S4). The change in cytosolic Ca2+ did not appear to be 
dependent on the presence of Ca2+ in the HBSS (Fig. 9A), suggesting that 
the Ca2+ is released from intracellular stores. To explore this possibility, 
cells were pre-treated with nisoldipine (L-type Ca2+ channel blocker), 
Ru360 (mitochondrial Ca2+ uptake inhibitor) or thapsigargin (non- 
competitive SERCA inhibitor) for 15 min, before the addition of HOCl 
(100 μM) and Fluo-4 AM staining. Pre-treatment with thapsigargin 
significantly attenuated the cytosolic Ca2+ increase mediated by HOCl, 
which was independent of the presence of extracellular Ca2+ (Fig. 9B). 

4. Discussion 

It has been proposed that SCN− may have therapeutic value in the 
context of inflammatory disease [4], with recent studies indicating that 
SCN− supplementation decreases the development of atherosclerosis in 
murine models [35,36]. Although this effect is postulated to be due to 
SCN− decreasing the HOCl production by MPO, the cellular mechanisms 
involved remain undefined. In this study, we show that the presence of 
sub-stoichiometric amounts of SCN− can inhibit HOCl-mediated cell 
death and influence the extent and nature of cellular thiol oxidation, 
MAPK signalling, and the expression of a range of antioxidant and in
flammatory genes and cytokines in J774A.1 macrophages. The effects of 
SCN− on HOCl-induced cellular dysfunction are generally consistent 
with the formation of HOSCN, but SCN− itself could also increase the 
gene expression of RANTES in the macrophages. 

Exposure of the J774A.1 macrophages to HOCl and HOSCN resulted 
in significant cell death and thiol loss in a concentration-dependent 

Fig. 5. Exposure of J774A.1 cells to HOCl and HOSCN increases the expression of inflammatory genes. J774A.1 cells (0.5 × 106 cells) were treated with HOCl 
(50, 100 μM; red bars), HOSCN (100, 200 μM; blue bars), 100 μM HOCl with SCN− (50, 200 μM; orange bars), and SCN− (50, 200 μM; green bars) for 1 h at 37 ◦C 
before re-incubation in cell media for 3 or 24 h. Expression of inflammatory genes TNFα (A), MCP-1 (B), pro-IL-1β (C), pro-IL-18 (D) and RANTES (E) were measured 
after 24 h re-incubation. As transcription factors can be modified in a short period of time, gene expression of NF-κB1 (F) and p65 (G) were measured after 3 h re- 
incubation. The data are expressed as the fold change compared to the non-treated control group following normalization to the housekeeping genes TBP and 18s. *, 
**. *** and **** show a significant difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively) compared to non-treated control groups, by 1-way ANOVA with a 
Dunnett’s multiple comparison test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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manner, with HOSCN inducing less cell death compared to HOCl, when 
assessed by the extent of MTS metabolism. A significant loss of thiols was 
observed on exposure of the cells to both HOCl and HOSCN. However, 
with HOSCN, the thiol oxidation appeared to be reversible, as an in
crease in the cellular thiol concentration was seen on removing any 
residual oxidant and further incubation of the cells for 4 or 24 h. These 
data are consistent with the formation of reversible oxidation products, 
such as sulfenyl thiocyanate (RS-SCN) and sulfenic acid (RS-OH) species, 
as reported previously in macrophages exposed to HOSCN [19,20,48]. 
The formation of reversible oxidation products with HOSCN also ratio
nalise the discrepancy between the cell viability data in the current 
study compared with previous reports, where HOSCN was shown to be 
more damaging compared to HOCl on exposure to J774A.1 cells when 
assessed immediately following oxidant treatment [39]. Similar 
assay-dependent differences in the extent of cell death seen with HOSCN 
have been reported in studies with human coronary artery endothelial 
cells [41]. 

The extent of HOCl-induced cell death was decreased on treatment of 
the cells in the presence of SCN− . A significant protective effect of SCN−

was apparent at sub-stoichiometric ratios of SCN− to HOCl. This is 
attributed to the formation of HOSCN, which can react further with 
residual HOCl forming over-oxidized products such as HO2SCN, and 
ultimately SO4

2− and OCN− [30]. Whether HO2SCN reacts with the cells 
or undergoes rapid decomposition to other products, such as OCN− , 

which could potentially be reactive if present in high concentration (e.g. 
Ref. [49]) is not known, and has not been examined, owing to the 
difficultly in detecting these products. Addition of SCN− also influenced 
the extent of HOCl-induced thiol oxidation, with a dose-dependent in
crease in thiol levels seen with ≤ equimolar concentrations of SCN−

compared to HOCl. However, a small decrease in thiols is seen when the 
concentration of SCN− is in excess of that of HOCl, presumably due to 
the formation of higher concentrations of HOSCN. Supplementation 
with SCN− also promoted reversible thiol oxidation after 24 h 
re-incubation, which was not seen on treating the cells with HOCl alone, 
consistent with HOSCN formation. 

Exposure of J774A.1 cells to HOCl decreased GSH, as reported pre
viously studies for this, and other mammalian cell types (reviewed 
[38]). The results from the GSH measurements support the thiol data, 
further demonstrating a protective effect of SCN− , which decreased 
HOCl-induced GSH loss. Interestingly, a significantly higher thiol and 
GSH concentration was seen on co-treatment of the cells with HOCl and 
SCN− compared to the non-treated control group after re-incubation for 
4 or 24 h. It is well established that oxidants can regulate redox ho
meostasis through Nrf2 signalling, which increases the expression of 
enzymes critical for GSH biosynthesis (e.g. Ref. [50,51]). It has been 
shown previously that exposure of THP1 macrophages to HOCl 
decreased intracellular GSH within the first hour of treatment, which 
was followed by a rebound, which surpassed the initial basal levels of 

Fig. 6. Quantification of MCP1 and RANTES in J774A.1 cells following treatment with HOCl and HOSCN. J774A.1 cells (1 × 106 cells) were treated with HOCl 
(50, 100 μM), HOSCN (100, 200 μM), and 100 μM HOCl with SCN− (50, 200 μM) for 1 h at 37 ◦C, before re-incubation in cell media for 3 h (black bars) or 24 h (grey 
bars). For intracellular cytokine determination, the concentrations of MCP1 (A) and RANTES (B) were measured in cell lysates by ELISA and normalized to total cell 
protein concentration. To assess extracellular release of cytokines, the concentrations of MCP1 (C) and RANTES (D) were measured in the cell media, after 
centrifugation to remove cell debris. The release of RANTES after 3 h re-incubation was below the limit of detection. Data are shown as the fold change compared to 
the non-treated control group. *, **, *** and **** show a significant difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively) compared to the non-treated control 
(HBSS) group by 2-way ANOVA with a Dunnett’s multiple comparison test. 
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GSH by up to 4-fold after 24 h [52]. This is attributed to the activation of 
Nrf2 and the downstream genes, HMOX1, NQO1, GCLc, and GS [52]. 
However, in the current study, HOCl induced irreversible loss of intra
cellular GSH, and the expression of Nrf2 associated genes was decreased 
on re-incubation of the J774A.1 cells co-treated with HOCl and SCN− . 

The data obtained are consistent with the ability of HOCl, but not 
HOSCN, to upregulate cellular antioxidant responses, with treatment of 
the J774A.1 cells with HOCl resulting in an increase in the expression of 
mRNA for TXNIP, HMOX1, SOD2, GPx1 and GSTP1 in a time and con
centration dependent manner. This may be a consequence of the in
duction of Nrf2, which has been reported on exposure of other types of 
macrophages and epithelial cells to HOCl [52–54]. The HOCl-induced 
activation of Nrf2 has been reported to involve oxidation of 
redox-sensitive Cys residues on kelch-like ECH-associated protein 1 
(Keap1) to result in the formation of an intermolecular disulfide at 
Cys151 [55]. This inactivates the ubiquitin ligase activity of Keap1 by 
disrupting its interaction with cullin 3 (CUL3), thereby preventing the 
proteasomal degradation of Nrf2 [56]. 

A limitation of the current studies is that the ability of HOCl to 
activate Nrf2 in the J774A.1 cells was not directly assessed. It is possible 
that other cellular stress-related pathways could therefore be involved in 
the altered antioxidant gene expression, particularly as no evidence was 
obtained for any upregulation of antioxidant gene expression with 
HOSCN, which would also be expected to target redox-sensitive Cys 

residues, and potentially influence the ubiquitin ligase activity of Keap1. 
In addition, it is noted that while a significant increase in HMOX-1 
mRNA and protein expression was seen in HOCl-treated cells, this 
occurred in the absence of the upregulation of several other Nrf2 genes 
studied, including NQO1, GCLc, GCLm and GS. Thus, MAPKs have also 
been implicated in the activation of signalling pathways that culminate 
in an increase of antioxidant enzyme expression [57]. For example, the 
upregulation of HMOX-1 is attenuated in vascular smooth muscle cells 
exposed to oxidized LDL following inhibition of p38 and JNK [58]. 
While exposure of J774A.1 cells to both HOCl and HOSCN induced a 
rapid increase in p38 and JNK phosphorylation, the extent of p38 
phosphorylation seen in experiments with HOCl was particularly 
marked, which may influence the antioxidant gene expression observed. 

Evidence for the perturbation of MAPK signalling on exposure of 
cells to MPO-derived oxidants has been reported previously (reviewed 
[1,38]). In J774A.1 cells, HOSCN has been shown to promote the 
phosphorylation of the mitogen activated protein kinase kinase MKK3/6 
and p38, which was attributed to the reactivity of the oxidant with 
redox-sensitive Cys residues on protein tyrosine phosphatases (PTP) 
[59]. In the current study, HOCl and HOSCN both stimulated the 
phosphorylation of p38 and JNK, but attenuated the phosphorylation of 
ERK1/2, in a time-dependent manner in each case. Compared to 
HOSCN, HOCl induced a more rapid, non-reversible, and greater extent 
of phosphorylation, which was particularly marked in the case of p38. 

Fig. 7. Exposure of J774A.1 cells to HOCl or HOSCN induces alterations in MAPK phosphorylation. J774A.1 cells (1 × 106 cells) were treated with 100 μM 
HOCl (A and C) or 200 μM HOSCN (B and D) at 37 ◦C for different treatment times (5–120 min). Panels A and B show representative Western blots for total and 
phosphorylated ERK1/2, JNK and p38. For the densitometry quantification shown in panels C and D, the density of bands corresponding to p-ERK1/2 bands (black 
bars), p-JNK (green bars) and p-p38 (orange bars) were normalized to the total (non-phosphorylated) ERK1/2, JNK, and p38 band density, respectively, with the data 
expressed as a fold change compared to the non-treated control group. *, **, *** and **** show a significant difference (p < 0.05, 0.01, 0.001 and 0.0001, 
respectively) compared to the non-treated control group at the same time point by 2-way ANOVA with a Dunnett’s multiple comparison test. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. The extent of MAPK phosphorylation in J774A.1 cells exposed to HOCl or HOSCN is dependent on the re-incubation time. J774A.1 cells (1 × 106 

cells) were treated with 100 μM HOCl (A and C) or 200 μM HOSCN (B and D) at 37 ◦C for 1 h before re-incubation in cell media for different times (0–180 min). 
Panels A and B show representative Western blots for total and phosphorylated ERK1/2, JNK and p38. For the densitometry quantification shown in panels C and D, 
the density of bands corresponding to p-ERK1/2 bands (black bars), p-JNK (green bars) and p-p38 (orange bars) were normalized to the total (non-phosphorylated) 
ERK1/2, JNK, and p38 band density, respectively, with the data expressed as a fold change compared to the non-treated control group. *, **, *** and **** show a 
significant difference (p < 0.05, 0.01, 0.001 and 0.0001, respectively) compared to the non-treated control group at the same time point, # shows a significant 
difference (p < 0.05) compared to the HOSCN treated group without re-incubation, by 2-way ANOVA with a Dunnett’s multiple comparison test. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Exposure of J774A.1 cells to HOCl influences Ca2þ homeostasis. (A) J774A.1 cells (1 × 106 cells) were treated with HOCl (50, 100 and 200 μM) for 1 h in 
Ca2+ free (grey bars) or Ca2+ supplemented (black bars) HBSS. (B) Before exposure to HBSS or HOCl (100 μM) for 1 h, cells were pre-incubated with HBSS, Ru360, 
thapsigargin or nisoldipine (25 μM) for 15 min. Alterations in intracellular Ca2+ were assessed using Fluo-4 AM and flow cytometry with the data expressed as the 
fold change in fluorescence intensity in the treated compared to non-treated control groups. * shows a significant difference (p < 0.05) compared to the non-treated 
control group; # shows a significant difference (p < 0.05) compared to HOCl-treated group in HBSS only, by 2-way ANOVA with a Sidak’s multiple comparison test. 
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This could reflect the ability of HOCl to more extensively modify the 
redox-sensitive Cys residues on PTP for example, to sulfinic or sulfonic 
acid products. However, in previous work, the presence of SCN− was a 
key determinant in the extent of PTP inactivation observed in J774A.1 
cells lysates exposed to the complete MPO/H2O2/Cl− system [59]. 

On the basis of these data, it might be expected HOSCN rather than 
HOCl would therefore favour altered MAPK phosphorylation. However, 
there is also a strong relationship between Ca2+ homeostasis and the 
regulation of MAPK signalling [60]. In particular, elevations in the 
concentration of cytosolic Ca2+ can result in increased p38 phosphory
lation, owing to the activation of Ca2+/calmodulin-dependent protein 
kinases [61]. This could be important in the observed HOCl-induced 
alterations in MAPK signalling, as a marked increase in cytosolic Ca2+

was seen in cells exposed to HOCl but not HOSCN. The increase in 
cytosolic Ca2+ seen with HOCl occurred in a concentration-dependent 
manner, both in the presence and absence of extracellular Ca2+ and 
was attenuated on pre-treatment of the cells with thapsigargin but not 
Ru360 or nisoldipine. Given that thapsigargin inhibits SERCA and the 
re-uptake of cytosolic Ca2+ into the sarco/endoplasmic reticulum, these 
data suggest that the effect of HOCl on Ca2+ homeostasis is related to the 
removal of accumulated cytosolic Ca2+ released from other, unidenti
fied, intracellular stores or Ca2+ channels, in accord with previous 
studies in endothelial cells [62]. That similar alterations in cytosolic 
Ca2+ are observed on exposure of the J774A.1 cells to HOCl in HBSS 
with and without Ca2+ suggests that the Ca2+ may originate from both 
extracellular and internal stores. This agrees well with data from human 
monocyte-derived macrophages, where perturbations in cytosolic Ca2+

could be prevented by pre-treatment of the cells with different L-type 
Ca2+ channel blockers and dantrolene, which selectively inhibits the 
ryanodine receptor (RyR) [63]. Alternatively, it is possible that the 
perturbation in Ca2+ homeostasis could reflect changes to mitochondrial 
membrane permeability or disruption to the ER membrane, which has 
been seen previously in several mammalian cell types on exposure to 
HOCl (reviewed [38]). 

Unlike HOCl, the effects of HOSCN on the phosphorylation levels of 
p38, JNK and ERK1/2 appear to be reversible, with the extent of 
phosphorylation returning to basal, non-treated control cell levels, on 
re-incubation of the cells in media. This provides a further rationale for 
the lower toxicity of HOSCN compared to HOCl (as assessed by the MTS 
assay), considering the role of MAPK signalling pathways in apoptosis 
[64]. Overall, the data are consistent with an ability of SCN− to prevent 
the perturbations in MAPK phosphorylation seen with HOCl, certainly at 
sub-stoichiometric concentrations of SCN− , which remove HOCl in the 
absence of the formation of HOSCN. However, the extent of p38 phos
phorylation is higher than in the non-treated cells with equimolar or 
concentrations of SCN− in excess of HOCl, further supporting a role for 
HOSCN in the activation of MAPK signalling. 

The activation of MAPK signalling could be important in driving the 
altered gene expression of downstream inflammatory mediators, 
including TNFα, MCP1 and IL-1β [65], which are also elevated in 
J774A.1 cells following exposure to HOCl. Although some increase in 
inflammatory cytokines was also apparent with HOSCN, this occurred to 
a lesser extent than with HOCl. However, in contrast to HOCl, HOSCN 
induced an increase in the gene expression of RANTES, NF-κB1 and p65. 
Evidence for the activation of NF-κB has been presented in previous 
studies with THP-1 macrophages exposed to HOSCN [66]. Similarly, 
activation of NF-κB in endothelial cells has been implicated as a means 
to amplify inflammation, with exposure to HOSCN resulting in the 
increased expression of cellular adhesion molecules [67] and tissue 
factor [68]. 

With MCP1 and RANTES, additional experiments were performed to 
assess the protein concentration of each chemokine both within cells and 
released extracellularly. With MCP1, the intracellular protein concen
trations match the pattern of mRNA expression in experiments with 
HOCl, with an elevation of intracellular MCP1 protein also apparent 
with HOSCN. Interestingly, similar results were obtained for RANTES, 

although no change in mRNA expression was seen with HOCl. The 
reason for the discrepancy between the mRNA and protein expression is 
not clear, but taken together, the data highlight the pro-inflammatory 
behaviour of both HOCl and HOSCN. Given this observation, it is 
perhaps not surprising that an elevation in several pro-inflammatory 
mediators is also apparent on treatment of cells HOCl in the presence 
of SCN− . In this case, it is noteworthy that supplementation of the cells 
with SCN− in the absence of HOCl could also elevate the mRNA 
expression of RANTES, suggesting that in this case, the effects could 
occur independently of HOSCN formation. 

Whether the ability of SCN− to influence RANTES expression has 
relevance in vivo is not certain, and would be interesting to examine in 
future studies, given the association of RANTES to atherosclerosis [69]. 
In particular, there is a relationship between serum levels of RANTES, 
plaque vulnerability and the development of high-risk plaques [70,71]. 
The serum cytokine profile is reported to be altered to a less inflam
matory phenotype in the murine apoE− /- atherosclerosis model on 
supplementation with SCN− , though serum RANTES levels were not 
assessed [36]. 

In summary, our data provide further insight into pathways by which 
supplementation with SCN− can influence the extent and nature of 
HOCl-induced cellular damage at a range of SCN− concentrations. The 
data are consistent with the conversion of HOCl to HOSCN, which can 
induce reversible modifications that are repairable by the cells on 
further incubation in the absence of oxidant. While SCN− could prevent 
HOCl-induced cell death and the perturbation of MAPK phosphorylation 
and antioxidant gene expression, the influence of SCN− on HOCl- 
induced pro-inflammatory signalling cascades is less clear. This is 
related to the capacity of HOSCN and to some extent, SCN− itself to also 
affect pro-inflammatory gene expression and cytokine/chemokine 
release, which may be important to consider in the context of diseases 
such as atherosclerosis. Overall, the data support the use of SCN− as a 
promising therapeutic agent to decrease the extent of MPO-induced 
cellular damage, and help to rationalise the observations from the in 
vivo supplementation studies [34–36]. 
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