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The production of hypochlorous acid (HOCl) by myeloperoxidase (MPO) plays a key role in immune defense, but
also induces host tissue damage, particularly in chronic inflammatory pathologies, including atherosclerosis. This
has sparked interest in the development of therapeutic approaches that decrease HOCl formation during chronic
inflammation, including the use of alternative MPO substrates. Thiocyanate (SCN− ) supplementation decreases
HOCl production by favouring formation of hypothiocyanous acid (HOSCN), which is more selectively toxic to
bacterial cells. Selenium-containing compounds are also attractive therapeutic agents as they react rapidly with
HOCl and can be catalytically recycled. In this study, we examined the ability of SCN− , selenocyanate (SeCN− )
and selenomethionine (SeMet) to modulate HOCl-induced damage to human coronary artery smooth muscle cells
(HCASMC), which are critical to both normal vessel function and lesion formation in atherosclerosis. Addition of
SCN− prevented HOCl-induced cell death, altered the pattern and extent of intracellular thiol oxidation, and
decreased perturbations to calcium homeostasis and pro-inflammatory signaling. Protection was also observed
with SeCN− and SeMet, though SeMet was less effective than SeCN− and SCN− . Amelioration of damage was
detected with sub-stoichiometric ratios of the added compound to HOCl. The effects of SCN− are consistent with
conversion of HOCl to HOSCN. Whilst SeCN− prevented HOCl-induced damage to a similar extent to SCN− , the
resulting product hyposelenocyanous acid (HOSeCN), was more toxic to HCASMC than HOSCN. These results
provide support for the use of SCN− and/or selenium analogues as scavengers, to decrease HOCl-induced cellular
damage and HOCl production at inflammatory sites in atherosclerosis and other pathologies.

1. Introduction
Hypochlorous acid (HOCl) is a potent oxidant produced by the heme
enzyme myeloperoxidase (MPO), which is released by activated neu
trophils and related immune cells at sites of inflammation [1,2]. The
production of HOCl is a key innate immune defense against bacteria and
other invading pathogens [3,4]. However, the excessive production of
HOCl during chronic inflammation promotes host tissue damage, which
is strongly linked to the progression of many inflammatory diseases [2,
4], including atherosclerosis [5,6]. Thus, MPO is elevated in human
atherosclerotic plaques [7], and serves as both a risk factor for the
development of coronary artery disease and a prognostic marker for
severity and survival following a myocardial infarction [8–10]. Vascular
smooth muscle cells are an important target for HOCl, highlighted by the
ability of MPO to promote the weakening of the fibrous cap and plaque
rupture (reviewed [6]).

Evidence for the role of MPO as a driver of chronic inflammatory
disease, has raised interest in the development of therapies targeting
MPO to modulate its activity, and reduce the formation of HOCl in vivo
[2,11,12]. MPO inhibitors could be beneficial in reducing detrimental
outcomes in acute situations, such as in high-risk coronary artery disease
patients, on the basis of studies showing that the irreversible MPO in
hibitor AZM198, increased fibrous cap thickness in unstable plaques
[13]. However, the implications of long-term MPO inhibition on innate
immunity are not fully understood. Therefore, alternative strategies to
limit HOCl production without preventing bacterial cell killing and
hence compromising the immune system, could be highly beneficial.
MPO forms HOCl by catalyzing the reaction of hydrogen peroxide
(H2O2) with chloride (Cl− ) ions, which are highly abundant in plasma
(100–140 mM) [1–4]. MPO can also utilize bromide (Br− ), iodide (I− )
and the pseudo-halide, thiocyanate (SCN− ) to form hypobromous acid
(HOBr), hypoiodous acid (HOI) and hypothiocyanous acid (HOSCN),
respectively, in a manner dependent on the relative concentrations of
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hydrogen peroxide
hypobromous acid
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hypoiodous acid

each halide ion [14]. MPO has a higher specificity constant for SCN−
compared to Cl− by a factor of 730 [15]. For this reason, increased
concentrations of SCN− favour the formation of HOSCN at the expense of
HOCl [14–16]. Additionally, SCN− can react directly with HOCl and
related N-chloramines, which are reactive secondary products of this
oxidant, to form HOSCN [17,18]. It has been proposed that supple
mentation with SCN− could be a potential therapeutic strategy, as
HOSCN is both bactericidal, and appears to be less toxic to host cells
than bacteria [16]. This may be due to the selectivity and reversibility of
HOSCN-mediated damage, which occurs primarily with thiols [19,20],
and a higher capacity for repair in mammalian cells [21–23]. Thus,
supplementation with SCN− has protective effects in vitro [16,23,24]
and in vivo, in models of cystic fibrosis [25] and atherosclerosis [26,27].
It is presumed that the protective effects are related to the ability of
SCN− to modulate HOCl production by MPO, but the underlying
mechanisms responsible for these effects have not been clearly defined.
Supplementation with selenium-containing compounds can also be
beneficial in the context of cardiovascular disease [28] which is, at least
in part, related to the upregulation of endogenous antioxidant seleno
proteins, including glutathione peroxidase (GPx) and thioredoxin
reductase (TrxR) [29,30]. Selenium can also modulate the inflammatory
response, and reduce endothelial dysfunction in atherosclerosis [31,32].
Selenium-containing compounds, including selenomethionine (SeMet),
react rapidly with HOCl [33,34] giving the corresponding selenoxide
that can be catalytically recycled [35], and thereby diminishing
HOCl-induced damage [32,36]. In addition, the selenium analogue of
SCN− , selenocyanate (SeCN− ), can be metabolized by lactoperoxidase
(LPO) to give an antimicrobial agent, which is presumed to be hypo
selenocyanous acid (HOSeCN) [37]. HOSeCN has been reported to have
more potent antibacterial activity than HOSCN, and also showed se
lective toxicity to bacterial cells, which was attributed to its detoxifi
cation by mammalian, but not bacterial, TrxR [37]. The redox potentials
of HOCl and SeCN− indicate that direct oxidation of SeCN− by HOCl is
favourable [38], and likely to be more rapid than for SCN− , on the basis
of other kinetic data for selenium-versus sulfur-containing compounds
[33].
In this study, we examined the ability of SCN− , SeCN− and SeMet to
influence HOCl-induced damage to vascular smooth muscle cells
(VSMC), which have an important role in the development and pro
gression of atherosclerosis and maintaining the integrity of the fibrous
cap [39]. We focus on how SCN− , SeCN− and SeMet affect the extent of
HOCl-induced cell death, oxidation of intracellular thiols and expression
of genes relating to inflammation and VSMC phenotype. We also
examined the reactivity of HOSeCN with SMC for the first time.
Together, these data provide insights into the pathways responsible for
SCN− -mediated cellular protection during chronic inflammation. We
also demonstrate that SeCN− could be an alternative approach to com
bat HOCl-induced inflammatory damage, while preserving the antimi
crobial activity of MPO in innate immunity.

hypothiocyanous acid
hyposelenocyanous acid
iodide
lactoperoxidase
myeloperoxidase
nuclear factor erythroid 2–related factor 2
selenocyanate
selenomethionine
selenomethionine selenoxide
thiocyanate
smooth muscle cells
thioredoxin reductase
vascular smooth muscle cells

2. Materials and methods
2.1. Reagents and chemicals
All buffers and solutions were prepared with nanopure water
(npH2O), filtered through a four stage Milli-Q system. All chemicals
were from Sigma-Aldrich/Merck (St. Louis, MI, USA) unless stated
otherwise. Sodium hypochlorite (10–15% w/v) was purchased from
Acros Organics (Acros Organics, Waltham, MA, USA) and was stan
dardized by measuring the absorbance at 292 nm at pH 11, using an
extinction coefficient of 350 M− 1 cm− 1 [40]. HOSeCN was generated
enzymatically using LPO and H2O2 as described previously [37].
HOSeCN was kept on ice and used immediately after rapid quantifica
tion by measuring the conversion of 5-thio-2-nitrobenzoic acid (TNB) to
5,5′ -dithiobis-(2-nitrobenzoic acid) (DTNB) at 412 nm as previously
[41], using an extinction coefficient of 14,150 M− 1 cm− 1 [42].
2.2. Cell culture
Human coronary artery smooth muscle cells (HCASMC) were pur
chased from Cell Applications (San Diego, CA, USA). Experiments were
performed on different days with cells from at least 3 individual donors
(Table S1), and used between passages 2 and 5 unless stated otherwise.
The cells were cultured under sterile conditions in HCASMC growth
medium (Cell Applications) at 37 ◦ C in a 5% CO2 incubator. The cells
were seeded in 96-, 12- or 6-well plates at a density of 1 × 105 cells mL− 1
using volumes of 100 μL, 1 mL or 2 mL respectively, and were allowed to
adhere overnight. Prior to the treatments, cells were washed with warm
(37 ◦ C) Hanks’ buffered salt solution (HBSS) to prevent reactions of the
medium with the hypohalous acids. HCASMC were exposed to HOCl in
HBSS for 15 min without or with the addition of increasing concentra
tions of SCN− , SeCN− or SeMet (Carbolution Chemicals GmbH, Ger
many), at a constant ratio of oxidant per cell, accounting for the different
well sizes.
2.3. Viability
Metabolic activity was assessed as a measure of viability using a
commercial reagent MTS (CellTiter 96® AQueous One Solution Assay,
Promega, WI, USA). Cells in 96-well tissue culture plates (1 × 104 cells/
well) were exposed to 100 μL of 100 μM HOCl or 100 μM HOCl con
taining SCN− , SeCN− or SeMet (10–400 μM) for 15 min. After incuba
tion, the treatment solution was aspirated and the cells were washed
with warm HBSS. The metabolic activity was measured directly after
treatment or following the re-culture of the cells in growth medium for
24 h. Cells were incubated with cell growth medium (100 μL) containing
MTS reagent (10 μL), for 4 h at 37 ◦ C, before measuring the change in
absorbance at 490 nm, using a microplate reader (Spectra Max M, Mo
lecular Devices, San Jose, CA, USA). Experiments were also performed
2
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with SeCN− and SeMet (25–1000 μM), and HOSeCN (0–100 μM).

2.8. Quantification of SeCN− and SeMet by HPLC-ICP-MS
HCASMC (2 × 105 cells/well in 6-well plates) were exposed to
increasing concentrations of SeCN− and SeMet for 15 min, followed by
washing and harvesting with trypsin/EDTA solution (0.025% trypsin,
0.01% EDTA, in PBS). The cell suspension was centrifuged for 5 min
(5000 g at 4 ◦ C), before collecting the media, washing the cells, and
lysing with 20 mM Tris-HCl (pH 7.5) for 30 min at 4 ◦ C. Cell lysates were
collected after centrifugation for 10 min (10000 g at 4 ◦ C) before
quantification of SeCN− and SeMet by HPLC and inductively coupled
plasma mass spectrometry (ICP-MS). Lysates and media samples were
diluted with mobile phase containing 200 mM ammonium acetate in 5%
(v/v) methanol (pH 7). Samples were analyzed with a Dionex Ultimate
3000 UPLC system (Thermo Scientific) with a Gemini C18 (5 μm, 250 ×
2 mm) column (Phenomenex) and a flow rate of 200 μL min− 1. The
UPLC system was coupled to an Agilent 8800 ICP Triple Quadrupole MS
equipped with a 1.5 mm ID quartz injector torch, with sampler and
skimmer cones made of platinum (Agilent Technologies, Santa Clara,
USA). The system was optimized using a Se-standard solution (50 μg L− 1
Se in mobile phase), and the analyses were carried out in MS/MS mode
with oxygen as the reaction gas (monitoring 77Se → 93SeO and 80Se →
96
SeO).

2.4. Flow cytometry analysis
HCASMC (2 × 105 cells/well in 6-well plates) were treated with
HOCl (100 μM, 2 mL) in the absence or presence of SCN− (0–100 μM) for
15 min before assessing cell viability using an APC Annexin V Apoptosis
Detection Kit with propidium iodide (PI) (BioLegend, San Diego, CA,
USA). Briefly, after treatment the cells were washed with HBSS and
incubated in fresh cell media for 24 h. After this re-incubation period,
the cells were harvested using trypsin/EDTA solution (0.025% trypsin,
0.01% EDTA, in PBS), re-suspended in binding buffer containing APC
Annexin V and PI, incubated in the dark at 22 ◦ C for 30 min and analyzed
with a FACSVerse™ flow cytometer (BD, Franklin Lakes, NJ, USA), with
15000 events counted per sample. Changes in cytosolic calcium were
measured using the cell permeant Fluo-4AM probe (Thermo Fisher
Scientific, Waltham, MA, USA). Directly after the treatment period, the
cells were washed with HBSS (Ca2+-free) to remove any residual oxidant
and Ca2+ from the buffer solution, and were incubated for 45 min with 5
μM Fluo-4AM in Ca2+-free HBSS (in the dark, at 37 ◦ C). The cells were
then carefully scraped from the tissue culture plates and were analyzed
by flow cytometry.

2.9. Statistical analyses
2.5. Quantification of cell thiols

Statistical analysis was performed using GraphPad Prism 8 (Graph
Pad Software, San Diego, USA) using an ANOVA test with p < 0.05 taken
as significant. Details of the specific statistical tests are given in the
figure legends. Data are shown as mean ± SEM from triplicate de
terminations from 3 individual cell donors, unless otherwise stated in
the figure legends.

5

HCASMC (1 × 10 cells/well in 12-well plates) were exposed to HOCl
(100 μM) in the absence or presence of SCN− , SeCN− or SeMet or
HOSeCN (0–200 μM) for 15 min before measuring the concentration of
intracellular thiols immediately after the treatment, or following reincubation in growth medium for 24 h, using the ThioGlo 1 reagent
(Berry & Associates Inc, Dexter, MI, USA) as described previously [41].
The concentration of thiols was determined using a GSH standard curve,
and normalized to the protein concentration determined using the
Pierce BCA Protein Assay (Thermo Fisher Scientific, Waltham, MA,
USA).

3. Results
3.1. SCN− prevents HOCl-induced loss in metabolic activity and viability
Initial studies were performed to assess whether SCN− could prevent
HOCl-induced cell death using the MTS assay to assess changes in
metabolic activity. HCASMC were treated with HOCl (100 μM), or HOCl
and SCN− (25–400 μM), for 15 min, before measuring their metabolic
activity, over a 4 h incubation period with the MTS reagent. Exposure of
the cells to HOCl resulted in a significant loss in metabolic activity,
which was prevented by the presence of SCN− on addition to HOCl
(Fig. 1A, black bars). This protective effect of SCN− was apparent even
with sub-stoichiometric amounts (25 and 50 μM) of SCN− (Fig. 1A).
Similar results were observed in experiments where the cells were
washed and re-incubated in growth media for 24 h (at 37 ◦ C, 5% CO2)
after the initial oxidant exposure (Fig. 1A, dashed bars), to assess
possible effects on signaling and survival pathways. No protective effect
of SCN− on the loss of metabolic activity induced by HOCl (100 μM) was
observed when HCASMC were pre-incubated with SCN− (25–100 μM in
HBSS; Fig. S1), before washing and exposure to the oxidant. Similar
results were obtained in experiments with a lower concentration of
HOCl (50 μM; Fig. S1).
HCASMC viability 24 h post-treatment was examined further by flow
cytometry and staining with APC Annexin V and PI to evaluate whether
SCN− could influence the extent and/or pathway involved in cell death
following prolonged incubation. The cells were exposed to HOCl (100
μM) in the absence and presence of SCN− (50 and 100 μM) for 15 min,
before washing and re-incubation in growth medium for 24 h (37 ◦ C, 5%
CO2). After the treatment, the cell media and any non-adherent cells
were removed, and the remaining cell population was analyzed 24 h
post-treatment, to evaluate effects from possible activation of signaling/
survival pathways (Fig. 1B and S2). A significant decrease in the live cell
population that remained after the initial HOCl treatment, together with
a corresponding increase in the cell population stained with either/or

2.6. Determination of GSH/GSSG
HCASMC (1 × 105 cells/well in 12-well plates) were treated with
HOCl or HOCl/SCN− for 15 min, with and without re-incubation in cell
media for 24 h. The ratio of reduced GSH and oxidized glutathione
(GSSG) was quantified by using a GSH/GSSG-Glo™ Assay Kit (Promega,
WI, USA). The samples were prepared according to the manufacturer’s
manual, and the change in luminescence recorded using a microplate
reader (Spectra Max i3, Molecular Devices, Sunnyvale, CA, USA).
2.7. Quantitative real-time polymerase chain reaction (qPCR)
HCASMC (2 × 105 cells/well in 6-well plates) were exposed to HOCl
(50 μM) in the absence or presence of SCN− , SeCN− or SeMet (100 μM)
for 15 min before washing and re-incubating the cells in media for 24 h.
RNA extraction was completed using a RNAeasy® Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions,
including a DNase digestion step (RNase-Free DNase Set, Qiagen). After
the quantification of RNA concentration, cDNA synthesis was achieved
using the SensiFAST cDNA Synthesis Kit (Bioline, London, UK) following
the manufacturer’s manual. The qPCR analysis was performed using a
SensiFAST SYBR Hi-ROX Kit (Bioline) and the following conditions:
95 ◦ C for 30 s, 60 ◦ C for 30 s, 72 ◦ C for 30 s for 39 cycles, followed by
dissociation curve analysis. The data were normalized to two house
keeping genes, 18S ribosomal RNA and beta-2-microglobulin (B2M),
and expressed as a fold change compared to the control cells. House
keeping and target gene primer sequences, are listed in Table S2.
3
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cell death by apoptosis or necrosis on co-treatment of the cells with
HOCl and SCN− , or on treatment with SCN− alone (Fig. 1B and S2). This
suggests that SCN− prevents the induction of apoptosis seen on reincubation of the population of HCASMC that survive the initial expo
sure to HOCl. These studies were extended to examine the effect of SCN−
on HOCl-induced enhancement of intracellular Ca2+ concentrations,
which is often associated with the induction of programmed cell death.
Exposure of HCASMC to HOCl resulted in an increase in intracellular
Ca2+, which was not observed on co-treatment of the cells with HOCl
and SCN− (Fig. 1D and S3).
3.2. Influence of SCN− on the extent and nature of HOCl-induced thiol
oxidation
It has been established previously that HOCl reacts with protein
thiols, resulting in thiol oxidation and a decrease of intracellular GSH in
multiple different cell types, including neutrophils, macrophages and
endothelial cells [43–46]. To examine the effects of SCN− on
HOCl-induced thiol oxidation in HCASMC, cells were exposed to HOCl
(100 μM) without and with increasing concentrations of SCN− (50–400
μM) for 15 min. The total cell thiol concentration was quantified by the
ThioGlo 1 reagent and was normalized to the cell protein concentration,
directly after oxidant exposure, and after re-incubation of cells in growth
medium for 24 h, to assess possible reversible modifications. HOCl
treatment induced a significant decrease in cellular thiols compared to
the non-treated, control cells, both when analyzed immediately after
treatment, and also following 24 h re-incubation in growth media
(Fig. 2A). There was no significant difference in the extent of thiol loss
seen in cells exposed to HOCl for 15 min compared to cells re-incubated
for 24 h, consistent with non-reversible thiol oxidation. The extent of
thiol loss observed immediately following co-treatment with HOCl and
SCN− was dependent on the concentration of SCN− , with a significant
prevention of thiol oxidation seen at concentrations ≤50 μM SCN−
(Fig. 2A, black bars). This is consistent with the formation of HOSCN at
higher concentrations of SCN− , which also reacts with thiols [21].
However, the presence of SCN− (50–400 μM) resulted in a more marked
and significant restoration of thiol concentration when analyzed 24 h
after the initial treatment of the cells with HOCl, which was comparable
to that seen in the non-treated, control cells (Fig. 2A, dashed bars). This
indicates that the thiol oxidation seen on co-treatment of cells with HOCl
and SCN− is reversible, which is again consistent with formation of
HOSCN (Flouda et al., submitted).
These studies were extended to examine the effect of SCN− addition
on the concentration of intracellular GSH. Exposure of HCASMC to HOCl
(100 μM for 15 min) resulted in a decrease in GSH (Fig. 2B), an increase
in GSSG (Fig. 2C), and a corresponding change in the ratio of GSH:GSH
when compared to control cells (Fig. 2D). These changes were less
extensive in the presence of SCN− . A greater extent of GSH loss was
apparent in the cells 24 h following the initial treatment with HOCl in
the absence of SCN− (Fig. 2B). However, the amount of GSSG decreased
(Fig. 2C), resulting in a comparable GSH:GSSG ratio between the 2 in
cubation conditions (Fig. 2D). This could reflect the formation of other
oxidation products, such as glutathione sulfonamide or cell death, as the
assay was not normalized to total protein concentration. With SCN− ,
there was no further change in GSH concentration, though the ratio of
GSH:GSSG increased, owing to a decrease in GSSG to levels comparable
to the non-treated control cells (Fig. 2B–D).

Fig. 1. Prevention of HOCl-induced cell death and intracellular Ca2þ
accumulation by SCN¡. HCASMC were exposed to 100 μM HOCl with addition
of increasing concentrations of SCN− for 15 min. (A) The changes in metabolic
activity were assessed by MTS assay directly after treatment (black bars) and
after treatment with re-incubation for 24 h in growth media (dashed bars) and
expressed as a fold change compared to control cells. Data in (B) show the cell
populations 24 h post-treatment, following a washing step which removes any
non-adherent, dead cells resulting from the initial HOCl exposure, assessed
using APC Annexin V/PI cell death kit and flow cytometry analysis. Percentage
of live cell population (A-/PI-, black bars), of necrotic (A-/PI+, dark grey bars),
early apoptotic (A+/PI-, white bar) and late apoptotic/necrotic (A+/PI+, light
grey bar) cell populations. (C) Accumulation of intracellular Ca2+ in HCASMC
immediately after the treatment with flow cytometry and staining with Fluo4AM. Data represent the geometric means as a fold change compared to con
trol. Statistical significance indicated by **p < 0.01, ****p < 0.0001, ####p
< 0.0001 by two-way ANOVA with Dunnett’s post hoc testing. In (A) the as
terisks indicate significance compared to HOCl treatment alone, in (B–C) as
terisks indicate significance compared to the non-treated control, and #
indicates significance compared to the HOCl treatment.

Annexin V and PI (Fig. 1B), was observed in the absence of SCN− . These
data are consistent with the induction of apoptotic cell death, with a low
percentage of the cells found to be stained only with PI consistent with
necrosis (Fig. 1B). It is important to note that these data do not reflect
the total extent of cell death induced by HOCl, as the washing step
before the re-incubation period removes non-adherent cells. Our pre
vious studies show that the non-adherent cells resulting from exposure
of HCASMC to HOCl are predominantly necrotic, staining positively
with PI (Flouda et al., submitted). In contrast, there was no evidence for

3.3. Effect of SeCN− and HOSeCN on cell viability
Initial studies were performed to assess the cytotoxicity of SeCN−
alone, in the absence of HOCl. Exposure of HCASMC to increasing
concentrations of SeCN− (50 μM–1 mM) for 24 h in growth medium
resulted in a small decrease (10–15%) in metabolic activity with >250
μM SeCN− compared to the control cells (Fig. 3A). Subsequent studies
examined the reactivity of the SeCN− -derived oxidant, HOSeCN, with
4
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Fig. 2. Modulation of HOCl-induced thiol
oxidation and GSH/GSSG by SCN¡ in
HCASMC. HCASMC were exposed to 100 μM
HOCl with and without addition of SCN− for
15 min. Data in (A) show the total intracel
lular thiol concentration as determined by
the ThioGlo1 assay, immediately following
treatment (black bars) or following washing
and re-incubation for 24 h (dashed bars) in
growth media. Data are normalized to cell
protein concentration and expressed as a
percentage compared to (ct) the controls.
Data in (B), (C) and (D) show the GSH, GSSG
and GSH/GSSG ratio, respectively as
measured using the GSH/GSSG-Glo™ Assay
Kit. GSH and GSSG were measured immedi
ately following the treatments (black bars)
and after 24 h re-incubation in cell media
(dashed bars) and are expressed as a fold
change compared to the non-treated control
cells. Statistical significance indicated by *p
< 0.05, **p < 0.01, ***p < 0.001 and ****p
< 0.0001, ##p < 0.01, ###p < 0.0001 and
####p < 0.0001 by two-way ANOVA with
Dunnett’s post hoc testing. Asterisks indicate
significance compared to HOCl treatment
alone, and # indicates significance between
the immediate analysis data and the 24 h reincubation data.

HCASMC. HCASMC were exposed to increasing concentrations of
HOSeCN (25–100 μM) for 1 h, with and without re-incubation for 24 h in
growth media, with metabolic activity assessed using the MTS assay. A
significant decrease in metabolic activity was observed at concentra
tions of HOSeCN ≥75 μM, both after 1 h, and with 24 h re-incubation
(Fig. 3B). Flow cytometry experiments using Annexin V and PI on cells
treated in a similar manner, showed a dose-dependent loss in the live
cells in the remaining population (Fig. 3C, black bars), and a corre
sponding increase in cell populations stained positively with PI and
Annexin V (Fig. 3C).

induced by HOCl when the cells were analyzed immediately after
oxidant treatment (Fig. 4B). However, a significant restoration of thiols
was observed in the co-treatment experiments, compared to HOCl alone,
when analyzed after 24 h re-incubation in growth media (Fig. 4B). The
reactivity of HOSeCN with thiols was also assessed, as this may influence
the extent of thiol loss in the co-treatment experiments with HOCl and
SeCN− . Exposure of HCASMC to HOSeCN (25–100 μM) for 1 h, resulted
in a dose-dependent decrease in cellular thiols, with a significant re
covery detected after 24 h re-incubation (Fig. 4C). However, the con
centration of intracellular thiols did not return to the levels seen in the
non-treated control cells in experiments with >50 μM HOSeCN (Fig. 4C).
This suggests that the thiol oxidation induced by HOSeCN is partially
reversible in HCASMC, in contrast to that seen with HOCl (Fig. 2A).

3.4. SeCN− prevents HOCl-induced cell death and cellular thiol oxidation
The effect of SeCN− on HOCl-induced cell damage was examined by
treating HCASMC with HOCl (100 μM) in the absence and presence of
SeCN− (10–200 μM) for 15 min, with and without 24 h re-incubation.
Co-treatment with HOCl and SeCN− resulted in a less extensive loss in
metabolic activity compared to that seen with HOCl alone, with this
being dependent on the SeCN− concentration, and significant above
≥25 μM (Fig. 4A). In contrast, no protection by SeCN− was observed on
pre-incubation of the HCASMC with SeCN− (25–100 μM) for 15 min
prior to washing and addition of HOCl (100 μM) (Fig. S4). ICP-MS ex
periments performed to examine the cellular uptake of SeCN− showed
that only very low intracellular concentrations (<0.2 μM) of SeCN− were
achieved under these conditions (Fig. S5). Therefore, HCASMC were
pre-treated with higher amounts of SeCN− (200 μM) for 24 h in cell
media rather than 15 min, before washing and addition of HOCl
(10–100 μM). However, this treatment had no significant effect on the
loss of metabolic activity observed on addition of HOCl (Fig. S4). These
data suggest that SeCN− reacts directly with HOCl, rather than by
cellular accumulation and upregulation of antioxidant defense systems.
The effect of SeCN− on HOCl-induced thiol oxidation was also
examined in experiments where the HCASMC were treated with HOCl
(100 μM), or co-treated with HOCl and SeCN− (50–200 μM) for 15 min
with and without a subsequent 24 h re-incubation in growth medium.
Addition of SeCN− had no significant effect on the extent of thiol loss

3.5. Role of SeMet in the prevention of HOCl-induced cellular damage
Recent studies have highlighted a potential role for SeMet in
modulating damage induced by MPO-derived oxidants, owing to its
ability to catalytically scavenge HOCl [35]. The toxicity of SeMet was
examined by treating HCASMC with increasing concentrations of SeMet
(25 μM–1 mM) in growth medium for 24 h and assessing the metabolic
activity using the MTS assay. A significant decrease in metabolic activity
was apparent only with 1 mM SeMet (Fig. 5A). The HCASMC were
treated with HOCl (100 μM) in the absence and presence of increasing
concentrations of SeMet (10–200 μM) for 15 min, or 15 min followed by
washing and re-incubation for 24 h in growth media. SeMet
co-treatment resulted in a dose-dependent decrease in the extent of
HOCl-induced cell death determined by the MTS assay, which was sig
nificant in experiments with ≥50 μM SeMet on analysis immediately
after treatment. Similar results were observed on re-incubation of the
cells for 24 h after the initial treatment, although in this case, a signif
icant protective effect against HOCl-induced cell death was apparent
with ≥75 μM SeMet (Fig. 5B).
Experiments were also performed to examine the effect of pretreatment of the HCASMC with SeMet (25–100 μM) for 15 min before
washing, addition of HOCl (100 μM) and further incubation for 15 min.
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Fig. 4. Prevention of HOCl-induced cell death and modulation of thiol
oxidation with SeCN¡ in HCASMC. HCASMC were co-treated with 100 μM
HOCl and increasing concentrations of SeCN− for 15 min. (A) The changes in
metabolic activity by MTS were assessed immediately after exposure (black
bars) and after following 24 h re-incubation in growth media (dashed bars) and
are expressed as a fold change compared to control cells. (B) Total cellular
thiols were measured after HOCl – SeCN− co-treatment (15 min) 0 h (black
bars) and 24 h post-treatment (dashed bars), by ThioGlo1 assay. In (C) data
show the thiol concentration of HCASMC exposed to HOSeCN (1 h) immedi
ately after the treatment (black bars) and after following re-incubation for 24 h
(dashed bars). Thiol data are normalized to the protein concentration and
expressed as a percentage compared to (ct) the controls. Statistical significance
indicated by **p < 0.01, ***p < 0.001 and ****p < 0.0001, #p < 0.05 and
##p < 0.01, by two-way ANOVA with Dunnett’s post hoc testing. * indicate
significance compared to HOCl treatment alone, with # showing significance
comparing no re-incubation with 24 h re-incubation.

Fig. 3. Cell viability of HCASMC after exposure to SeCN¡ and HOSeCN. The
changes in metabolic activity were measured by MTS after treatment of
HCASMC with (A) SeCN− for 24 h in growth media and (B) HOSeCN for 1 h in
HBSS, directly after the treatment (black bars) and after following 24 h reincubation in growth media (dashed bars). In (C) cells were exposed to
HOSeCN for 1 h and were analyzed after washing and 24 h re-incubation in
growth media. The percentages of live (A-/PI-, black bars), necrotic (A-/PI+,
dark grey bars), early apoptotic (A+/PI-, white bars) and late apoptotic/
necrotic (A+/PI+, light grey bars) cells in the remaining population were
assessed using the APC Annexin V/Pi cell death detection kit and flow cytom
etry analysis. Statistical significance compared to the non-treated control
indicated by *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 by oneor two-way ANOVA with Dunnett’s post hoc testing.

This pre-treatment had no significant effect on the extent of HOClinduced loss in metabolic activity (Fig. S6). This may reflect the low
concentration (<0.1 μM) of SeMet detected in the cells by ICP-MS ex
periments (Fig. S5). No protection was detected with a higher concen
tration of SeMet (200 μM) and pre-incubation for 24 h in cell media,
before washing, addition of HOCl (10–100 μM) and further incubation
6
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for 15 min (Fig. S6, grey bars). In this case pre-incubation with SeMet
resulted in a greater loss of metabolic activity on addition of HOCl,
which was significant with 50 μM HOCl when compared to that
observed with HOCl alone (Fig. S6, black bars).
The effect of SeMet on the intracellular thiols in HCASMC was
examined directly after treatment with HOCl, and following 24 h reincubation in growth medium. Co-treatment with HOCl (100 μM) and
SeMet (50–200 μM) resulted in a greater loss of intracellular thiols
compared to that seen in experiments with HOCl alone, when assayed
immediately after oxidant treatment (Fig. 5C, black bars). This may
reflect reaction of SeMet with HOCl to give SeMet selenoxide (SeMetO),
which then reacts with intracellular thiols (therefore resulting in
depletion) during regeneration of SeMet [35]. However, following
re-incubation of the cells for 24 h in growth media, co-treatment with
SeMet prevented the HOCl-induced loss in intracellular thiols (Fig. 5C,
dashed bars).
3.6. Alterations in gene expression with SCN− , SeCN− and SeMet cotreatment with HOCl
Exposure of cells to HOCl can activate pro-inflammatory signaling
cascades, which could play a role in accelerating the development of
chronic inflammatory pathologies [2,47]. Therefore, studies were car
ried out to examine the ability of SCN− , SeCN− and SeMet to modulate
the alterations in pro-inflammatory and phenotypic gene expression
induced by HOCl. In these experiments, HCASMC were exposed to a low
concentration of HOCl (50 μM), so that the majority of the cells
remained viable (Fig. 1), in both the absence and presence of SCN− ,
SeCN− or SeMet (100 μM) for 15 min. The mRNA expression of genes
related to inflammation and SMC phenotype (Table S2), was examined
by qPCR, 24 h post-treatment.
There was considerable variation between individual donors in the
extent and pattern of mRNA expression of pro-inflammatory genes
following HOCl exposure (Fig. 6). However, a significant increase in the
expression of monocyte chemotactic protein 1 (MCP-1), interleukin 6
(IL-6), early growth response protein 1 (Egr-1), and activator protein 1
(AP-1) was seen in experiments with cells from donor 1596 following
treatment with HOCl (Fig. 6A). A significant increase in the mRNA
expression of Egr-1 was also observed with cells from donor 1559,
together with an increase in matrix metalloproteinase 9 (MMP-9)
(Fig. 6B). In contrast, there were no changes in gene expression on
exposure of cells from donor 1522 to HOCl (Fig. S7). The increase in
mRNA expression of MCP-1, IL-6, Egr-1 MMP-9 and AP-1 seen in
HCASMC from donors 1596 and/or 1559 were not observed on cotreatment of the cells with HOCl and SCN− , SeCN− or SeMet (Fig. 6).
Exposure of HCASMC to HOCl (50 μM) had no significant effect on the
mRNA expression of genes associated with SMC phenotype in any of the
cell donors, with the exception of donor 1559, where there was an in
crease in osteopontin (OPN) mRNA expression (Fig. 7). This alteration
was not observed on co-treatment of the cells with HOCl and SCN− ,
SeCN− or SeMet (Fig. 7). There was no change in the expression of any of
the genes examined on exposure of the cells to SCN− , SeCN− and SeMet
alone (100 μM) compared to the non-treated, control cells (Fig. S8).

Fig. 5. Effects of SeMet on HOCl-induced cell death and thiol oxidation in
HCASMC. The changes in metabolic activity were measured by MTS after
treatment of HCASMC with (A) SeMet for 24 h in growth media and (B) 100 μM
HOCl with addition of SeMet immediately after treatment (black bars) and after
24 h re-incubation (dashed bars) with data expressed as a fold change compared
to control cells. (C) Total cellular thiols were measured directly after the
treatment (black bars) and 24 h post-treatment (dashed bars), by ThioGlo1
assay, and are normalized to protein concentration and expressed as a change
compared to (ct) the controls. In (A) statistical significance compared to nontreated cells indicated by *p < 0.05 by one-way ANOVA with Dunnett’s post
hoc testing. In (B) and (C) statistical significance indicated by *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ####p < 0.0001 by two-way ANOVA
with Dunnett’s post hoc testing. * indicate significance compared to HOCl
treatment alone, with # showing significance comparing no re-incubation with
24 h re-incubation.

4. Discussion
It is well established that the MPO-derived oxidant HOCl, and its
downstream reaction products, modify the function of numerous cell
types [47], including VSMCs, with implications for the progression of
inflammatory diseases, particularly atherosclerosis [2,4,47,48]. The
alternative MPO substrate SCN− and selenium-containing compounds
may therefore have potential therapeutic value by either promoting the
formation of less damaging oxidants by MPO (e.g. HOSCN, HOSeCN) or
by acting as direct scavengers of HOCl [35,37,49]. In this study, we
show that SCN− , SeCN− or SeMet, can inhibit HOCl-induced HCASMC
damage. These compounds also influenced the extent and nature of
7
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Fig. 6. Effects of HOCl and co-treatments with SCN¡, SeCN¡ and SeMet on inflammatory gene expression. HCASMC were exposed to 50 μM HOCl (black bars)
with addition of 100 μM SCN− (grey bars) or SeCN− (dashed bars) or SeMet (white bars) for 15 min, before re-incubation in cell media for 24 h. Graphs show the
mRNA expression of a range of inflammatory genes analyzed by qPCR and normalized to the housekeeping genes 18S and B2M. The data for 2 individual donors 1596
(A) and 1559 (B) are shown separately. Results represent the mean ± SD of 3 replicates and are expressed as an increase compared to (ct) the non-treated control. *p
< 0.05, **p < 0.01 and ****p < 0.0001 indicate a significant increase compared to non-treated control, with ##p < 0.01, ###p < 0.001 and ####p < 0.0001
indicating a significance difference compared to HOCl treatment using two-way ANOVA with Dunnett’s multiple comparisons post hoc test.

intracellular thiol oxidation, and expression of inflammatory genes. In
addition, we evaluated the effects of the SeCN− product, HOSeCN, with
HCASMC, and have shown that this is less toxic than HOCl, but has
greater toxicity compared to HOSCN.
Exposure of HCASMC to HOCl resulted in a dose-dependent decrease
of cell viability, which was attenuated by SCN− and SeCN− , at a substoichiometric ratio of anion: HOCl (1 : 4). This protective effect was
only apparent on co-treatment with HOCl, and was not seen when cells
were pre-incubated with these anions prior to oxidant treatment. These
results are consistent with a direct reaction of HOCl with SCN− or
SeCN− , yielding HOSCN or HOSeCN, respectively. The substoichiometric protection afforded by SCN− is attributed to the initial
conversion of HOCl to HOSCN, and subsequent further oxidation by
HOCl to form products such as HO2SCN [18]. It is presumed that similar
reactions occur with SeCN− , forming HOSeCN, and potentially
HO2SeCN with residual HOCl. These reactions have not been studied
previously, and no data are available on the biological reactivity of these
products, although decomposition of HO2SCN is reported to form SO2−
4
and OCN− [18]. These data agree well with other studies indicating that
an excess of SCN− is required to give “clean”, conversion of HOCl to
HOSCN [18], and studies performed with macrophages exposed to HOCl
in the presence of SCN− [23].
Whether SCN− or SeCN− will modulate HOCl concentration in vivo
by direct scavenging or by competing with Cl− as a substrate for MPO is
not certain. It has been postulated that the presence of SCN− in

physiological fluids, such as plasma, will limit the lifetime of HOCl,
owing to the high rate constant for this reaction (k = 2.3 × 107 M− 1 s− 1)
compared to other low molecular mass plasma components [17].
However, these kinetic modelling studies [17] neglect the contribution
of plasma proteins, which are a key target for HOCl [50]. In addition, the
opportunity for the secondary reaction of HOCl with HOSCN or HOSeCN
may be more limited in vivo in the presence of other competing sub
strates. While SCN− is the favoured substrate for MPO compared to Cl−
[15], the specificity of SeCN− for MPO is not known, though this anion is
a substrate for LPO [37].
Co-treatment with HOCl and SCN− prevented the alterations in
cytosolic Ca2+ and the induction of apoptotic cell death seen in HCASMC
exposed to HOCl. Evidence was also obtained for a switch from nonreversible to reversible thiol loss in the presence of SCN− , which sup
ports the conversion of HOCl to HOSCN, particularly at high ratios of
SCN- to HOCl, in the co-treatment experiments. Thus, it is well estab
lished that thiols are key targets for HOSCN, although the reactivity of
this species is lower than that of HOCl [33,51–54], and that reversible
oxidation products, including sulfenic acids, are formed [21,22]. Addi
tion of SCN− also influenced the extent and nature of HOCl-induced GSH
oxidation, with SCN− supplementation resulting in a decreased loss of
GSH, and a smaller change in the GSH:GSSG ratio. A more pronounced
increase in GSH to levels above that seen in the non-treated control cells,
was observed in re-incubation experiments over 24 h with HOCl and
SCN− (both 100 μM). The reason for this is not certain, but could reflect
8
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Fig. 7. Effect of HOCl and HOCl co-treatments
with SCN¡, SeCN¡ and SeMet on phenotypic
gene expression. HCASMC were exposed to 50 μM
HOCl (black bars) with addition of 100 μM SCN(grey bars) or SeCN− (dashed bars) or SeMet (white
bars) for 15 min, before re-incubation in cell media
for 24 h. Graphs show the mRNA expression of a
range of phenotypic genes, analyzed by qPCR and
normalized to the housekeeping genes 18S and B2M.
The data for 2 individual donors 1596 (A) and 1559
(B) are shown separately. Results represent the mean
± SD of 3 replicates and are expressed as an increase
compared to (ct) the non-treated control. ****p <
0.0001 indicates a significant increase compared to
non-treated control, with ####p < 0.0001 indi
cating a significance difference compared to HOCl
treatment using two-way ANOVA with Dunnett’s
multiple comparisons post hoc test.

the activation of pro-survival signaling cascades, such as nuclear factor
erythroid 2–related factor 2 (Nrf2). For example, exposure of macro
phages to HOCl results in an initial decrease in cellular GSH, with a
rebound effect seen 24 h after treatment, with GSH concentrations
increasing above basal levels [55]. The ability of HOSCN to activate Nrf2
has not been widely examined but appears to be cell-type dependent,
with evidence for increased Nrf2-related gene expression detected in
cardiac myoblasts [56], but not macrophages [23], on exposure to
HOSCN.
Sulfur and selenium have somewhat similar physical and chemical
properties but selenium is more easily oxidized [38]. Thus,
selenium-containing compounds are usually more reactive than their
sulfur analogues, as demonstrated by comparing their reactivity with
different MPO-derived oxidants [33,34,53,54]. Co-treatment of
HCASMC with HOCl and SeCN− , had similar protective effects to those
seen with SCN− , with concentrations of SeCN− ≥ 25 μM preventing
HOCl-induced cell death. Analysis of the metabolic activity of cells
directly after oxidant treatment, indicated that the protective effect of
SeCN− was greater than SCN− , particularly at concentrations ≥100 μM.
Addition of SeCN− also attenuated thiol oxidation in HCASMC exposed
to HOCl, but only when examined 24 h post-treatment. This suggests
that HOSeCN is also reactive with thiols, and like HOSCN, can form
reversible oxidation products. This conclusion is supported by the re
sults from experiments where HCASMC were exposed directly to
HOSeCN. Interestingly, the extent of thiol oxidation and the formation
of reversible products was not as great with HOSeCN when compared to

HOSCN (Flouda et al. submitted). This suggests that HOSeCN is a
stronger oxidant than HOSCN, with the ability to form non-reversible
thiol oxidation products and potentially react with other cellular tar
gets. This is supported by the HCASMC viability data (Fig. S9), where the
ability of the oxidants to decrease metabolic activity diminished in the
order HOCl > HOSeCN > HOSCN.
These data are supported by studies comparing the ability of HOSCN
and HOSeCN to kill bacterial cells. Thus, supplementation with SeCN−
has been shown to be more effective in killing bacteria and fungi when
compared to SCN− [37,57,58]. Similarly, SeCN− -containing compounds
have therapeutic applications for cancer treatment and prevention [59].
SeCN− is a bioavailable inorganic form of selenium with low toxicity in
cell and rodent studies, that can also be incorporated into selenoproteins
[60,61]. For HCASMC, SeCN− was more cytotoxic than SeMet, but a
significant loss of cell viability was only seen at high concentrations
(≥250 μM) and at prolonged incubation times (24 h). No protective
effect was observed when the cells were pre-incubated with SeCN− prior
to HOCl addition, although there is evidence that SeCN− can be
metabolized by mammalian cells, and contribute to the intrinsic sele
nium pool to increase the synthesis of selenoproteins [60,62]. The
intracellular concentration of SeCN− was relatively low (<0.05 μM with
200 μM SeCN− ) in HCASMC when analyzed 15 min after exposure to
SeCN− , which may reflect slow uptake by the cells. However, there was
also no evidence for protection following a 24 h pre-treatment, in ex
periments with lower concentrations of HOCl (<100 μM).
Similar negative results were obtained on pre-treatment of the cells
9
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with SeMet. However, protection from HOCl-induced HCASMC death
was observed on co-treatment with SeMet (≥50 μM). This suggests that
like SeCN− , the main pathway of cellular protection is via oxidant
scavenging rather than upregulation of cellular defense systems, in
accord with previous studies with cardiac myoblasts [36]. Reaction of
SeMet with HOCl generates SeMet selenoxide (SeMetO) [33], which can
react with GSH and be recycled by intracellular reducing systems such as
the glutathione reductase and TrxR systems [35,63]. Such reactions
would explain the initial thiol depletion seen on exposure of HCASMC to
HOCl in the presence of SeMet, with these returning to basal levels after
24 h.
Of the three compounds examined, SeMet afforded the lowest level
of protection against loss of viability, with higher concentrations
required to attenuate cell death to the same extent as SCN− and SeCN− .
Which compound is most effective in vivo remains to be established, as
each of the product species (SeMetO, HOSCN and HOSeCN), can
potentially cause cellular toxicity (e.g. via GSH depletion). While the
cellular reactivity of HOSCN has been studied in multiple cells [22,36,
45,47,51,52], data for HOSeCN are limited. No significant toxicity was
observed on exposure of human epithelial cells to a bactericidal flux of
HOSeCN (from an enzymatic LPO/H2O2/SeCN− system [37]), however
the concentration of HOSeCN generated in these experiments was very
low (~5 μM) compared to those examined in the current study, where
apoptotic HCASMC death was observed with >50 μM HOSeCN for 1 h.
In addition to preventing cell death, co-treatment with SCN− , SeCN−
or SeMet attenuated the HOCl-induced upregulation of inflammatory
and phenotypic genes, including MCP-1, IL-6. Egr-1 and AP-1, MMP9
and OPN. Although the changes in gene expression were not consistent
between the different cell donors, a protective effect was apparent on cotreatment in all cases. SCN− , SeCN− or SeMet alone had no significant
effect on gene expression (Fig. S8). Interestingly, cells isolated from a
diseased artery (donor 1596) were more sensitive to altered inflamma
tory gene expression compared to those from non-diseased arteries
(donors 1522 and 1559). This might be relevant in vivo, as it may
potentially enhance immune cell recruitment to lesions. IL-6 has potent
pro-inflammatory effects on a variety of cells including VSMC, and plays
a key role in the inflammatory response responsible for atherosclerosis
[64]. MMPs can enhance the migration, proliferation and survival of
VSMC, and OPN has an active role in the progression of vascular
remodeling and proliferation of VSMC [65,66]. Further experiments
with cells from a wider range of donors are needed to confirm these
observations. As these genes are of relevance to the development of
atherosclerosis, targeting their expression with SCN− , SeCN− and/or
SeMet may be beneficial. The pathways involved have not been exam
ined in detail, but are likely to reflect HOCl scavenging, as a 2-fold molar
excess of SCN− , SeCN− and SeMet was present in these experiments.
These data also suggest that HOSCN and HOSeCN do not have marked
activating effects on inflammatory gene expression under these
conditions.
Supplementation with SeMet, inhibits atherosclerotic plaque for
mation in mice [32] and can decrease the inflammatory response and
endothelial dysfunction during atherosclerosis development [31].
Similar results have been reported for SCN− [26,27]. Whether these
effects are related solely to a reduction in HOCl production remain to be
established. SeMet supplementation was associated with increased GPx
activity, a decreased inflammatory response and altered macrophage
phenotype to favour the wound-healing, M2 population, which is likely
to be independent of HOCl production [32]. Supplementation with
SeCN− has not been examined in the context of atherosclerosis, though
studies show it is well tolerated in rodents and elevates selenoprotein
synthesis, including GPx [60,61].
In summary, these data provide insights as to how supplementation
with SCN− and the selenium-containing compounds SeCN− and SeMet,
may influence HOCl-induced cell damage during the development of
chronic inflammatory pathologies. The data for SCN− supplementation
are consistent with a switch from HOCl to HOSCN-mediated effects, and

the generation of reversible modifications in HCASMC. SeCN− is also
protective, which is attributed to the conversion of HOCl to HOSeCN,
which is less damaging than HOCl, but more reactive than HOSCN, with
this cell type. Under the conditions employed in this study, SCN− and
SeCN− appear to be more effective in preventing cell death than SeMet,
despite the potential for catalytic recycling of the selenoxide generated
from this compound. Whether SeCN− supplementation is of value in vivo
in mitigating chronic inflammation has yet to be established, though
promotion of HOSeCN formation may be beneficial in inflammatory
situations where there is pathogen involvement (e.g. sepsis), in light of
its superior bactericidal properties compared to HOSCN [37,57,58,67].
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