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Abstract: The innate immune response to infection results in inflammation and oxidative damage,
creating a paradox where most anti-inflammatory and antioxidant therapies can further suppress
an already inadequate immune response. We have previously reported the beneficial effects of the
exogenous supplementation of innate immunity with small pseudohalide thiocyanate (−SCN) in a
mouse model of a cystic fibrosis (CF) lung infection and inflammation. The object of this study was
to evaluate the use of −SCN as a counter anion for cationic manganese porphyrin (MnP) catalytic
antioxidants, which could increase the parent compound’s antioxidant spectrum against hypohalous
acids while supplementing innate immunity. The antioxidant activities of the parent compound
were examined, as its chloride salt was compared with the −SCN-anion exchanged compound,
(MnP(SCN) versus MnP(Cl)). We measured the superoxide dismutase activity spectrophotometrically
and performed hydrogen peroxide scavenging using oxygen and hydrogen peroxide electrodes.
Peroxidase activity was measured using an amplex red assay. The inhibition of lipid peroxidation
was assessed using a thiobarbituric acid reactive species (TBARS) assay. The effects of the MnP
compounds on macrophage phagocytosis were assessed by flow cytometry. The abilities of the
MnP(Cl) formulations to protect human bronchiolar epithelial cells against hypochlorite (HOCl) and
glycine chloramine versus their MnP(SCN) formulations were assessed using a cell viability assay.
We found that anions exchanging out the chloride for −SCN improved the cellular bioavailability but
did not adversely affect the cell viability or phagocytosis and that they switched hydrogen-peroxide
scavenging from a dismutation reaction to a peroxidase reaction. In addition, the −SCN formulations
improved the ability of MnPs to protect human bronchiolar epithelial cells against hypochlorous acid
(HOCl) and glycine chloramine toxicity. These novel types of antioxidants may be more beneficial in
treating lung disease that is associated with chronic infections or acute infectious exacerbations.

Keywords: manganese porphyrins; thiocyanate; hypohalous acids; haloperoxidases; antioxidants;
innate immunity

1. Introduction

Diseases associated with recurrent or chronic infections result in tissue damage due to
the prolonged inflammation and oxidative stress initiated by the innate immune system.
Cystic fibrosis (CF) is characterized by chronic recurrent lung infections and progressive
lung destruction, due in part to chronic lung neutrophilia [1]. Lung-recruited neutrophils
release proteolytic enzymes and generate oxidants as part of the innate immune response
to pathogens [2]. Myeloperoxidase (MPO) is stored in neutrophil granules that fuse with
phagosomes to produce hypohalous acids that cause oxidative damage to both pathogens
and the host. Oxidants play some important roles in the phagosome-mediated killing of
pathogens that involve anion channel function [3,4]. The use of antioxidants in CF has
resulted in only modest improvements in clinical outcomes [5–7]. One potential reason
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for this is that antioxidants counteract some of the beneficial effects of the innate immune
system oxidants need to provide an adequate host defense.

Thiocyanate (−SCN) is an endogenous pseudohalide anion that is abundant in bod-
ily fluids and a natural product from plant-based diets [8]. Dietary sources that enrich
−SCN levels are associated with glucoside and glucosinolate-containing plants such as
those found in the Brassicaceae family [9]. –SCN is well-tolerated and only associated
with toxicity at very high plasma levels above 1 mM concentrations [10,11]. −SCN is
utilized by haloperoxidases, including neutrophil myeloperoxidase (MPO) and epithelial
lactoperoxidase (LPO), to generate hypothiocyanous acid (HOSCN), a wide-spectrum
antimicrobial agent [12]. The −SCN/HOSCN redox couple exhibits selective antimicro-
bial toxicity. HOSCN has been shown to be more toxic to some pathogens than the host
because of its ability to be metabolized by the host thioredoxin reductase, but not by the
pathogen thioredoxin reductase [13]. −SCN also can readily react with all hypohalous
acids and their secondary products, forming HOSCN that can be readily deactivated by the
host [14,15]. These properties give −SCN the ability to act as an antioxidant while retaining
host defense properties and could be combined with more traditional antioxidants and
anti-inflammatory agents to enhance treatments for chronic infectious disease.

Manganese (III) meso-porphyrins (MnPs) have been developed as catalytic antioxidants
with the ability to perform one and two electron dismutation reactions with superoxide
and hydrogen peroxide [16]. The cationic class of MnPs have a +5-charge due to the metal
and the four meso-group N-alkyl pyridine or N, N-alkyl imidazole pendants (Figure 1).
These antioxidants decrease oxidative stress and show efficacy in a number of animal
models for human disease [17]. Currently, MnPs have been formulated as their chloride
salts (MnP(Cl)). It was tested whether the replacement of the chloride salt with −SCN
(MnP(SCN)) would affect their known antioxidant activities and improve their ability to
protect lung epithelial cells against hypochlorous acid (HOCl) and glycine chloramine.
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Figure 1. Cationic manganese (III) meso-porphyrin antioxidant structures. Meso-porphyrins were
originally formulated as their respective chloride salts. These original chloride salt formulations were
anion exchanged with thiocyanate (−SCN) to generate their respective −SCN salt formulations.

2. Materials and Methods

Materials and reagents: Frozen rabbit brains were purchased from Pel-Freeze. Cy-
tochrome c from horse heart, xanthine oxidase from bovine milk, thiobarbituric acid,
L-ascorbate, ferrous chloride, glycine, sodium thiocyanate, sodium hypochlorite (10–15%),
1,1,3,3-tetramethoxypropane, cytochalasin D, and dimethyl sulfoxide were purchased from
Sigma–Aldrich. Hydrogen peroxide (30%) and 1-butanol were purchased from Fisher
Chemicals. DMEM and phosphate buffered saline were purchased from Corning Cellgro.
Fetal calf serum was purchased from Hyclone. Amplex red, 3-(4,5-dimethylthiazol-2-yl)-
2,5-dipenyl tetrazolium bromide (MTT), imaging buffer, and Staphylococcus aureus pH
rhodo red bioparticles were purchased from Invitrogen. All reagents used were the highest
reagent grade available and at least >95% purity, unless otherwise stated.

Manganese meso-porphyrins anion exchange: MnPs, their chloride (MnP(Cl)) and
−SCN (MnP(SCN)) salts, were provided as kind gifts by Aeolus Pharmaceuticals. The
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−SCN content in the MnPs was determined by using HPLC with electrochemical detection
(Coularray, ESA) as previously described [18]. The molar ratio of −SCN to MnP was
determined using MnP soret band extinction coefficients.

Superoxide dismutase (SOD) assay: Superoxide was generated by xanthine oxidase
and detected spectrophotometrically (UV-2501PC, Shimadzu) by a reduction of cytochrome
c that was assessed following the change in absorbance at 550 nm in PBS buffer at pH 7.4.
A single unit of SOD activity is defined as the amount of compound needed to decrease the
cytochrome c reduction rate by one half [19].

Hydrogen peroxide assay: Hydrogen peroxide (H2O2) consumption was measured
with an electrode (WPI). The hydrogen peroxide (H2O2) electrode (World Precision Instru-
ments, WPI) was calibrated with a 5-point hydrogen peroxide standard curve. Increasing
concentrations of H2O2 were incubated with 25 µM AEOL10150 as its chloride or -SCN salt
formulation at room temperature in PBS buffer at pH 7.4. H2O2 consumption was measured
over 1 min using a free radical detector (WPI) and digitally recorded (Lab Scribe3).

Oxygen formation assay: Oxygen formation was measured with an oxygen electrode
(WPI). The oxygen probe was calibrated to a room oxygen-saturated buffer solution and
oxygen formation measured in a nitrogen-purged buffer containing 1 mM H2O2 and 50 µM
of AEOL10150 chloride salt formulation in the presence or absence of 1 mM NaSCN.
Oxygen formation was measured over 5 min using a free radical detector (WPI) and
digitally recorded (Lab Scribe 3).

Amplex red peroxidase assay: The assay was performed as described using the
amplex red peroxidase kit microplate format with horseradish peroxidase (1 mU/mL
HRP) as a positive control (Invitrogen). Reactions contained 50 µM amplex red, 1 mM
H2O2, and increasing concentrations of AEOL10150(Cl). The total reaction volume was
100 µL. Reactions were incubated at room temperature in the dark for 10 min and read
on a fluorescence plate reader (Synergy 2, BioTek) with an excitation of 530 nm and an
emission of 590 nm. AEOL10150(Cl) alone at concentrations of up to 5 µM did not alter the
background fluorescence in the assay.

Lipid peroxidation assay: Rabbit brain homogenates (1 mg/mL protein) were treated
with iron and ascorbate for 60 min to generate hydroxyl radial-mediated lipid peroxidation
in the presence of increasing concentrations of MnPs, as previously described [20]. Lipid
peroxides were detected by their reaction with thiobarbituric acid and measured spectropho-
tometrically (SpectraxMax 340PC, Molecular Devices) at 535 nm. Non-linear regression anal-
ysis (Prism 8, GraphPad) was used to determine the 50% inhibitory concentration (IC50).

Mouse macrophage cell line (J774A.1, ATCC TIB-67) was grown in DMEM with
10% fetal calf serum. J774A.1 cells were passed into 24 well plates and treated after reaching
90% confluence.

Phagocytosis Assay: J774A.1 cells were incubated at 37 ◦C for 1 h in a cell image
buffer (Invitrogen) with Staphylococcus aureus bioparticles labeled with pH-sensitive red flu-
oroprobe (1 mg/mL) in the presence or absence of 400 µM NaSCN, 100 µM AEOL10150(Cl),
100 µM AEOL10150(SCN), 100 µM AEOL 10113(Cl), 100 µM AEOL 10113(SCN), 100 µM
AEOL 10158(Cl), 100 µM AEOL 10158(SCN), or 40 µg/mL cytochalasin D treatments.
The cells were scraped and resuspended in fresh cell-imaging buffer for a flow cytometry
analysis (LSR-II, BD Bioscience). The cells were gated on side scatter and PE (red) signals.
Cytochalasin D-treated cells were used to set the negative gate. The total inhibition of
Staphylococcus aureus bioparticle phagocytosis by cytochalasin D treatment was confirmed
with fluorescent microscopy (EVOSfl, AMG). The image-buffer-only group was used to
normalize the data to 100% phagocytosis and the cytochalasin D group as 0% phagocytosis.
Data were analyzed using FlowJo software version 10 (TreeStar).

Human lung bronchial epithelial cell line (16HBE41o-) was grown in DMEM with
10% fetal-calf serum. HBE cells were passed in 24 well plates. The treatment groups
contained 8 well replicates. The cells were treated with oxidant for 0.5 to 1 h in PBS and
washed and replaced with fresh media. Cell viability was assessed 24 h later using a
3-(4,5-dimethylthiazol-2-yl)-2,5-dipenyl tetrazolium bromide (MTT) assay.



Antioxidants 2022, 11, 1252 4 of 14

Manganese porphyrin (MnP) HPLC assay: The cellular levels of MnPs were deter-
mined by HPLC in cellular lysates as previously described with modifications [21]. Briefly,
16HBE41o- cells were grown to confluency in 6 well plates and treated with 100 µM of
MnPs for 24 h. The culture media was removed and cells were washed extensively with
PBS and lysed in 750 µL of PBS by brief sonication. The cellular lysates were split into
two fractions; one fraction was used to determine the cellular lysate protein levels using a
Coomassie protein assay (Thermo Scientific). The other fraction was deproteinated with
perchloric acid (0.1 N) followed by centrifugation at 20,000× g for 12 min. This extraction
resulted in an extraction efficiency of MnPs greater than 90%. MnP concentrations were
determined by HPLC with spectrophotometric detection (Shimadzu). A 25 µL sample or
standard was injected and MnPs were measured at 446 nm with retention times of 2.3 to
4.8 min. MnP concentrations were determined from standard curves that were linear over
the concentrations reported.

HOCl and glycine chloramine cytotoxicity assay: 16HBE41o- cells were treated with
200 µM of glycine chloramine, made as previously described [22], or HOCl, for 30 min in
PBS with increasing concentration of MnPs or 60 min in PBS without increasing concen-
trations of MnPs, respectively. Cells were washed and then placed back in media with or
without MnPs, and cell viability was assessed at 24 h using the MTT assay. The percentage
of protection was determined by normalizing the data to cell viability with and without
oxidant. Data curves were generated using Prism 8 software (GraphPad) for 50% effective
concentration (EC50) determinations and their respective 95% confidence intervals.

MTT cell viability assay: The cytotoxicity of lung epithelial cells was determined
using MTT, as previously described [23]. Briefly, cells were washed with PBS and incubated
in the dark at 37 ◦C with 0.5 mg/mL of MTT for 45 min. The reduced MTT was dissolved
in DMSO and read on a plate reader at 550 nm (Synergy 2, BioTek). The absorbance was
inversely correlated with cell injury.

Statistically analysis: Pair wise data were analyzed for statistical differences using
a two-tailed t-test. Data sets with more than two treatment groups were analyzed for
statistical differences using a one-way ANOVA with a Tukey’s range test for data with
equal variances or a Kruskal–Wallis test with a Dunn’s range test for nonparametric data
sets. Significance was established at p < 0.05 (Prism 9 software, GraphPad).

3. Results

MnPs have been synthesized and screened for antioxidant activity over the last two
decades. Several of the cationic MnPs were found to have high antioxidant activity [24]
(Figure 1). Three of these cationic MnPs (AEOL10150, AEOL10158, and AEOL10113) were
anion exchanged to substitute −SCN for chloride. The anion-exchanged MnPs were assayed
for −SCN incorporation using HPLC with electrochemical detection. The compounds were
found to contain on average 3.5 moles of −SCN per mole of MnP. The MnP AEOL10150, in
the form of its −SCN salt AEOL10150(SCN), was further investigated for any changes in
antioxidant properties compared with its chloride salt analog AEOL10150(Cl).

MnPs are broad-spectrum catalytic antioxidants known to scavenge superoxide and
hydrogen peroxide, as well as to inhibit lipid peroxidation. MnPs have been reported to per-
form 1-electron dismutation reactions with superoxide [25]. The SOD activity of AEOL10150
was measured using a cytochrome c assay. Both salt formulations of AEOL10150 had simi-
lar SOD activities (Figure 2). MnPs also perform 2-electron dismutation reactions similar
to a catalase [26]. The ability of AEOL10150 to scavenge H2O2 was measured using a
H2O2-calibrated electrode, and the first order rate constants were determined for each
salt formulation. Both salt formulations of AEOL10150 had similar rate constants for
scavenging H2O2 (Figure 3).
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Figure 3. Comparison of the hydrogen peroxide consumption of the chloride and thiocyanate
salts of AEOL10150. Samples were incubated with 25 µM of 10150 chloride (-Cl) or thiocyanate
(-SCN) formulations and increasing amounts of H2O2. H2O2 consumption was determined over 1 min
using a H2O2 electrode. First-order rate constants were determined from a linear regression analysis.

Hydrogen peroxide can be scavenged by either a catalase-like reaction or a peroxidase
reaction. The catalase dismutation of H2O2 results in the formation of oxygen and water,
whereas the peroxidase reaction does not generate oxygen and instead generates water and
an oxidized product. −SCN is a known endogenous substrate for haloperoxidases [27]. To
test whether −SCN could serve as a peroxidase substrate for MnP, we assessed changes
in the oxygen formation that were measured with a calibrated oxygen electrode with
1 mM hydrogen peroxide and 50 µM AEOL10150 in the absence or presence of 1 mM
NaSCN (Figure 4). The addition of NaSCN most likely switched the mode of H2O2
consumption from a catalase dismutation reaction to a peroxidase reaction, as evident
from the 75% inhibition of oxygen formation in the presence of 1 mM NaSCN. These
data also suggest that hypothiocyanous acid (HOSCN) was formed in the reaction. The
ability of AEOL10150 to function as a peroxidase was further assessed using an amplex
red peroxidase assay. AEOL10150(Cl) exhibited dose-dependent peroxidase activity when
compared to horseradish peroxidase (HRP) (Figure 5A). NaSCN was able to compete with
amplex red as a peroxidase substrate, as evidenced by its ability to inhibit this reaction in a
dose-dependent manner (Figure 5B).

The ability of AEOL10150 salt formulations to inhibit lipid peroxidation was deter-
mined using the iron/ascorbate-mediated lipid peroxidation of rabbit brain homogenates.
The degree of lipid peroxidation was measured using a thiobarbituric acid (TBA) assay
and the concentration of AEOL10150 salt formulations was determined that inhibited TBA
formation by 50% (IC50). Both salt formulations of AEOL10150 had similar IC50s for the
inhibition of lipid peroxidation (Figure 6).
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(A) Peroxidase reactions contained amplex red (50 µM) and 1 mM hydrogen peroxide (control), and
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of inhibition was calculated from the reactions without NaSCN. Different letters indicate a significant
difference between treatment groups; p < 0.05.
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Figure 6. Comparison of the lipid peroxidation inhibition activity levels of chloride (−Cl) and
thiocyanate (−SCN) formulations of AEOL10150. The lipid peroxidation of rat brain homogenates
was initiated by iron/ascorbate and the lipid peroxides were measured by a thiobarbituric acid
reactive species (TBAR) assay. The 50% inhibitory concentrations (IC50) were determined by non-
linear regression.
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We next compared the cellular uptake of the MnPs as a function of their chloride
or SCN formulation. Human bronchial epithelial cells (16HBE) were incubated with
100 µM of MnPs for 24 h. Cells were extensively washed, and lysates were made to
determine the cellular levels of MnPs by HPLC (Figure 7). The MnPs in their chloride
salt formulations had cellular levels that ranged from 0.37 to 1.13 nmol/mg cellular pro-
tein with AEOL10158 > AEOL10113 > AEOL10150. The MnPs in their SCN salt formula-
tions had cellular levels that ranged from 0.76 to 1.42 nmol/mg cellular protein with
AEOL10158 > AEOL10113 > AEOL10150. Changing the MnP formulation from chloride to
SCN uniformly increased the cellular bioavailability by 49–79% (Figure 8).
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Figure 7. Cellular uptake of manganese porphyrin (MnP) formulations. Human bronchial epithe-
lial cells (16HBE41o-) were treated for 24 h with either the MnP(Cl) or MnP(SCN) formulation and
intracellular MnP concentrations were determined by HPLC. MnP(SCN) formulations had higher
intracellular levels than did MnP(Cl) formulations; **** p < 0.001.
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Figure 8. Manganese porphyrin formulations are well tolerated by human airway epithelial
cells. Human bronchial epithelial cells (16HBE41o-) were treated with 100 µM of manganese
meso-porphyrins (MnPs) in their chloride (Cl, solid bars) or thiocyanate (SCN, hatched bars) formula-
tions for 24 h, and cell viability was assessed using the MTT assay. No significant differences were
observed between the treatment groups and the control.

The finding that MnPs may exhibit peroxidase activity with the generation of HOSCN
suggests the MnP(SCN) formulations could impact cell viability [28]. The MnP(Cl) formu-
lations are well tolerated by lung epithelial cells up to 100 µM for 24 h. Given that the SCN
formulations had higher bioavailability, we assessed cellular viability among the different
formulations. Human lung bronchial epithelial cells (16HBE) were incubated for 24 h with
100 µM of each salt formulation of AEOL10150, AEOL10158, and AEOL10113. Epithelial
cell cytotoxicity was assessed using a MTT cell viability assay. Both salt formulations for
MnPs were equally well tolerated by the 16HBE cells (Figure 9).
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Figure 9. Meso-porphyrin formulation does not interfere with phagocytosis. Mouse macrophage
cells (J774A.1) were treated for 1 h with either 400 µM thiocyanate (SCN) or 100 µM of manganese
meso-porphyrins (MnP) in either their chloride (Cl, solid bars) or thiocyanate (SCN, hatched bars)
formulations in a cell-imaging buffer containing Staphylococcus aureus bioparticles labeled with pH-
sensitive red fluoroprobe. The fluorescence intensity was normalized to the fluoroprobe in an imaging
buffer as 100%, and the cells were treated with 40 µg/ml of cytochalasin D to inhibit the phagocytosis
of the fluoroprobe as 0%. (A) Representative micrograph of 100% phagocytosis, and (B) representative
micrograph of 0% phagocytosis; magnification bar is 400 µm. (C) A flow cytometry histogram was
used to quantitate phagocytosis based on the control and cytochalasin D (40 µg/ml) positive staining
cells. (D) Cells were gated on side scatter and PE (red) signals. Different letters indicate a significant
difference between treatment groups; p < 0.05.
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We next examined whether the MnPs in their different salt formulations interfered
with innate immunity. A key process of the innate immune system is the ability of the
leukocytes to phagocytose pathogens. The MnPs in the form of their −SCN and chloride
salts were investigated for any changes in the ability of murine macrophages (J774A.1 cells)
to perform phagocytosis on Staphylococcus aureus (SA) bioparticles. The SA bioparticles
used exhibited maximum fluorescence upon acidification within the phagolysosome [29].
Flow cytometry was used to quantitate the extent of SA bioparticle phagocytosis. Cytocha-
lasin D was used as a negative control to inhibit SA bioparticle phagocytosis and to set the
negative flow cytometry gate (A and B). The inhibition of SA bioparticle phagocytosis by cy-
tochalasin D was verified by fluorescence microscopy (Figure 9C). Only the AEOL10158(Cl)
formulation had a slightly lower level of SA bioparticle phagocytosis compared to the
control (Figure 9D).

The innate immune system generates antimicrobial oxidants using haloperoxidases
that are activated in phagolysomes or released extracellularly. A common oxidant gener-
ated by myeloperoxidase is hypochlorous acid (HOCl) and subsequently, chloramines as
reaction by-products from the HOCl reaction with amino groups. The MnP chloride and
-SCN salt formulations were tested for their ability to protect human bronchial epithelial
cells against HOCl and glycine chloramine-mediated cytotoxicity. NaSCN has been previ-
ously shown to protect against these oxidants. However, MnPs have not been examined
in this system before. NaSCN was first tested in this cell cytotoxicity assay against HOCl
and glycine chloramine-mediated injury. NaSCN protected human bronchial epithelial
cells against both HOCl and glycine chloramine-mediated injury (Figure 10). NaSCN was
slightly more effective against HOCl-mediated injury, with an IC50 of 17.7 µM (95% CI
14–23 µM), than against glycine chloramine-mediated injury, with an IC50 of 33 µM (95% CI
31–36 µM). Next, the MnP(Cl) and MnP(SCN) formulations were compared for efficacy in
this HOCl and glycine chloramine cytotoxicity assay. The MnP(SCN) formulations were in
general more potent in protecting against both HOCl and glycine chloramine-mediated cell
injury than their respective MnP(Cl) analogs (Figure 11). MnPs in their chloride formulations
had protective IC50s that ranged from 6 to 23 µM for HOCl-mediated injury with a potency
ranking of AEOL10158(Cl) > AEOL10150(Cl) > AEOL10113(Cl). MnPs as their −SCN salts had
protective IC50s that ranged from 1 to 4 µM for HOCl-mediated injury with a potency ranking
of AEOL10158(SCN) > AEOL10113(SCN) > AEOL10150(SCN). MnPs as their chloride salts
had variable protective IC50s that ranged from 16 to 500 µM for glycine chloramine-mediated
injury with a potency ranking of AEOL10158(Cl) >>> AEOL10113(Cl) > AEOL10150(Cl).
MnPs as their −SCN salts were much more protective, with IC50s that ranged from
4 to 9 µM for glycine chloramine-mediated injury with a potency ranking of
AEOL10150(SCN) > AEOL10113(SCN) > AEOL10158(SCN).
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Figure 10. Thiocyanate (SCN) protects human bronchial epithelial cells from hypochorous
acid (HOCl) and glycine chloramine (glyNCl)-induced injury. Human bronchial epithelial cells
(16HBE41o-) were treated for 30 min with either glycine chloramine (200 µM, GlyNCl) or with
HOCl (200 µM) for 60 min in PBS, then placed back in media. Cell viability was assessed 24 h later
using a MTT assay. The 50% protective -SCN concentrations (EC50) were determined by non-linear
regression. SCN had an EC50 of 18 and 33 µM for HOCl and GlyNCl, respectively.
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Figure 11. Manganese meso-porphyrins protect airway epithelium from hypochlorite (HOCl) and
glycine chloramine (GlyNHCl)-induced injury, and thiocyanate increases their potency. Human
bronchial epithelial cells (16HBE41o-) were treated for 30 or 60 min of either glycine chloramine
(D–F) or HOCl (A–C) in PBS, then placed back in media containing manganese meso-porphyrins
(MnPs), and cell viability was assessed 24 h later using the MTT assay. The 50% protective MnP
concentrations (EC50) were determined by non-linear regression.

4. Discussion

The goal of this study was to combine the pseudohalide −SCN, which can be utilized
by the innate immune system, to generate an antimicrobial and potentially cell-signaling
oxidant with an antioxidant. We demonstrate that the incorporation of −SCN as a phar-
macologic salt with cationic MnP antioxidants does not adversely affect the level of safety
while switching the H2O2 scavenging mechanism from a dismutation reaction to a peroxi-
dase reaction, thus mimicking the host’s haloperoxidases. In addition, the −SCN salts of
MnPs increased the level of protective capability against oxidants generated by the innate
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immune system that can damage the host and promote tissue inflammation both in vitro
and in vivo. Although −SCN can be protective against oxidants generated by the innate
immune system, such as HOCl and chloramines, −SCN lacks antioxidant activity against
superoxide and H2O2 and their downstream oxidants, such as lipid peroxides. MnPs in
terms of their chloride and −SCN salts retain their ability to effectively scavenge super-
oxide and hydrogen peroxide, as well as to inhibit lipid peroxidation. It was interesting
to note that the MnP mechanism for H2O2 scavenging switched in the presence of −SCN
from a catalase dismutation reaction to a peroxidase reaction. The peroxidase reaction
would be more prominent in vivo, given that the catalase reaction operates better at high
concentrations of H2O2. Endogenous −SCN concentration in bodily fluids ranges from
5 to 3000 µM [12], whereas endogenous H2O2 concentration is generally in the 10–100 nM
levels. The peroxidase activity of MnPs in the presence of exogenous or endogenous -SCN
may support innate immune defense against pathogens by converting H2O2 to HOSCN.
The reaction of MnPs with H2O2 has been shown to form relatively stable dioxomanganese
(V) porphyrin complexes similar to haloperoxidases [30]. These observations suggest that
MnPs may act as pseudo haloperoxidases generating HOSCN in the presence of −SCN
and H2O2. Given these findings, it was also interesting that the MnP(SCN) formulations
were as equally well tolerated by lung epithelial cells as the MnP(Cl) formulations. MnPs
have been reported to possess some antimicrobial activities [31], and this may be due to
their ability to act as haloperoxidases that generate HOSCN during infection. MnP(SCN)
formulations have improved our ability to protect lung epithelial cells from HOCl and
chloramine-mediated injury. The improved ability is likely due to the −SCN present as the
counter anion. The −SCN salt formulation improved MnP cellular bioavailability, which
may also contribute to improving the efficacy of antioxidants. It is known that when
NaSCN reacts with hypochlorous acid or chloramine, the product of this reaction generates
hypothiocyanous acid [15] that is better tolerated by the host than by the pathogen [13].
This reaction provides an antimicrobial agent and potential cell-signaling oxidant [32] that
may augment some of the beneficial effects of oxidants during host defense.

MnPs are effective catalytic antioxidants that efficiently scavenge superoxide and
H2O2 and are efficacious in a wide variety of in vitro and in vivo models for oxidative
stress [16]. However, little is known about their ability to scavenge hypohalous acids and
their secondary oxidants, the haloamines. Our study showed that MnP(Cl) formulations
could protect lung epithelial cells against HOCl but were much less effective in protecting
against chloramines. One exception was the AEOL10158 compound, which was better
at protecting lung epithelial cells against chloramines in both its chloride and −SCN
formulations. Some of this improved activity could be due to its cellular bioavailability,
since it is better at accumulating in epithelial cells than the other two MnPs. Longer
alkyl substitutions on the porphyrin pendants of AEOL10158 may be able to account for
the improvement in cellular bioavailability. We observed that all the porphyrins tested
showed that their −SCN salt formulations had lower water solubility than their chloride salt
formulations. This may be due to the lower dissociation of −SCN anion from the cationic
porphyrins than the chloride anion, thus making the −SCN formulations more hydrophobic
with better bioavailability. The increased solubility of the −SCN formulations did not
appear to account for all the enhanced potency of the MnPs, given that AEOL10150SCN
was the most potent against glycine chloramine but the least affected by a change in cellular
bioavailability. However, all three MnP(SCN)s were more effective at protecting lung
epithelial cells against both hypochlorous acid and glycine chloramine than their respective
chloride salts. This is likely due to −SCN’s unique ability to act as a cloaked oxidant in the
presence of hypohalous acids (−SCN/HOSCN) [12].

One of the features of the −SCN/HOSCN system is the selective metabolism of
HOSCN by the host thioredoxin reductase but not the pathogen thioredoxin reductase [13].
Another feature of HOSCN is that it is a relative selective oxidant that prefers a reaction
with low pKa thiols [33]. This may impact the critical targets within pathogens that
produce their known biocide effects as well as provide redox modulatory targets within
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the host. A potential target in the pathogen is its thioredoxin reductase which is inhibited
by HOSCN [13]. Thioredoxin reductase is a critical enzyme that is needed for reducing
the thioredoxin required for the ribonucteotide reductase that converts RNA to DNA [34].
HOSCN is known to form transient disulfide linkages with protein cysteine residues that
readily hydrolyze to form sulfenic acids or disulfides [33,35]. This is a similar mechanism
to that proposed for the H2O2-mediated cell-signaling mechanism [36,37]. In fact, it has
been reported that HOSCN-treated macrophages increase the expression of cell-adhesion
molecules and cytokines [32].

5. Conclusions

The use of antioxidants to treat infectious diseases associated with chronic inflamma-
tion has been disappointing, given the abundant evidence for the role of oxidative stress in
these diseases [38]. For instance, both N-acetyl cysteine and glutathione have been used
to treat cystic fibrosis patients with only modest changes in the clinical outcomes [5–7].
One of the potential limitations of using antioxidants therapeutically is the loss of the
positive effect of oxidants in cell signaling and host defense. One potential approach for
overcoming this limitation is to combine components of the innate immune systems with
antioxidants that may reduce harm to the host while maintaining some defense against
pathogens. The use of −SCN as a pharmaceutical salt with MnPs may restore some of the
beneficial effects that are removed during antioxidant treatments. This could only be possi-
ble if the HOSCN formed were less damaging than the other hypohalous acids. This has
been demonstrated in vitro and in animal models, where inhaled or oral administration of
NaSCN had positive outcomes in lung infections [18,39], ischemia-reperfusion injury [40],
and atherosclerosis [41]. It will be interesting to see whether the positive effects of pairing
up antioxidants with −SCN in vitro hold up in more complex animal models and improve
the outcomes of antioxidants in models of infectious disease and human diseases associated
with chronic infections or infectious exacerbations, such as those seen in cystic fibrosis and
chronic obstructive pulmonary disease.

Author Contributions: Conceptualization, B.J.D. and C.S.; methodology, B.J.D., E.M., J.H. and C.S.;
formal analysis, B.J.D., E.M. and J.H.; resources, B.J.D. and C.S.; writing—original draft preparation,
B.J.D., E.M., J.H. and C.S.; writing—review and editing, B.J.D., E.M., J.H. and C.S.; funding acquisition,
B.J.D. and C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Cystic Fibrosis Foundation grant DAY18GO and the
National Institutes of Health RO1 grant HL141146.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We thank Aeolus Pharmaceuticals for the kind gift of the manganese (III) meso-
porphyrins used in these studies.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Rowe, S.M.; Miller, S.; Sorscher, E.J. Cystic Fibrosis. N. Engl. J. Med. 2005, 352, 1992–2001. [CrossRef] [PubMed]
2. Pohl, K.; Hayes, E.; Keenan, J.; Henry, M.; Meleady, P.; Molloy, K.; Jundi, B.; Bergin, D.A.; McCarthy, C.; McElvaney, O.J.; et al. A

Neutrophil Intrinsic Impairment Affecting Rab27a and Degranulation in Cystic Fibrosis Is Corrected by Cftr Potentiator Therapy.
Blood 2014, 124, 999–1009. [CrossRef] [PubMed]

3. Painter, G.R.; Valentine, V.G.; Lanson, N.A., Jr.; Leidal, K.; Zhang, Q.; Lombard, G.; Thompson, C.; Viswanathan, A.; Nauseef,
W.M.; Wang, G.; et al. Cftr Expression in Human Neutrophils and the Phagolysosomal Chlorination Defect in Cystic Fibrosis.
Biochemistry 2006, 45, 10260–10269. [CrossRef]

http://doi.org/10.1056/NEJMra043184
http://www.ncbi.nlm.nih.gov/pubmed/15888700
http://doi.org/10.1182/blood-2014-02-555268
http://www.ncbi.nlm.nih.gov/pubmed/24934256
http://doi.org/10.1021/bi060490t


Antioxidants 2022, 11, 1252 13 of 14

4. Winterbourn, C.C.; Kettle, A.J.; Hampton, M.B. Reactive Oxygen Species and Neutrophil Function. Annu. Rev. Biochem. 2016,
85, 765–792. [CrossRef]

5. Sagel, S.D.; Khan, U.; Jain, R.; Graff, G.; Daines, C.L.; Dunitz, J.M.; Borowitz, D.; Orenstein, D.M.; Abdulhamid, I.; Noe, J.; et al.
Effects of an Antioxidant-Enriched Multivitamin in Cystic Fibrosis. A Randomized, Controlled, Multicenter Clinical Trial. Am. J.
Respir. Crit. Care Med. 2018, 198, 639–647. [CrossRef]

6. Skov, M.; Pressler, T.; Lykkesfeldt, J.; Poulsen, H.E.; Jensen, P.Ø.; Johansen, H.K.; Qvist, T.; Kraemer, D.; Hoiby, N.; Ciofu, O. The
Effect of Short-Term, High-Dose Oral N-Acetylcysteine Treatment on Oxidative Stress Markers in Cystic Fibrosis Patients with
Chronic, P. Aeruginosa Infection—A Pilot Study. J. Cyst. Fibros. 2015, 14, 211–218. [CrossRef] [PubMed]

7. Tam, J.; Nash, E.F.; Ratjen, F.; Tullis, E.; Stephenson, A. Nebulized and Oral Thiol Derivatives for Pulmonary Disease in Cystic
Fibrosis. Cochrane Database Syst. Rev. 2013, 7, CD007168. [CrossRef]

8. Chandler, J.D.; Day, B.J. Biochemical Mechanisms and Therapeutic Potential of Pseudohalide Thiocyanate in Human Health. Free
Radic. Res. 2015, 49, 695–710. [CrossRef]

9. Han, H.; Kwon, H. Estimated Dietary Intake of Thiocyanate from Brassicaceae Family in Korean Diet. J. Toxicol. Environ. Health A
2009, 72, 1380–1387. [CrossRef] [PubMed]

10. Estes, J.E.; Keith, N.M. Hypothyroidism and Mild Myxedema from Thiocyanate Intoxication. Am. J. Med. 1946, 1, 45–52.
[CrossRef]

11. Barnett, H.J.; Jackson, M.V.; Spaulding, W.B. Thiocyanate Psychosis. J. Am. Med. Assoc. 1951, 147, 1554–1558. [CrossRef] [PubMed]
12. Day, B.J. The Science of Licking Your Wounds: Function of Oxidants in the Innate Immune System. Biochem. Pharm. 2019,

163, 451–457. [CrossRef] [PubMed]
13. Chandler, J.D.; Nichols, D.P.; Nick, J.A.; Hondal, R.J.; Day, B.J. Selective Metabolism of Hypothiocyanous Acid by Mammalian

Thioredoxin Reductase Promotes Lung Innate Immunity and Antioxidant Defense. J. Biol. Chem. 2013, 288, 18421–18428.
[CrossRef]

14. Kettle, A.J.; Winterbourn, C.C. Myeloperoxidase: A Key Regulator of Neutrophil Oxidant Production. Redox. Rep. 1997, 3, 3–15.
[CrossRef] [PubMed]

15. Ashby, M.T.; Carlson, A.C.; Scott, M.J. Redox Buffering of Hypochlorous Acid by Thiocyanate in Physiologic Fluids. J. Am. Chem.
Soc. 2004, 126, 15976–15977. [CrossRef] [PubMed]

16. Day, B.J. Catalytic Antioxidants: A Radical Approach to New Therapeutics. Drug. Discov. Today 2004, 9, 557–566. [CrossRef]
17. Patel, M.; Day, B.J. Metalloporphyrin Class of Therapeutic Catalytic Antioxidants. Trends Pharm. Sci. 1999, 20, 359–364. [CrossRef]
18. Chandler, J.D.; Min, E.; Huang, J.; Nichols, D.P.; Day, B.J. Nebulized Thiocyanate Improves Lung Infection Outcomes in Mice. Br.

J. Pharmacol. 2013, 169, 1166–1177. [CrossRef]
19. McCord, J.M.; Fridovich, I. Superoxide Dismutase. An Enzymic Function for Erythrocuprein (Hemocuprein). J. Biol. Chem. 1969,

244, 6049–6055. [CrossRef]
20. Day, B.J.; Batinic-Haberle, I.; Crapo, J.D. Metalloporphyrins Are Potent Inhibitors of Lipid Peroxidation. Free Radic. Biol. Med.

1999, 26, 730–736. [CrossRef]
21. Rabbani, Z.N.; Batinic-Haberle, I.; Anscher, M.C.; Huang, J.; Day, B.J.; Alexander, E.; Dewhirst, M.W.; Vujaskovic, Z. Long-

Term Administration of a Small Molecular Weight Catalytic Metalloporphyrin Antioxidant, Aeol 10150, Protects Lungs from
Radiation-Induced Injury. Int. J. Radiat. Oncol. Biol. Phys. 2007, 67, 573–580. [CrossRef] [PubMed]

22. Peskin, A.V.; Winterbourn, C.C. Kinetics of the Reactions of Hypochlorous Acid and Amino Acid Chloramines with Thiols,
Methionine, and Ascorbate. Free Radic. Biol. Med. 2001, 30, 572–579. [CrossRef]

23. Tewari-Singh, N.; Inturi, S.; Jain, A.K.; Agarwal, C.; Orlicky, D.J.; White, C.W.; Agarwal, R.; Day, B.J. Catalytic Antioxidant Aeol
10150 Treatment Ameliorates Sulfur Mustard Analog 2-Chloroethyl Ethyl Sulfide-Associated Cutaneous Toxic Effects. Free Radic.
Biol. Med. 2014, 72, 285–295. [CrossRef] [PubMed]

24. Kachadourian, R.; Johnson, C.A.; Min, E.; Spasojevic, I.; Day, B.J. Flavin-Dependent Antioxidant Properties of a New Series of
Meso-N,N′-Dialkyl-Imidazolium Substituted Manganese(Iii) Porphyrins. Biochem. Pharm. 2004, 67, 77–85. [CrossRef]

25. Faulkner, K.M.; Liochev, S.I.; Fridovich, I. Stable Mn(Iii) Porphyrins Mimic Superoxide Dismutase in Vitro and Substitute for It in
Vivo. J. Biol. Chem. 1994, 269, 23471–23476. [CrossRef]

26. Day, B.J.; Fridovich, I.; Crapo, J.D. Manganic Porphyrins Possess Catalase Activity and Protect Endothelial Cells against Hydrogen
Peroxide-Mediated Injury. Arch. Biochem. Biophys. 1997, 347, 256–262. [CrossRef]

27. Furtmuller, P.G.; Zederbauer, M.; Jantschko, W.; Helm, J.; Bogner, M.; Jakopitsch, C.; Obinger, C. Active Site Structure and
Catalytic Mechanisms of Human Peroxidases. Arch. Biochem. Biophys. 2006, 445, 199–213. [CrossRef]

28. Barrett, T.J.; Hawkins, C.L. Hypothiocyanous Acid: Benign or Deadly? Chem. Res. Toxicol. 2012, 25, 263–273. [CrossRef]
29. Denny, M.F.; Yalavarthi, S.; Zhao, W.; Thacker, S.G.; Anderson, M.; Sandy, A.R.; McCune, W.J.; Kaplan, M.J. A Distinct Subset

of Proinflammatory Neutrophils Isolated from Patients with Systemic Lupus Erythematosus Induces Vascular Damage and
Synthesizes Type I Ifns. J. Immunol. 2010, 184, 3284–3297. [CrossRef]

30. Jin, N.; Lahaye, D.E.; Groves, J.T. A Push–Pull Mechanism for Heterolytic O-O Bond Cleavage in Hydroperoxo Manganese
Porphyrins. Inorg. Chem. 2010, 49, 11516–11524. [CrossRef]

31. Oberley-Deegan, R.E.; Rebits, B.W.; Weaver, M.R.; Tollefson, A.K.; Bai, X.; McGibney, M.; Ovrutsky, A.R.; Chan, E.D.; Crapo, J.D.
An Oxidative Environment Promotes Growth of Mycobacterium Abscessus. Free Radic. Biol. Med. 2010, 49, 1666–1673. [CrossRef]
[PubMed]

http://doi.org/10.1146/annurev-biochem-060815-014442
http://doi.org/10.1164/rccm.201801-0105OC
http://doi.org/10.1016/j.jcf.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25458464
http://doi.org/10.1002/14651858.CD007168.pub3
http://doi.org/10.3109/10715762.2014.1003372
http://doi.org/10.1080/15287390903212709
http://www.ncbi.nlm.nih.gov/pubmed/20077209
http://doi.org/10.1016/0002-9343(46)90023-X
http://doi.org/10.1001/jama.1951.73670330001012
http://www.ncbi.nlm.nih.gov/pubmed/14873725
http://doi.org/10.1016/j.bcp.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30876918
http://doi.org/10.1074/jbc.M113.468090
http://doi.org/10.1080/13510002.1997.11747085
http://www.ncbi.nlm.nih.gov/pubmed/27414766
http://doi.org/10.1021/ja0438361
http://www.ncbi.nlm.nih.gov/pubmed/15584727
http://doi.org/10.1016/S1359-6446(04)03139-3
http://doi.org/10.1016/S0165-6147(99)01336-X
http://doi.org/10.1111/bph.12206
http://doi.org/10.1016/S0021-9258(18)63504-5
http://doi.org/10.1016/S0891-5849(98)00261-5
http://doi.org/10.1016/j.ijrobp.2006.09.053
http://www.ncbi.nlm.nih.gov/pubmed/17236973
http://doi.org/10.1016/S0891-5849(00)00506-2
http://doi.org/10.1016/j.freeradbiomed.2014.04.022
http://www.ncbi.nlm.nih.gov/pubmed/24815113
http://doi.org/10.1016/j.bcp.2003.08.036
http://doi.org/10.1016/S0021-9258(17)31540-5
http://doi.org/10.1006/abbi.1997.0341
http://doi.org/10.1016/j.abb.2005.09.017
http://doi.org/10.1021/tx200219s
http://doi.org/10.4049/jimmunol.0902199
http://doi.org/10.1021/ic1015274
http://doi.org/10.1016/j.freeradbiomed.2010.08.026
http://www.ncbi.nlm.nih.gov/pubmed/20807564


Antioxidants 2022, 11, 1252 14 of 14

32. Pan, G.J.; Rayner, B.S.; Zhang, Y.; van Reyk, D.M.; Hawkins, C.L. A Pivotal Role for Nf-Kappab in the Macrophage Inflammatory
Response to the Myeloperoxidase Oxidant Hypothiocyanous Acid. Arch. Biochem. Biophys. 2018, 642, 23–30. [CrossRef] [PubMed]

33. Barrett, T.J.; Pattison, D.I.; Leonard, S.E.; Carroll, K.S.; Davies, M.J.; Hawkins, C.L. Inactivation of Thiol-Dependent Enzymes by
Hypothiocyanous Acid: Role of Sulfenyl Thiocyanate and Sulfenic Acid Intermediates. Free Radic. Biol. Med. 2012, 52, 1075–1085.
[CrossRef] [PubMed]

34. Holmgren, A. Regulation of Ribonucleotide Reductase. Curr. Top. Cell Regul. 1981, 19, 47–76. [PubMed]
35. Ashby, M.T.; Aneetha, H. Reactive Sulfur Species: Aqueous Chemistry of Sulfenyl Thiocyanates. J. Am. Chem. Soc. 2004,

126, 10216–10217. [CrossRef]
36. Forman, H.J.; Ursini, F.; Maiorino, M. An Overview of Mechanisms of Redox Signaling. J. Mol. Cell Cardiol. 2014, 73, 2–9.

[CrossRef]
37. Sies, H.; Jones, D.P. Reactive Oxygen Species (Ros) as Pleiotropic Physiological Signalling Agents. Nat. Rev. Mol. Cell Biol. 2020,

21, 363–383. [CrossRef]
38. Day, B.J. Antioxidant Therapeutics: Pandora’s Box. Free Radic. Biol. Med. 2014, 66, 58–64. [CrossRef]
39. Chandler, J.D.; Min, E.; Huang, J.; McElroy, C.S.; Dickerhof, N.; Mocatta, T.; Fletcher, A.A.; Evans, C.M.; Liang, L.; Patel, M.; et al.

Antiinflammatory and Antimicrobial Effects of Thiocyanate in a Cystic Fibrosis Mouse Model. Am. J. Respir. Cell Mol. Biol. 2015,
53, 193–205. [CrossRef]

40. Hall, L.; Guo, C.; Tandy, S.; Broadhouse, K.; Dona, A.C.; Malle, E.; Bartels, E.D.; Christoffersen, C.; Grieve, S.M.; Figtree, G.; et al.
Oral Pre-Treatment with Thiocyanate (Scn(-)) Protects against Myocardial Ischaemia-Reperfusion Injury in Rats. Sci. Rep. 2021,
11, 12712. [CrossRef]

41. Morgan, P.E.; Laura, R.P.; Maki, R.A.; Reynolds, W.F.; Davies, M.J. Thiocyanate Supplementation Decreases Atherosclerotic
Plaque in Mice Expressing Human Myeloperoxidase. Free Radic. Res. 2015, 49, 743–749. [CrossRef] [PubMed]

http://doi.org/10.1016/j.abb.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29410057
http://doi.org/10.1016/j.freeradbiomed.2011.12.024
http://www.ncbi.nlm.nih.gov/pubmed/22248862
http://www.ncbi.nlm.nih.gov/pubmed/7037315
http://doi.org/10.1021/ja048585a
http://doi.org/10.1016/j.yjmcc.2014.01.018
http://doi.org/10.1038/s41580-020-0230-3
http://doi.org/10.1016/j.freeradbiomed.2013.05.047
http://doi.org/10.1165/rcmb.2014-0208OC
http://doi.org/10.1038/s41598-021-92142-x
http://doi.org/10.3109/10715762.2015.1019347
http://www.ncbi.nlm.nih.gov/pubmed/25812586

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

