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SUMMARY

1. Comparison of Quantification of Cyanide, Thiocyanate, and Selenocyanate by
HPLC-Fluorescence Detector with post-column Konig reaction and Thiocyanate and
Selenocyanate by HPLC-inductively coupled plasma mass spectrometer.

Although it is well known that cyanide (CN) is highly toxic to living mammalian
cells, it has been currently suspected to be endogenously generated in mammalian cells.
Selenocyanate (SeCN) is a newly discovered selenium metabolite in various mammalian
cells, and it is presumably related to amelioration of selenite toxicity by endogenous CN.
Recently, it was reported that the detection of CN, SeCN and thiocyanate (SCN) was
simultaneously performed by HPLC-fluorescence detector (FLD) with the post-column
Konig reaction. Besides, SeCN and SCN are also detectable by the HPLC-inductively
coupled plasma mass spectrometer (HPLC-ICP-MS) due to the detections of selenium and
sulfur, respectively. ICP-MS is known that it is a highly sensitive technique for the
detections of selenium and sulfur, and robustness against sample matrices. In this chapter,
HPLC-FLD with the post-column Kd&nig reaction and HPLC-ICP-MS were compared in
terms of the sensitivity and the linearity of SCN and SeCN detection. Moreover, CN ion
was also evaluated the parameters of determination using HPLC-FLD with the post-column
Konig reaction.

As previously reported, SCN and SeCN were able to be detected by HPLC-ICP-
MS and HPLC-FLD. The linearity of calibration curves was verified by calculated R’
values of more than 0.990. The limit of detection (LOD) for SCN indicated that HPLC-
FLD with the post-column Konig reaction showed 354 times more sensitive than HPLC-
ICP-MS. Likewise, the LOD for SeCN indicated that HPLC-FLD showed 51 times more
sensitive than HPLC-ICP-MS. HPLC-FLD with the post-column Konig reaction also
provided the LOD for CN at 9.37 nM. In addition, HPLC-FLD provided the shorter elution
time than HPLC-ICP-MS, which was advantageous for the analysis of target compounds.

These results indicated that HPLC-FLD was a more superior technique to detect
SeCN and SCN than HPLC-ICP-MS, and the detection of CN ion was also an advantage
of HPLC-FLD.

2. Simultaneous Detection of Thiocyanate and Selenocyanate in Living Mammalian

Cells Including A549, HepG2, HEK293 and PC12 cells.
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As shown in Chapter 1, HPLC-FLD with the post-column Konig reaction is the
superior technique to HPLC-ICP-MS for the simultaneous detection of SCN and SeCN. In
this chapter, the amounts of SCN and SeCN in various mammalian cell lines exposed to
selenite were quantified by the suitable analytical technique, i.e., HPLC-FLD with the post-
column Ko&nig reaction, to reveal the detoxification of selenite by its biotransformation to
SeCN.

Four kind of mammalian cell lines, A549, HepG2, PC12, and HEK293 were
separately seeded, cultured, and then divided into two groups. One group was exposed to
sodium selenite at two non-toxic concentrations for each cell type obtained from the
cytotoxicity tests. The other group was treated under normal conditions serving as a control.
Namely, A549, HepG2, and PC12 cells were treated with 2.5 and 5 pM sodium selenite,
and HEK293 cells were treated with 1 and 2.5 uM sodium selenite for 24 h before being
collected with a 250-puL aliquot of cold 0.5x PBS to perform the micro liquid extraction.
The cell suspension was homogenized, and then proteins were removed by adding a 200-
puL aliquot of ice-cold acetone. The sample mixture was centrifuged to obtain the
supernatant, and then stabilized by adding bicarbonate buffer. The solution was filtered,
and the filtrate was subjected to the HPLC-FLD.

HPLC-FLD with the post-column technique gave us good separation of SCN and
SeCN spiked in HepG2 supernatant by the pretreatment of ice-cold acetone as a deprotein
agent. However, the detection of intracellular CN cannot be accomplished by this technique
due to enormous matrix peaks overlapping with the retention time corresponding to CN
ion. To more clearly and specifically detect CN, the pretreatment conditions should be more
carefully evaluated in future studies. The total amounts of intracellular SCN and SeCN in
selenite-exposed A549, HepG2, and PCI12 cells were significantly increased but no
increase was observed in HEK293 between the selenite-exposed and control groups. These
results indicate that the selenite-tolerant cell lines such as A549, HepG2, and PC12 can
induce endogenous CN to form SCN and SeCN. Since SeCN was more produced than SCN
at the higher concentration, selenium and sulfur seemed to be competitively transformed to
SeCN and SCN, respectively, with endogenous CN. In this chapter, I conclude that

endogenous CN is one of detoxification factors for selenite toxicity.

3. Effect of Myeloperoxidase on Intracellular Thiocyanate and Selenocyanate

Generation.
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In the second chapter, I proposed that endogenous CN seemed to play an important
role in the detoxification of selenium although CN was recognized as a highly toxic
substance. In this chapter, I intended to reveal how endogenous CN was produced in
mammalian cells. Myeloperoxidase (MPO), a heme protein expressed in phagocytic cells,
generates reactive oxygen species accelerating tissue damages during inflammation. Some
preceding studies suggested that MPO is one of key enzyme to produce endogenous CN.
Namely, it is well known that hypochlorous acid (HOCI), a robust cytotoxic oxidant, can
be produced by MPO. HOCI can oxidize glycine resulting in the production of cyanogen
chloride (CNCI) through the chlorination reaction under acidic conditions. On the other
hand, MPO is known to be specifically expressed in neutrophils. A human leukemia cell
line, HL60, is known to express MPO. Indeed, previous studies indicated that the
generation of endogenous CN was accelerated in HL60 under oxidative stress. This evoked
us that HL60 may more efficiently produce SCN and SeCN derived from endogenous CN
than another leukemia cell line, K562, which was lacking the expression of MPO. In
addition to the leukemia cell lines, human hepatoma cell line, HepG2 was also evaluated
because endogenous CN was ubiquitously observed in mammalian cells. To clarify the role
of MPO to produce endogenous CN, an MPO inhibitor, AZD3241, was used to evaluate
the intracellular biotransformation of SCN and SeCN.

HL60, K562, and HepG2 cells were pretreated with AZD3241 for 24 hrs, and then
three cell lines were exposed to sodium selenite at the highest non-toxic concentration
levels for additional 24 hrs. The cells were collected to perform HPLC-FLD for the
determination of intracellular SCN and SeCN. The results indicated that the MPO inhibitor,
AZD3241, significantly decreased the amounts of intracellular SCN and SeCN in all cell
lines, i.e., HL60, K562, and HepG2 cells. The inhibition in HL60 was easily explainable
because HL60 was expressing MPO. However, the inhibitory effect of AZD3241 was also
observed in K562 and HepG2. This suggested that endogenous CN could be generated by
an MPO-like enzyme that was inhibited with AZD3241. This putative enzyme with an
MPO activity should be identified in future sequencing studies to clarify the inconclusive
mechanism of endogenous CN generation.

In conclusion, these data provide insights the detection of SCN and SeCN obtained
by HPLC-FLD with post-column Ko&nig reaction was more 354 times and 51 times
sensitive than by HPLC-ICP-MS, respectively. I found that HPLC-FLD with post-column
Konig reaction was a superior technique for detecting and quantifying SCN and SeCN to

HPLC-ICP-MS. It was applicable to separate and detect intracellular SCN and SeCN in



mammalian cell lines exposed to selenite. In addition, MPO can affect the production of
intracellular SCN and SeCN through the test with MPO-inhibitor, and some MPO-like
enzymes may also involve in this mechanism, which need to be identified in future

sequencing experiments.
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CHAPTER 1

Introduction

Cyanide (CN) is one of the most critical toxic substances. In addition, it is also
generated endogenously. There are many studies and research on the toxic mechanism and
the effects of CN at present. However, studies on endogenous CN, in particular, how it is
generated, and its role in cellular function, are still critical issues and questions. Recent
studies on selenium toxicity have revealed a new intracellular metabolite of selenium,
selenocyanate. This metabolite is established by forming selenium and CN even though no
additional exogenous CN was used in this experiment, evoking us that endogenous CN has
a trippy effect on human health. For instance, it plays an essential role in attenuating the
toxic effects of other toxic substances in cells. However, precise determination of the
endogenous CN content remains challenging because of its short half-life and instability
under a typical ambient condition. Pretreatments of a CN analysis are also necessary as
well as the CN analysis. Moreover, the simultaneous analysis of significant metabolites of
CN, such as thiocyanate (SCN) and selenocyanate (SeCN), is another important issue.

This study's first aim is to compare and develop the best analytical method for
simultaneously detecting CN, SCN, and SeCN in mammalian cells. They will be compared
in terms of sensitivity and linearity for analysis. The mammalian cell lines were incubated
with selenite to determine the metabolites and the affinity established in the cells. The
production of selenium and CN-related metabolites in cells was further tested with MPO
enzyme inhibitors, which have been studied as the enzymes that play an essential role in
human CN production. In this test, alteration in CN analog metabolites is observed.

Through this experiment and research, I hope to gain more knowledge and
analytical and experimental skills about CN and selenium. These findings will help answer
a variety of questions and will provide additional questions and issues for further research

into CN toxicology in the future.

CHAPTER 2
Literature Review
Cyanide
Cyanide (CN) is a potentially toxic substance that rapidly inhibits respiration, i.e.,

mitochondrial oxidative phosphorylation (1). It can also affect critical cellular ion



homeostasis (2). A simple mechanism of cytotoxicity of CN can occur via the binding of
mitochondrial electron transport Complex IV (cytochrome C oxidase). It leads to rapid
inhibition of aerobic adenosine triphosphate (ATP) generation irreversibly and consequent
cell dysfunction or death (3,4). CN can bind to oxidized and reduced forms of cytochrome
C oxidase, but it has a higher specificity with the oxidized form (5). CN can be converted
enzymatically to SCN by rhodanese in the liver (Figure 2.1). It is then excreted normally
through the kidneys with its high solubility and is less biologically and toxicologically inert
than CN..

The constituent properties of CN (i.e., KCN, NaCN, CuCN, AgCN, and HCN) are
one of the main factors that substantially affect their bioavailability and are associated with
CN poisoning in the human body. CN can produce fatal toxicity rapidly resulting from its
rapid absorption and ability to diffuse into the bloodstream and tissues, leading to its
binding to metalloenzymes and inhibiting enzyme activity (6). Thus, tissues and organs
are severely affected because CN can be absorbed and distributed very quickly (7-9). HCN
is a form of CN existing in a gaseous state and is readily soluble in water and biological
fluids. Over 98% of CN exists as a volatile soluble form (HCN) at the pH of biological
fluid because of its weakly acidic properties (pKa = 9.2). CN could be the potential
substance for mediating biological functions because it has some advantages in its molecule
size and water solubility (10,11). Several forms of CN are known in the environment, for
example, gaseous hydrogen CN (HCN), water-soluble CN salts with potassium (K) and
sodium (Na), poorly water-soluble CN salts with copper (Cu), gold (Au), mercury (Hg),
and silver (Ag). As biological CN compounds, vitamin B> and cyanogenic glycosides are
known (12). Cyanogenic glycosides and nitrile-containing compounds that release free CN
are known as cyanogens (13,14). Amygdalin is one of the most famous cyanogenic
compounds and is found in some plants, especially in apricot pits, apple seeds, or almond
husks (15). It is known that almost exogenous CN in the human body originates from
tobacco which is measured in the form of HCN at more than 200 mg per cigarette (16).
Other sources of CN exposure include exposure to industrial processes and their by-
products.

On the other hand, some works of literature report that CN is also metabolically
generated by the chlorination of glycine catalyzed by human myeloperoxidase (MPO)
during body injury or inflammation (17). The biological production of CN is also known

as bacterial cyanogenesis by Pseudomonas aeruginosa (during the infection on wounds



and lungs of immune-compromised patients as an opportunistic pathogen) (18,19). These
biologically generated CN is recognized as endogenous CN.

The detection of endogenous CN has previously been demonstrated in some
mammalian cells, where different methods can measure it, and the baseline level of CN
was found at low nanomolar to micromolar concentrations (11). However, the detection of

CN in cell and tissue samples is not accessible due to the complex matrices.
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Figure 2.1. Metabolism of cyanide in human body.
Sources: Logue BA, Hinkens DM. The Analysis of Cyanide and
its Metabolites in Biological Samples. In 2008.

Thiocyanate

Thiocyanate (SCN-, hereinafter SCN) is the primary metabolite of CN (20). This
fact is well known because of the major pathway detoxification of CN by rhodanese or 3-
mercaptopyruvate sulfurtransferase (MST) with thiosulfate (S203%) (21-23). The transfer
of a sulfane sulfur atom from sulfur donors can be catalyzed by these enzymes, as
mentioned above, and sulfane sulfur reacts with CN irreversibly. SCN is readily excreted
into the urine. Rhodanase and MST enzymes are abundant in the liver and kidneys, located
on the membrane of mitochondria (24,25). SCN is usually contained in biological fluids
such as serum, saliva, and urine (12). The negligible concentration of nutritional SCN

originates in SCN-containing foods such as dairy products (26) where SCN in blood plasma



is actively transported (27). Various papers demonstrated that SCN concentration in human
biological fluid is relatively elevated by CN exposure through inhalation of CN by cigarette
smoking (28), ingestion of CN in cases of suicide (29), and clinical use of sodium
nitroprusside (30). It is clearly demonstrated that there are differences in the concentration
between non-smokers and smokers. The saliva SCN concentrations of non-smokers are
0.5-2 mM, while smokers have the average SCN concentration in smokers around 3 mM,
and SCN concentrations may rise to 6 mM in some smokers (31-33). Some
epidemiological studies showed that the vegetarian diet also affects SCN levels, and
vegetarians have high SCN levels in the body (34). It was twice as high in the regular diet
group. In addition, biological SCN is also generated from cyanogenesis by Pseudomonas
aeruginosa, mainly found in the lungs of immunocompromised patients and infected
wounds (35).

Several studies have clearly shown that SCN is the main metabolite of CN by the
detoxification of CN, and approximately 80% of CN are metabolized by this pathway
(36,37). In contrast, the remaining around 15% are transformed by other pathways, such as
reacting with cysteine to form 2-amino-2-thiazoline-4-carboxylic acid (ATCA) and its
tautomer 2-iminothiazolidine-4-carboxylic acid (ITCA) (38,39). Therefore, SCN may be a

useful indicator of the presence or exposure of CN in the body.

Selenocyanate

Selenocyanate (SeCN-, from now on, SeCN) is a newly discovered metabolite of
selenium (Se) in mammalian cells (40). SeCN is a chemical analog of SCN. As mentioned
above, SCN is endogenously produced by the reaction between CN and thiosulfate (S203)
with rhodanese in the liver to detoxify CN toxicity. On the other hand, it is suggested that
SeCN is generated in mammalian cells by a non-enzymatic reaction between selenide (Se?”)
and endogenous CN when the cells are exposed to excessive amounts of selenite (SeOs>)
(40). That is, it does not require rthodanese, and the critical reaction relies on the high
reactivity of selenium. In addition, the replacement of selenosulfate (SeSO3%) with SeO32-
more efficiently produces SeCN. According to the enzymatic mechanism of rhodanese, it
is explainable that the production of CySSH persulfide is the intermediate at the reaction
of Cys-247 with S,03%, then a reaction with CN occurs to regenerate Cys-247 resulting in
the production of SCN (41,42). It is assumed that chemical species such as GSSeH may
interact with CN in vivo to produce SeCN due to the higher reactivity of Se (43).



The cytotoxicity of SeCN is apparently lower than SeO3? and CN. It is profoundly
relevant to ameliorating SeO3?" toxicity by endogenous CN (40). It is also reported that
radioisotope-labeled carbon in SeCN was metabolized to SCN to utilize Se as an essential
element in vivo when SeCN is used as a nutritional source of Se in rats (44). These findings
indicate a circulating relevance between SCN and SeCN in living organisms. The analytical
techniques targeting SCN and SeCN with high selectivity and sensitivity are necessary to
elucidate the biotransformation between SCN and SeCN. The techniques should be robust

against a complex matrix to be applicable to living cells.

Analysis of Cyanide, Thiocyanate, and Selenocyanate

The development of the method for CN analysis on biological samples is essential
for many reasons, including the determination of CN exposure in humans, experimental
studies on the toxicity of CN, CN intoxication or therapeutic use, and the CN concentrations
monitoring for cyanogenic-receiving individuals (36,45). Humans may be exposed to CN
from many exogenous sources, for example, dietary, environmental, industrial, inhalation
of tobacco smoke, and other sources. In addition, there are many sources of endogenous
CN, such as the chlorination of glycine by human MPO (17), the conversion of other CN
derivatives, metabolism of vitamin B12 (46), or even bacterial cyanogenesis by
Pseudomonas auruginosa (18)(19). CN is rapidly distributed in the body through the
bloodstream after ingestion. Although a variety of analytical techniques are available, many
complicated factors for CN analysis, such as the short half-life of CN in vivo (36,45,47),
the instability of CN contents under typical storage conditions, and even significant
endogenous concentrations of CN in biological matrices (48—50) make CN detection
extremely challenging. It is well known that CN in the human body is rapidly
biotransformed to the significant metabolite as SCN. Some reports have directly
determined SCN in biological fluids as a measurement of CN as described whether the
plasma concentration of SCN has also been used as an index of long-term exposure to
cigarette smoke (51).

The problematic nature of CN analysis in biological samples, the most appropriate
biological sampling technique, storage conditions, sample preparation, and analysis
techniques must be dissolved with cautions by selecting the most precisely accurate

analytical method to ensure the accurate CN determination.

Spectroscopic methods



The canonical methods for measuring CN and their derivatives are
spectrophotometry and fluorometry. These methods have been used as the primary
analytical technique for evaluating CN-containing samples. Many of the earliest
spectroscopic methods studies relied on Konig reactions to produce spectrophotometrically
active products (52—-54). For instance, Morgan and Way (1980) used the K&nig reaction for
the spectroscopic analysis of CN concentrations in blood. CN determination was performed
through the separation in a microdiffusion cell. CN-trapped alkaline solution with
sodium N-chloro-p-toluenesulfonamide (chloramine T-phosphate) to generate the
conversion of CN to cyanogen chloride (CNCI) and pyridine-pyrazolone reagent reacted to
the intermediate ion. The resulting solution was analyzed fluorometrically (55). They
detected CN in the solution by the fluorescent quinone derivatives. This method was also
applied for biological fluids by reacting p-benzoquinone with CN in DMSO to generate
green fluorescence.

In addition, simultaneous detection of CN and SCN was conducted
spectrophotometrically. Pettigrew and Fell (1972) detected CN and SCN in human plasma
samples using trichloroacetic acid deproteinization. Then, the bromination reaction of
supernatant with the treatment of pyridine-phenylene diamine was conducted. Good
recovery and high sensitivity of detection were obtained (56). McMillan and Svoboda
(1982) also determined that CN and SCN are contained in human red blood cell suspension
with good recovery (57). There is a report determining CN and SCN simultaneously by
fluorometric detection with Konig reaction. Toida et al. (1984) performed their study on
blood plasma and red blood cell suspension that provided good linearity, sensitivity, and
precision for their samples. This study also applied to the quantification of CN and SCN in
the blood of smokers and non-smokers (28).

Overall, spectroscopic analysis methods often use relatively simple and inexpensive
equipment, which has made them so popular and widely used. However, this method relies
on complex reactions to analyze CN and their derivatives from biological matrices. In
addition, most techniques for CN analysis require microdiffusion or other time-consuming
sample preparation techniques to achieve accurate measurement, good recoveries, and

sufficient detection limit.

Gas Chromatography
Gas chromatography (GC) is another popular analytical technique for CN and SCN

because of the low detection limit, and the easier sample preparation of CN determination



has been achieved (58,59). With this analytical technique, headspace (HS) sample
preparation is typically performed prior to GC analysis. HS and microdiffusion in the CN
extraction are similar principles that HCN released by adding a strong acid to perform the
conversion of CN will be collected in the headspace of a sealed vial. Free HCN can be
analyzed by various detectors (50,60—62). Standard detectors for CN analysis are the
nitrogen-specific detector (NPD) (63,64), the electron capture detector (ECD) (60,62), or
the mass spectrometry (MS) detector (58,65,66). NPD is widely used for CN analysis due
to its good selectivity and sensitivity for the analyte by detecting nitrogen and phosphorus-
containing compounds. ECD is beneficial for analysis as it has good sensitivity and stability,
which are advantages over NPD. The advantages of the MS detector include excellent
selectivity, sensitivity, identification of the analyte, and the ability to distinguish between
CN isotopes, which can significantly improve the accuracy and precision of CN analysis.
When the simultaneous determination of CN and SCN is needed, HS analysis
cannot be used because SCN cannot provide enough vaporization. Therefore, derivatization
with pentafluorobenzyl bromide (PFB-Br) with subsequent GC analysis has
been performed for the simultaneous analysis of these two targeted substances (67—69).
Analytical methods for the detection and quantification of CN by GC have been developed
and reported extensively as they are helpful for the analysis of CN due to HCN fluctuations.
The major disadvantage of using GC for HCN analysis is its low molecular weight. It may
cause difficulty in the chromatographic separation of HCN from other small molecular
weight compounds of the sample. Furthermore, some analytes with shallow evaporation
pressures, e.g., SCN, require derivatization through complex reactions before they can be
analyzed. Therefore, although GC analysis of CN offers many advantages, highly efficient
liquid chromatography methods have also been developed as alternative chromatography

methods for CN analysis.

High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is required to detect CN, SCN,
and SeCN to derivatize an ultimate detectable compound except for ion chromatography.
The standard HPLC systems to detect CN, SCN and SeCN rely on two different chemical
reactions that yield chemical complexes. One is the NDA-taurine interaction, and the other
is Konig reaction which is more widely used. These reactions are precise to form a
fluorescent substance, which can only be accomplished in the presence of a CN molecule

or a CN group in its molecule.



Several studies used the NDA reaction to detect CN, SCN, and SeCN in biological
samples by HPLC with good sensitivity and reliability. Human urine was applied this
analytical method by Sano ef al. (1989) (70), and then they also applied this method to the
measurement of CN in human blood (71). HPLC-MS/MS with the NDA reaction was
improved by Mottier et al. (2010) (72) to analyze HCN in a cigarette smoker. Simultaneous
determination of CN and SCN with NDA was also utilized by Bhandari et al. (2014) to
produce the method with low LOD and an excellent linear range for CN analysis (73).

HPLC with the Konig reaction has also been developed to analyze CN, SCN, and
SeCN. The Konig reaction has also been used for the HPLC analysis of CN. For instance,
Toida et al. (1984) developed a technique for analyzing CN and SCN in blood plasma and
red blood cells. The LOD was 0.52 pug/L with an excellent linear range of 1.3—-260 pug/L by
this analytical method (28). This technique, HPLC with fluorometric detection of the Konig
reaction, made the simultaneous detection of CN and SCN possible. HPLC with the Konig
reaction using a post-column was recently applied to SeCN in whole blood and cultured
mammalian cells by Mochizuki et al. (2019) (74). It was the first simultaneous detection
of SCN and SeCN in biological samples with LOD at 7.35 nM of LOD and an excellent
linear range of 0—10 mM.

Ion chromatography (IC) is another liquid chromatographic technique for analyzing
CN in biological fluids despite high LOD and time-consuming analysis. The IC method for
the analysis of CN in blood was developed by Chinaka et al. (1998) (75). Before the IC
separation, the extraction of CN was performed with methanol and water, and then, the
extract was subjected to the NDA-taurine reaction for fluorometric detection.

As mentioned above, the HPLC methods for detecting CN, SCN, and SeCN in
biological samples have been successfully developed. The advantages of this analytical
method provide very consistent separation, excellent LOD, and good reproducibility.
However, this technique has some drawbacks that cannot directly analyze CN, SCN, and
SeCN. Therefore, other complex chemical reactions are required to produce a fluorescent
substance due to the separation and the detection of the analytes by chromatographic

method (76,77).

Fluorescence detection and Konig Reaction
Fluorescence detection has several advantages in specificity and sensitivity. Since
fluorescent compounds emit their specific wavelength, interference from sample matrices

is avoidable. The specific fluorescent emission is also helpful for the identification of the



compound. Second, this assay is highly sensitive, i.e., generally 1,000 — 500,000 times
better than the absorbance measurements. Third, the analytical method is simple, fast, and
inexpensive. Therefore, this technique is widely applied in medicine, industry,
environmental sciences, and biology.

The principle of fluorometric measurement can be explainable; the electrons are
typically in pairs in the ground state (S). When it is energized by short-wavelength light,
the single electron gains a higher energy and moves up to a higher orbital. According to the
level of received energy (So, Si, Sa,.....) (Figure 2.2), when the electron returns to the
ground state, it emits fluorescence with a wavelength equal to the absorbed wavelength
known the resonance fluorescence. However, in the reentry of the electrons of the emitting
atoms, part of their energy is lost due to collisions and vibrations of atoms and the transfer
of energy to the solution. These factors cause the light emitted when returning to the ground
state to have a longer wavelength than the absorbed light, known as direct line fluorescence.
This emission type is “fluorescence” with 10”7 — 10~ seconds. Some emitting substances
with high-energy electrons (S) are converted to electrons. High energy with similar levels

is called a triplet state (T) (Figure 2.2).
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Figure 2.2. A typical Jablonski diagram illustrates the absorption,

emission spectra and vibrational energy levels.
Source: Lakowicz JR, editor. Introduction to Fluorescence BT - Principles of Fluorescence Spectroscopy.
In Boston, MA: Springer US; 2006. p. 1-26.

Typically, some energy loss is followed by the return of the electron to its ground
state with the emission of longer wavelength light. Nevertheless, the transition of an
electron from the triplet state to the ground state takes more than 1077 seconds to several
seconds. It is possible to see the light emitted for a long time even after the incident light

has stopped at a particular wavelength known as phosphorescence (78).



The Konig reaction is specific and quantitative. It has been used to measure CN and
relative substances by oxidation CN" to a cyanogen halide, CNCI (Figure 2.3), in which
CN" acts as the reactive species. The CN* reacts with pyridine to produce an intermediate
that hydrolyzes to a conjugated dialdehyde, glutaconaldehyde. Glutaconaldehyde is
coupled with a primary amine or a compound containing reactive methylene hydrogens
(RH2), such as barbituric acid, which contains a primary amine on its molecule. The
reaction of this aldehyde with two molecules of 1,3-dimethyl barbituric acid generates a
fluorescent dye that can be detected spectrophotometrically (79,80). This reaction can only
be completed in the presence of a CN molecule or a CN derivative such as SCN or SeCN

(28,74).
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Inductively coupled plasma mass spectrometry (ICP-MS)
Inductively coupled plasma mass spectrometry (ICP-MS) is an elemental analytical

technique. It has some advantages, such as multi-elemental analysis at parts per trillion

10



(ppt) or parts per quadrillion (ppq) level. It applies to various samples such as soil, water,
plants, animal tissue, and culture cells. The process of ICP-MS analysis uses plasma energy
to shoot electrons from the outer ring of an atom. This results in the formation of positively
charged ions of the sample to be measured. These ions are separated and measured by the
mass-to-charge ratio. The signal intensity is directly correlated with the sample
concentration. The analytical method can be described briefly in (Figure 2.4). The sample
solution is atomized into an aerosol through a nebulization process, and the aerosol is
transported to the argon plasma in the ICP torch (Figure 2.5). The elements are ionized in
the ICP. Uncharged elements are removed in the particle beam at the ion lens, allowing
only ions to pass into the mass spectrometer. The ions are separated following the mass-to-
charge ratio (m/z) by a quadrupole before quantifying with an electron multiplier detector

(81,82).

Mass filter

Turbo pumps

Figure 2.4. Cross-sectional schematic diagram of an ICP-MS.
Source: Wilschefski SC, Baxter MR. Inductively Coupled Plasma Mass Spectrometry: Introduction to Analytical
Aspects. Clin Biochem Rev. 2019 Aug;40(3):115-33.

Skimmer
cone
Sample
cone
Coil Electrostatic Ienses
Torch o0 g WY |
Plasma
Sample _ lon beam
To turbo pump
10*- 10 torr
To rotary pump
10°-10" torr

Figure 2.5. Cross-sectional schematic diagram of the interface region.
Source: Wilschefski SC, Baxter MR. Inductively Coupled Plasma Mass Spectrometry: Introduction to Analytical
Aspects. Clin Biochem Rev. 2019 Aug;40(3):115-33.
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Myeloperoxidase and its inhibitors

Myeloperoxidase (MPO) is abundant in neutrophils, which are the most abundant
(50-70%) in all types of a white blood cells. White blood cells protect the body by
decomposing xenobiotics and pathogens through phagocytosis. Within neutrophils, there
are many granules, such as tertiary granules, specific granules, and azurophilic granules,
called polymorphonuclear (PMN) cells (83,84). MPO is a kind of peroxidase (POD, EC
1.11.1.7) that involves the addition or the removal of hydrogen atoms or halide ions, such
as halogenation. MPO is maturated by the post-translational modification to appear its
specific functions (85). The structure of MPO is a di-heme protein and heterodimer. The
polypeptide chains of the two units are joined together by disulfide bonds. The central
region of the molecule contains iron/porphyrin-containing heme (84). The molecular
weight of MPO is 144 kDa, and iron/porphyrin-containing heme consists of the active
center where a specific substrate enters this site, and the substrate is catalyzed. It is reported
that MPO enzymes can be found in patients with inflammatory diseases such as vasculitis,
Alzheimer's disease, multiple sclerosis, lung and renal tissue injuries, and cardiovascular
disease. MPO plays an essential role in bacterial infection to protect host cells from
pathogen invasion because MPO can induce oxidative stress. The mechanisms for the
induction of oxidative stress are explainable in that MPO catalyzes a halogenation reaction
with H>O; and halide as substrate and are known as the MPO- H>O»-halide system (86,87).
In the halogenation reaction, H202 is the primary substrate, and another substrate is a
halide ion, such as a chloride ion. MPO produces hypochlorous acid (HOCI) from chloride
ions in the cell, and HOCI effectively removes bacteria and xenobiotics (87). Since MPO
induces oxidative stress to eliminate bacteria and xenobiotics, it can cause injury and
damage to a host's tissues and cells. The MPO-induced injury was reported in the
gastrointestinal tract, oral, blood vessels, or brain (88-91).

MPO has also been found to be one of the factors involved as the possible enzyme
to produce endogenous CN through the N-chlorination of glycine. Glycine converses
into N-monochloroglycerine, and then, N, N-dichloroglycine and glycine are formed under
acidic conditions by the dismutation. N, N-Dichloroglycine is unstable. Thus, it is readily
converted into 2-cyanoacetic acid, which is further degraded into CN ion (17). Indeed, it
was reported that CN was generated in leukocytes and rat pheochromocytoma cells. In
particular, the CN content was increased when the MPO substrates, i.e., H>O> and glycine,

were exposed (92).
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Two possible mechanisms for MPO inhibition are suggested. The first mechanism
is related to heme-related inhibition. Namely, an iron atom in heme is targeted to
irreversible MPO inhibitors by preventing H20O> from accessing the active center (Figure
2.6). The second mechanism is the competition between an inhibitor and the MPO
substrates at the active center. The inhibitor is a reversible inhibitor that forms a complex
with MPO and can prevent the progression of the MPO peroxidase cycle. In other words,
it serves as a precursor for MPO, resulting in a temporary cessation of the cycle by forming
and accumulating compound II described in Figure 2.6 (93).

This study used AZD3241 (Verdipersat), an irreversible MPO inhibitor and a
thioxanthine analog, considering the mechanism of MPO inhibitors. It has been evaluated
in various studies and is shown as an effective inhibitor of MPO in neurological and
gastrointestinal diseases (94). AZD3241 was used to evaluate the effect on intracellular

production of SCN and SeCN as the ultimate stable metabolites of CN.

HOCI Cr ?
\/ -q_l’_
MPO-Fe(lll) = MPO-Fe(IV)
N CompOL(md I
H,0, H,O
AH
O QH A" +H"
MPO-Fe(Il)-A MPO-Fe(IV)
Compound II

Figure 2.6. Mechanisam of irreversivle MPO inhibition by thioxanthines analogue. Radical
species provided by the oxidation of thioxanthines by Compound I react with heme group

of the enzyme forming covalent bond.
Source: Galijasevic S. The development of myeloperoxidase inhibitors. Bioorg Med Chem Lett. 2019;29(1):1-7.

Aims of this study

It is currently known that CN, SCN, and SeCN in mammalian cells are closely
related biologically. Although cyanide is toxic to animal cells, cyanide also plays a role in
attenuating selenium toxicity. CN is also transformed into less toxic compounds such as
SCN and SeCN. Therefore, selecting appropriate available measurements that
simultaneously determine the quantitative changes of CN, SCN, and SeCN is highly

necessary. The first aim of this study was to compare and develop the best analytical
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methods for the simultaneous detection of CN, SCN, and SeCN in mammalian cells. They
were compared in terms of sensitivity and linearity for analysis. The second aim of this
study was to develop a sample preparation method in which mammalian cells were
pretreated, and their target metabolites, SCN and SeCN, were extracted and separated for
chromatography. A quantitative analysis was performed on samples of mammalian cells
incubated with selenite to determine the metabolites and associations established in the
cells. In addition, the final aim after selecting suitable analytical and sample preparation
methods for studies in mammalian cells. The production of selenium and its related
metabolites in cells were further tested with MPO inhibitors, which have been studied as
critical enzymes in human CN production. In this assay, changes in the analogous

metabolites of CN were observed.

CHAPTER 3
Comparison of Quantification of Cyanide, Thiocyanate, and Selenocyanate by
HPLC-Fluorescence Detector with post-column Konig reaction and
Thiocyanate and Selenocyanate by HPLC-inductively coupled plasma mass

spectrometer

Introduction

It is well known in the field of toxicology that CN is toxic to humans and animals
due to its inhibition of oxygen consumption at the cellular level (1). Humans can obtain
cyanide (CN) from various sources such as inhalation of CN, cigarette smoking, CN
ingestion suicide, and sodium nitroprusside clinical treatment, which resulted in a
subsequent increase in the SCN concentration in the biological fluid. Due to the rapid
elimination of CN toxicity in humans by rhodonase and thiosulfate (S203%) in the liver and
kidneys (21,22), SCN is excreted as the primary metabolite, which has excellent water
solubility. In general, small concentrations of SCN are found in human biological fluids
such as serum, saliva, and urine (12), suggesting that low concentrations of SCNs in body
fluids originate from the consumption of SCN-containing foods such as products as dairy
products or vegetables (26,34). Therefore, the level of SCNs in biological fluids is
considered a helpful indicator describing the relevance of CNs in the human body.

SeCN is a newly discovered metabolite of selenium (Se) (40). SeCN is formed in

mammalian cells through an enzyme-independent interaction between selenide (Se?) and
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endogenous CN. SeCN is intracellularly generated when cells are exposed to excessive
amounts of selenite (SeO3%"). The attenuation of the cytotoxicity of SeOs* is closely related
to endogenous CN because the cytotoxic effect of SeCN is lower than that of SeO3* and
CN. It was found that SeCN could also be utilized as a source of Se in vivo, as radioisotope-
labeled carbon in SeCN molecules has been reported to be metabolized in vivo (44). The in
vivo employment of SeCN rendered the dissociation of selenium and the free CN, with the
CN containing the radioisotope-labeled carbon being coupled with SeOs* to form an SCN
molecule, which ultimately has been excreted in the urine. This finding indicates that
between SCN and SeCN, the biological circulation of both substances occurs in living
organisms. The biotransformation between SCN and SeCN requires analytical techniques
targeting SCN and SeCN with reasonable specificity and high analytical sensitivity to
elucidate the utilization of targeted metabolites. The analytical technique should be robust
for potentially interfering with complex matrices for use with live mammalian cells.

Several techniques for detecting SCN in various samples have been developed and
published. These widely used techniques include spectrophotometric measurements
(28,94-100), gas chromatography-mass spectrometry (GC-MS) (101) and inductively
coupled plasma mass spectrometry (ICP-MS) (102). SeCN can be determined by
electrochemical ionization mass spectrometry (ESI-MS), GC-MS and ICP-MS. Recently,
the preliminary simultaneous detection of CN, SCN, and SeCN was achieved by HPLC-
fluorescence detectors (FLD) with a post-column Konig reaction using pyridine-barbituric
acid to provide the ultimate emitting compound that can be measured fluorometrically (74).
SCN and SeCN can also be detected with HPLC-ICP-MS due to the detection of sulfur and
selenium atoms, respectively, as ICP-MS shows high sensitivity for sulfur and Se detection
and is resistant to the sample matrices (82). Therefore, The sensitivity and linearity
comparison for SCN and SeCN detection between HPLC-FLD with the post-column with
Konig reaction and HPLC-ICP-MS were conducted in this study.

Materials and Methods
Reagents

Sodium thiocyanate, sodium hydroxide, chloramine T, pyridine, and hydrochloric
acid were purchased from Nacalai Tesque (Kyoto, Japan). Sodium acetate trihydrate, acetic
acid (HPLC grade), and methanol (HPLC grade) were provided by FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). Potassium selenocyanate, sodium perchlorate, and

ammonium acetate were provided by Merck (Darmstadt, Germany). Barbituric acid was
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purchased from Tokyo Chemical Industry (Tokyo, Japan). Phosphate buffered saline (PBS)
was purchased from Sigma (St. Louis, MO, USA).

Standard Solutions

Standard stock solutions at a concentration of 10 mM of each analytical targeted
chemical substance, including CN, SCN, and SeCN, were prepared by dissolving each
reagent in Milli-Q water (18.3 MQ-cm). Subsequently, the stock solutions were diluted
with Milli-Q water to accomplish seven different concentrations of CN, SCN, and SeCN
standard solution mixtures. The evaluation of limit of detection (LOD) and the limit of
quantification (LOQ) were carried out by using CN, SCN, and SeCN standard solution
mixtures at concentrations of 0.010, 0.050, 0.25, 1.0, 5.0, 7.5, and 10 uM for HPLC-FLD.
Meanwhile, only metal-containing substance, SCN, and SeCN standard solution mixtures

at concentrations of 1.0, 5.0, 10, 25, 50, 75, and 100 uM for HPLC-ICP-MS.

Apparatus and chromatographic conditions for HPLC-FLD and HPLC-ICP-MS

The HPLC-FLD for detecting and quantifying CN, SCN, and SeCN was performed
according to a previously described procedure (74) with slight modification as shown
schematically in Figure 3.1. Experiments were carried out using the HPLC system
(Shimadzu LD-20 Series Prominence, Shimadzu, Kyoto, Japan) composed of a degassing
unit (Shimadzu DGU-20A3R), a pump for delivering the mobile phase (LC-20LD), and a
manual injector. LC-20AD and LC-20AB pumps were used to deliver the chloramine-T
solution as the Ist post-column reagent and pyridine-barbituric acid solution as the 2nd
post-column reagent, respectively. Fluorescence in the eluate was detected by a model RF-
20A fluorescence detector (Shimadzu) with a 12-uL flow cell at the specific wavelength of
excitation. A summary of detailed analytical conditions of the HPLC system is
demonstrated in Table 3.1

HPLC-ICP-MS was also used to quantify SCN and SeCN, as shown schematically
in Figure 3.2. The eluate was directly introduced into ICP-MS (Agilent 8800 Triple
Quadrupole ICP-QQQ, Agilent Technologies, Hachioji, Japan). The observation of sulfur
and selenium elements was operated by using the O reaction mode, i.e., sulfur was
detectable at m/z 48, and 50 (*2S — 32S'°0O+ and 3*S — 34S'°0+), and Se was detectable at
m/z 94 and 96 (®Se — 78Se!®O+ and #'Se — #Se!%0+). The composition of the HPLC
system containing a degassing unit (Gastorr AG-12, EverSeiko Corporation, Tokyo, Japan)

and a pump for delivering the mobile phase (Hitachi L-2130, Hitachi High-Technologies
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Corporation, Tokyo, Japan) A summary of detailed analytical conditions of the HPLC

system demonstrated in Figure 3.2.

LOD and LOQ quantification based on calibration curves of HPLC-FLD and HPLC-ICP-
MS
The LODs and the LOQs were expressed as follows.
LODajibration = 3-3 X (a/S) (Equation 1)
LOQcalibration = 10 X (a/5) (Equation 2)
Where “o” represents the standard deviation (SD) of the peak areas at the lowest
concentration of the standard solution for three independent experiments, and “S” means

the slope of the calibration curve.

SS-C18 1st Mixing coil 2nd Mixing coil
= = Column CN+
ump an
SCN, SeCN injector > FLD
U ?
- HN AN N NH
_ .. Chloramine-T ... Pyridine- Py
i reagent Barbituric acid 0" "o 0" NS0
reagent

Fluorescence compound

Figure 3.1. Scheme of HPLC-Fluorescence Detector (FLD) with post-column K&nig reaction

323+' 34S+ O 328160+’ 34S1GO+
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Figure 3.2. Scheme of HPLC-inductively coupled plasma mass spectrometer
(HPLC-ICP-MS)

Table 3.1. HPLC conditions for HPLC-FLD with post-column K&nig reaction

R -phase HPL
eversed-phase HPLC o 1 170 SS-C18 (3 um, 4.6 i.d. x 250 mm with guard column)

column
0.1 M acetate buffer (pH 5.0) containing 12.5 mM sodium
HPLC mobile phase perchlorate/methanol (90/10, by volume), at the flow rate of 0.5
mL/min
Post-column reagent
e Chloramine-T 0.1 w/v% chloramine-T solution, at the flow rate of 0.1 mL/min
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e Pyridine- a mixture of 1.5 w/v% barbituric acid, 15% v/v% pyridine, and

barbituric acid 3 v/v% concentrated hydrochloric acid, at the flow rate of 0.1 mL/min
Wavelength excitation 583 nm; emission 607 nm
Injection volume 10 pL
Column temperature 20-25°C

Table 3.2. HPLC conditions for HPLC-ICP-MS

R _phase HPL
eversed-phase HPLC o 1 170 SS-C18 (3 um, 4.6 i.d. x 250 mm with guard column)

column

HPLC mobile phase 0.1 M ammonium acetate (pH 5.0), at the flow rate of 0.7 mL/min
Injection volume 10 pL

Column temperature 20-25°C

Results and Discussion
The comparison of detection and separation of CN, SCN, and SeCN.

CN, SCN, and SeCN demonstrated the clear separation operated on a Scherzo SS-
C18 column, and the determination of their fluorescence compound using the Konig
reaction has been revealed (Figure 3.3). CN, SCN, and SeCN were eluted at 9.0, 11.8, and
14.1 min retention times, respectively. Although the peak of SeCN was slightly smaller
than that of CN and SCN, the peak of SeCN was almost comparable to that of CN and SCN,
indicating that the fluorescence-releasing derivatives of SeCN and SCN were parallelly
active through Konig reaction. Completion of elution can be demonstrated within 20 min
under specified elution conditions. The analysis results from HPLC-ICP-MS also showed
that this is another method that can detect SCN and SeCN and can provide well segregation
of targeted analytes results, as seen from its chromatogram (Figure 3.4). SCN and SeCN
were eluted at 22.7 and 34.5 min retention times, respectively. ICP-MS detected sulfur and
Se as part of the SCN and SeCN molecules, especially analytically, in the O reaction mode.

However, we could observe that the elution conditions for HPLC-ICP-MS took
twice as much time compared to the elution conditions for HPLC-FLD, indicating that SCN
and SeCN were tightly bound in the Scherzo SS-C18 column. Because of the HPLC-ICP-

MS elution, a high volume of methanol or organic solvents cannot be added to stabilize the

18



argon plasma. The absence of organic solvents further contributed stronger binding in the
column of the targeted analytical substances, resulting in a slower retention time that took
almost 45 min by HPLC-ICP-MS compared to HPLC-FLD for elution with broad peaks of
SCN and SeCN. Therefore, no advantage of HPLC-ICP-MS over HPLC-FLD has been
found in terms of qualitative analysis of SCN and SeCN.

According to the detection of our target analyte detection results between the two
instrument systems used in these experiments, including, HPLC-FLD and HPLC-ICP-MS,
it was initially found that the parameters of SCN and SeCN were directly comparable.

The comparison of sensitivity and linearity between HPLC-FLD and HLPC-ICP-MS

The establishment of SCN and SeCN calibration curves obtained from HPLC-FLD
experiments was assessed in the concentration range of 0.01 to 10 uM by triplicate injection
of the aqueous standard solution mixture. The calibration curves obtained by HPLC-ICP-
MS were assessed in the concentration range of 5 to 100 uM for SCN and 1 to 100 pM for
SeCN, respectively. The summary of the analytical performance of HPLC-FLD with a post-
column Konig reaction and HPLC-ICP-MS for SCN and SeCN determination is
demonstrated in Table 3.2. The correlation coefficients for SCN and SeCN were 0.998 and
0.997, respectively. These parameters suggest the good linearity between signal intensities
and concentrations of SCN and SeCN was obtained in the concentration range of 0.01 to
10 uM SCN and SeCN by HPLC-FLD. Meanwhile, good linearities were observed for
SCN and SeCN in the concentration range of 5 to 100 uM and 1 to 100 uM, respectively.
It revealed that the correlation coefficients for SCN and SeCN were 0.990 and 0.998,
respectively.

In addition to analyzing SCN and SeCN, HPLC-FLD can also provide the
parameters of the CN analysis mentioned above. However, HPLC-ICP-MS cannot provide
this analysis because CN is composed of carbon and nitrogen atom without metallic
elements in the molecule. Good linearities were also observed for CN in the concentration
range of 0.01 to 10 pM only by HPLC-FLD, shown in Table 3.3. The correlation
coefficient for CN was 0.990. This information shows another advantage over other
instruments because HPLC-FLD can provide complete and simultaneous analysis of CN
and their derivatives, such as SCN and SeCN. After that, both LOD and LOQ were
calculated in the successive procedure.

The LOD and the LOQ for SCN obtained by HPLC-FLD with the post-column
Konig reaction were 5.90 and 17.9 nM, and those for SeCN were 9.97 and 30.2 nM,
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respectively (Table 3.2). HPLC-FLD with the post-column Koénig reaction also provided
the LOD for CN at 9.37 nM. On the other hand, the LOD and the LOQ for SCN obtained
by HPLC-ICP-MS were 2.09 x 103 and 6.33 x 10° nM, whereas those for SeCN were 0.510
x 10% and 1.55 x 10° nM, respectively. The LOD for SCN indicated that HPLC-FLD was
354 times more sensitive than HPLC-ICP-MS (Table 3.2). Likewise, the LOD for SeCN
indicated that HPLC-FLD was 51 times more sensitive than HPLC-ICP-MS. My HPLC-
FLD method detected the fluorescence-emissive compound produced by the Konig
reaction.

The Konig reaction can be quantitatively analyzed due to its specificity, especially
for CN and its derivatives. Therefore, the determination of CN and its derivatives, SCN
and SeCN, was frequently accomplished through this helpful reaction.

The emergency CN determination for the clinical setting for rapid treatment has
been devised and evaluated by decreasing the extraction time of CN from the patient's blood
sample. In this emergent measurement, the CN determination with Konig reaction is still
considered the first choice (103).

The study of analytical methods for the simultaneous determination of CN and SCN
in blood plasma and red cells of humans was developed and then performed by using the
HPLC-FLD system with Konig reaction. Calibration curves derived from good linearity of
blood CN and SCN were provided. They also apply this specified method of analysis to
other clinical CN measurements, especially in smokers and non-smokers (28).

The measurement methods of CN have been developed that maintain the original
concept of being simple, sensitive, specific and quantitative in blood and human body fluids
for clinical and forensic applications. Other substances used in the concept of a Konig
reaction were therefore selected, namely 2,3-naphthalenedialdehyde and taurine. In
subsequent studies, CN and SCN could be quantitatively measured simultaneously using
human blood as an assay. It was found to be very sensitive and highly accurate in testing
(104).

In recent years, one significant study has developed a method for the determination
of newly discovered CN derivatives, SeCN. It is the first study to establish the detection of
CN derivatives in cell cultures confirmed by using the HPLC-FLD with Konig reaction in
addition to CN and SCN, which are the primary metabolites of CN. It is shown that other
derivatives, such as SeCN, can also react with the fluorescence-releasing compound

similarly to CN and SCN. It was interesting that this published research can be further
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developed and further studied on the biological circulation of CN derivatives in mammalian
cells, even in negligible amounts (74).

According to the concept of Kdnig reaction, CN can be oxidized to cyanogen
molecules by chloramine-T. The oxidization of SCN and SeCN can also be generated to
produce (thio/seleno) cyanogen halides. Then the halides react with pyridine to establish
glutaconaldehyde compounds that couple with barbituric acid (105). Therefore, the
determination using a quantitively fluorometric method can perform by ascertaining
intensely fluorescent emission (95).

On the other hand, ICP-MS helps analyze metal elements due to its susceptible and
specific properties for metal atoms (40). ICP-triple quadrupole mass spectrometer was
operated in this experiment according to the efficient elimination of molecular interference.
It can offer higher sensitivity, rather than an ICP-single quadrupole mass spectrometer.
However, the LOD and the LOQ for the quantification of SCN and SeCN obtained by
HPLC-ICP-MS were inferior to those obtained by HPLC-FLD with the post-column Konig
reaction. Sulfur and Se require a high ionization potential, i.e., sulfur and Se in argon
plasma have relatively low ionization efficiencies compared with transition metals. These
parameters provided by HPLC-ICP-MS indicated that it is not appropriate for the
determination of sulfur and Se in the form of SCN and SeCN, respectively. HPLC-ICP-MS
is time-consuming for one analysis compared to HPLC-FLD as HPLC-FLD with the post-
column Konig reaction requires only 20 min, while HPLC-ICP-MS takes up to 45 min,
suggesting a more appropriate technique for the quantification of SCN and SeCN is HPLC-
FLD with the post-column K&nig reaction.

The techniques used in this study were compared with previously reported
techniques. The analytical parameters for quantifying SCN and SeCN, such as LOD, LOQ,
and others, are summarized in Table 3.5 and 3.6, respectively. Various previous published
studies have determined SCN and SeCN in biological fluids, wastewater, and forensic
samples (99,106,107). Although my techniques are only applied to standard solutions.
However, my techniques are only applied to standard solutions. However, the resulting
analytical sensitivity was higher than previously reported techniques. Therefore, we
applied my technique, in particular, HPLC-FLD, to the post-column Ko&nig reaction to
biological samples to reveal the suspected mechanisms underlying the biological

transformation of SCN and SeCN.
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Figure 3.3. Elution profiles of 1.0 uM mixed standard solution of cyanide (CN), thiocyanate
(SCN) and selenocyanate (SeCN) for HPLC-FLD with the post-column Konig reaction, a

Scherzo SS-C18 column (3 pum,

4.6 i.d. x 250 mm with a guard column) was isocratically

eluted with 0.1 M acetate buffer, pH 5.0, containing 12.5 mM NaClO4/MeOH (90/10 v/v%).
The eluate was reacted with Konig reagent and fluorescence was detected by the fluorescence
detector at the excitation wavelength 583 nm and the emission wavelength of 607 nm.
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Figure 3.4. Elution profiles of 50 uM mixed standard solution of cyanide (CN), thiocyanate
(SCN) and selenocyanate (SeCN)for HPLC-ICP-MS, a Scherzo SS-C18 column (3 um, 4.6

i.d. x 250 mm with a guard column) was isocratically eluted with 0.1 M ammonium acetate,
pH 5.0. The eluate was directly introduced into ICP-MS/MS to monitor peaks at m/z 32—48

for 32S (dark blue line), 34—50 for 34S (light blue line), 7894 for 78Se (dark red line), and

80—96 for 80Se (orange line).



Table 3.3. Parameters for HPLC-FLD with post-column Konig reaction and HPLC-ICP-MS for SCN and SeCN analysis.

Linear . SD of .
Analytical technique  Analyte range lifglt?:lorugie R’ peak areas of E)?V][; 51(1:’8 Rl(l:lit:)ne
(M) y lowest calibrant
HPLC-FLD with SCN 0.01-10  y=1891865x - 1407 0.998 3385.98 5.90 17.90 20
post-column Konig
reaction SeCN 0.01-10 y = 1816663x - 140705 0.997 5490.14 9.97 30.22 20
SCN 5-100 y = 1842x + 6818 0.990 1166.60 2.09x10° 633 x 10° 35
HPLC-ICP-MS
SeCN 1-100 y =984.6x - 291.9 0.998 152.240 0.510x 10> 1.55 x 10° 35
Table 3.4. Parameters for HPLC-FLD with post-column Konig reaction for CN analysis.
Linear . SD of .
Analytical technique  Analyte range lifglt?:lorugie R’ peak areas of E)?V][; 51(1:’8 Rl(l:lit:)ne
(M) y lowest calibrant
HPLC-FLD with
post-column Konig CN 0.01-10 y =746756x + 49589 0.999 18547.73 9.37 28.38 20

reaction
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Table 3.4. Comparison of parameters for analytical techniques for SCN analysis in various samples.

Analytical technique Sample Linear range R’ LOD LOQ Reference
HPLC-FLP W ith po.st- Standard solution 0.01-10 uM 0.998 5.90 naM 17.9 nM Present
column Konig reaction study
HPLC-ICP-MS Standard solution 5-100 uM 0.0990 2.09 x 10 nM 6.33 x 10° nM Psrtisj;t
HPLC-FLD with 2-(4-
carbazol-9-yl-
benzylidene)- Swine plasma 0.01-3.7 uM 0.998 9.76 nM 12.3 nM (96)
malononitrile (CMB)
labeling
Ion-exchange
chromatography - Plasma, Urine 0-500 uM 1.00 0.93 x 10° nM N.A. (97)
UV/VIS
UV/VIS Plasma 25-500 uM 0.999 N.A. 2.50 x 10° nM (98)
UV/VIS Blood from deceased 10.3-300 uM 0.999 5.14 x 10° nM 103 x 10° nM (99)

subjects
IPC-UV Water 1.0-10 x 10° upM 0.990 310 x 10° nM N.A. (106)
GC-HRMS Exhaled base condensate 0.0l nM—4 uM 0.998 5nM 10 nM (101)
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Table 3.5. Comparison of parameters for analytical techniques for SeCN analysis in various samples.

Analytical technique Sample Linear range R’ LOD LOQ Reference
HPLC-FLD with post- Standard solution 0.01-10 uM 0.996 9.97 nM 30.2 M Present
column Konig reaction study

. 3 3 Present
HPLC-ICP-MS Standard solution 1-100 uM 0.998 0.510 x 10° nM 1.5 x 10° nM study
HPLC-FLD with Standard solution, Blood,
Kénig reaction HEK293 0-10 uM 0.990 7.35 1M 24.5n0M (74)
GC-MS/MS Wastewater 0.3-100 ng/g Se N.A. 0.1 ng/g Se 0.3 ng/g Se (107)
ES-MS Algae N.A. N.A. 0.12 nM N.A. (108)
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CHAPTER 4
Simultaneous Detection of Thiocyanate and Selenocyanate in Living Mammalian

Cells Including A549, HepG2, HEK293 and PC12 cells

Introduction

In the previous chapter, the detection and the analysis of intracellular SCN and
SeCN in cells by HPLC-FLD with the post-column Konig reaction requires a clean sample
preparation method. Sufficient clean samples can enhance the clear distinguishment for
analyzing the target compounds peaks and separate them from the interference peaks from
the biological complex matrices, especially in cell culture analysis samples. Although the
Konig reaction is accurately specific to detecting CN and their derivatives, it can also react
with other substances with carbon-nitrogen structure in the molecule, such as some amino
acids, glycine (74,109), or acetonitrile (110).

The experimental results in the previous chapter demonstrated that HPLC-FLD
with a post-column Ko&nig reaction is a superior technique to HPLC-ICP-MS for the
simultaneous detection of SCN and SeCN in terms of their sensitivity and shorter analysis
time. The amount of SCN and SeCN in various mammalian cells, the potential organ
representatives, exposed to selenite was quantified using the appropriate analytical
technique, HPLC-FLD, with a post-column Ko&nig reaction. The cytotoxic selenite
attenuation by observing the biotransformation of SeCN and the association of intracellular

SCN and SeCN were performed in this chapter.

Materials and Methods
Reagents

Sodium selenite, elemental form of selenium, was provided by Merck (Darmstadt,
Germany). Acetone (guaranteed grade) was provided by FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). Trichloroacetic acid (Guarantee grade) was purchased from
Nacalai Tesque (Kyoto, Japan). Phosphate buffered saline (PBS) was purchased from
Sigma (St. Louis, MO, USA). Purified water was prepared by the Milli-Q system (Merck).

Cultured cells

Human lung carcinoma cell line, A549, and human hepatocellular carcinoma cell
line, HepG2, were obtained from RIKEN Bioresource Center (Tsukuba, Japan). A549 and
HepG2 were cultured and maintained in DMEM (Dulbecco’s modified Eagle’s medium;
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Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Biosera, Kansas City,
MO, USA) and 1% penicillin-streptomycin mixed solution (Invitrogen, Carlsbad, CA,
USA).

Rat adrenal pheochromocytoma cell line, PC12, was obtained from RIKEN
Bioresource Center. PC12 was cultured and maintained in DMEM (Sigma) supplemented
with 10% heat-inactivated fetal bovine serum (Biosera), 10% heat-inactivated horse serum
(Culture Biologicals, Long Beach, CA, USA), and 1% penicillin-streptomycin mixed
solution (Invitrogen).

Human embryonic kidney cell line, HEK293, was obtained from RIKEN
Bioresource Center. HEK293 was cultured and maintained in MEM (modified Eagle’s
medium; Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Biosera),
1% non-essential amino acid solution (Sigma), and 1% penicillin-streptomycin mixed
solution (Invitrogen). All types of cells were maintained at 37°C under 5 v/v% CO»
atmosphere. The cells were passaged after reaching confluence using 0.025 v/v%

trypsin/EDTA in PBS (Fujifilm).

Measurement of selenite cytotoxicity

A549, HepG2, PC12, and HEK293 cells were separately seeded on 96-well plates
at 1.0 x 10° cells/well and cultured for 24 h. The cells were exposed to 1.0, 2.5, 5.0, 10 ,25,
50, 100, 250, 500, and 1,000 uM sodium selenite in FBS-free DMEM or MEM for 24 h.
After the treatment, 20 upuL. of MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, CellTiter 96® AQueous One
Solution (Promega, Madison, WI, USA) was added and the cells were incubated for 1 h at
37°C. Then, the absorbance at 490 nm in each well was measured by a microplate reader

(Molecular Devices, San Jose, CA, USA).

Selenite exposure and sample preparation for SCN and SeCN detection

A549, HepG2, PC12, and HEK293 cells were separately seeded on 60 millimeters
plates at 1.0 x 105 cells/ml and cultured up to 72 h, and then divided into two groups. One
group was exposed to sodium selenite at two non-toxic concentration levels for each cell
type obtained from the cytotoxicity tests. The other group served as control. A549, HepG2,
and PC12 cells were incubated with 2.5 and 5 pM sodium selenite, and HEK293 cells were
incubated with 1 and 2.5 pM sodium selenite for 24 h. Subsequently, the cells were
collected with a 250-puL aliquot of cold 0.5x PBS, and the number of collected cells was
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counted. The suspended cells were homogenized with an ultrasonic homogenizer
(Bioruptor®, Bio-Rad, Japan) on ice at 200 W, 20 kHz three times each for 30 s at 30-s
intervals. To remove sample protein, A 200-pL aliquot of ice-cold acetone was added to
the same volume of cell homogenates, the sample mixture was gently mixed and then left
for 10 min. The sample mixture was centrifuged at 15,000g for 15 min at 4°C. The
supernatant was collected and gently mixed with 200 pL of 0.1 M bicarbonate buffer, pH
10.0 to stabilize SCN and SeCN. The solution was filtered through a 0.2-pym Millex-LH
membrane filter (Millipore, Darmstadt, Germany). A 20-uL aliquot of the filtrate was
injected into the HPLC-FLD. Each experiment was repeated three times.

The recovery of this extraction method will also be evaluated from the peak areas
of SCN and SeCN standard solution depend on the process of sample preparation compared
to direct analysis of SCN and SeCN standard solution at 0.5 uM as a low concentration and
5 uM as a high concentration on the calibration curve, respectively. In addition, to
determine intracellular SCN and SeCN concentrations, the SCN and SeCN stock solutions
were diluted with 0.5x PBS, pH 7.4 to prepare working mixed standard solutions having
concentrations of 0.050, 0.10, 0.50, 1.0, 2.5, and 5.0 uM.

Statistical analysis

Following HPLC-FLD post-column Konig reaction analysis, the data analysis was
performed by Prism GraphPad 9.0.0 software (GraphPad Software Inc., La Jolla, CA, USA)
and Microsoft 365 Excel (Microsoft Corporation, Redmond, WA, USA). Values are shown
as means = SD. Dunnett's multiple comparisons test was used to evaluated data. The

establishment of significant difference was set at p < 0.05.

Results and Discussion
The efficacy of extraction for SCN and SeCN between trichloroacetic acid and acetone
The detection and analysis of intracellular SCN and SeCN in cells by HPLC-FLD
with the post-column Konig reaction requires a pretreatment method so that the peaks of
the target compounds should be clearly separated from the interference peaks originating
from the biological matrices, especially in cultured cells. Although the Konig reaction was
accurately specific to the detection of CN and their derivatives, i.e., SCN and SeCN, it also
reacted with other substances having a carbon-nitrogen structure in its molecule such as
glycine (74,109) and acetonitrile (110). Cultured mammalian cells consist of complex

matrices that may interfere with SCN and SeCN detection by HPLC-FLD with the post-
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column Konig reaction. I, therefore, eliminated the interfering peaks by the most widely
used method of extraction, i.e., the protein precipitation. The technique has been applied to
the extraction of SCN in biological samples by acids or organic solvents. It was also
effective to stop the reaction that may interfere with the experiments.

To evaluate the extraction efficacy and the effect on the retention times of CN, SCN,
SeCN standards, ice-cold 12.5% TCA and 50% acetone were tested. The TCA-precipitation
found the retention time shifts of SCN and SeCN (Figure 4.1). Although the average
extraction efficacy of CN increased, that of SeCN was decreased. The percent of relative
standard deviations (%RSDs) of CN and SeCN were unacceptable in terms of
reproducibility. It was suspected that high concentration of TCA caused the degradation of
SeCN, and a part of SeCN was decomposed back to CN. On the other hand, 50% acetone
showed the better extraction efficiency of SCN and SeCN than TCA. The recovery of SCN
and SeCN at the lower (0.5 uM) and the higher (5 uM) concentrations were 99.44+5.7% and
107£10%, and 95.0+7.8% and 103+9.7%, respectively. The %RSDs and recoveries were
summarized in table. These results indicated that 50% acetone gave me more acceptable
reproducibility and higher precision for SCN and SeCN than 12.5% TCA (Table 4.1).
Therefore, the pretreatment with 50% acetone was applicable to the detection of SCN and
SeCN in living cells.

As a sample pretreatment for intracellular analysis of SCN and SeCN, acetone
allowed me to detect SCN and SeCN. I obtained good separation under the matrix-free
condition and in the presence of biological matrices. At least, the matrices affecting the
separation of SCN and SeCN could be removed by the acetone treatment. Initially, 12.5%
TCA was chosen for the protein precipitation step because it is a convenient and
conventional method for sample preparation by denaturation and the precipitation of
proteins. Indeed, several studies described the determination of SCN in blood, urine, or
milk by TCA as a precipitating protein agent (111,112), and showed the analytical results
with precision and accuracy. My results were consistent with these preceding studies in
terms of accuracy by the pretreatment with TCA. However, the precision obtained by the
area under the peak was less reliable at low, 0.5 uM, and high 5.0 uM concentrations.
Moreover, SeCN could be acid-susceptible due to the loss of stability of SeCN by the acid
extraction process. As mentioned, the peak of SeCN became small by the acid treatment,
and the treatment increased the peak of CN, suggesting the SeCN degradation and the
release of CN.
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Organic solvents are also widely used for protein precipitation. Methanol is one of
the frequently used organic solvents for protein precipitation. However, it could not
separate the targeted peaks from the interference peaks of other substances in the cell
culture. Acetone is also used for protein precipitation and is applied to electrospray
ionization (ESI), time of flight (ToF), or ion trap mass spectrometry (113). Acetonitrile
(ACN) is another water-miscible organic solvent and is also used for protein precipitation
(114). However, acetone should be preferred over ACN because ACN can react with the
15t and 2" post-column reagents in HPLC-FLD with the post-column Kénig reaction. Thus
ACN may interfere with the detection of SCN and SeCN. Moreover, because the acetone
treatment also improved the extraction efficiency of SCN and SeCN, acetone could

stabilize SCN and SeCN through the pretreatment.

The determination of SCN and SeCN in biological matrices

According to the results of the experiments using standard compounds, I applied
the pretreatment method to cultured cell matrices. The supernatant of HepG2 cells was
spiked with SCN and SeCN authentic standards for the analysis by HPLC-FLD with the
post-column Konig reaction. The elution profile of the unspiked sample showed that
biological matrices were eluted before 11 min and wholly separated from endogenous SCN
(Figure 4.2A). In the elution profile of the spiked sample, SCN and SeCN were well
separated even in the presence of biological matrices (Figure 4.2B). The linearities
between signal intensities and the concentrations of SCN and SeCN were maintained over
the concentration range of 0.05 to 5 uM (Table 4.2). The correlation coefficients for SCN
and SeCN were 0.993 and 0.985, respectively.

However, this technique has not accomplished the detection of intracellular CN in
this experiment due to enormous matrix peaks overlapping with the retention time
corresponding to CN ion. To more clearly and specifically detect CN, the pretreatment

conditions should be more carefully evaluated in future studies.

The cytotoxicity of selenite and the determination of SCN and SeCN in four mammalian
cell lines

The developed method was used to quantify the total amounts of intracellular SCN
and SeCN in cultured cells. Cytotoxicity tests were performed to evaluate the detoxification
of selenite in the cells. Selenite showed cytotoxicity in four mammalian cell lines, A549,

HepG2, PC12, and HEK293at the various concentration from 0.1 to 1,000 uM (Figure 4.3).
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The cytotoxicity test indicated that A549 was the most tolerant cell line, followed by
HepG2 and PC12. HEK293 was more sensitive than the other three cell lines. Each cell
line was exposed to selenite at the non-toxic dose according to the results of the preceding
cytotoxicity test. The intracellular concentrations of SCN and SeCN were determined. As
expected, the most sensitive to selenite among the cell lines was HEK293. Thus, selenite
was exposed at 1.0 and 2.5 uM to HEK?293 and at 2.5 and 5.0 uM to the other three cell
lines. The typical chromatograms are shown in Figure 4.4. Endogenous SCN, but not
endogenous SeCN, was detected in all cell lines. SeCN was detected in all cell lines when
selenite was exposed (Figure 4.4B, C, E, F, H, I, K, and L). The selenite exposure
significantly increased total intracellular SCN and SeCN concentrations in A549, HepG2,
and PC12. In particular, A549 and HepG2 more efficiently generated intracellular SCN and
SeCN than PC12. Meanwhile, no significant difference in total intracellular SCN and SeCN
concentrations was observed in HEK293 exposed to selenite (Figure 4.5).

Compared with their intact cells, a significant increase in total amounts of
intracellular SCN and SeCN was found in selenite-exposed A549, HepG2, and PC12 cells.
Meanwhile, there were no differences in total amounts of intracellular SCN and SeCN in
HEK?293 between the selenite-exposed and control groups. I speculated that there were
differences in the capacity of endogenous CN among the cell lines. Selenite, Se(+1V), is
quickly reduced to selenide, Se(-Il), in vivo. Selenide seems to induce the production of
endogenous CN, and then endogenous CN reacts with selenide. Several studies have also
indicated that selenite can accelerate the generation of superoxide anion (115-119). As
mentioned above, selenite is reduced to selenide and selenide can reduce oxygen to produce
reactive oxygen species such as superoxide anion (120—122). Therefore, selenite was able
to efficiently stimulate intracellular CN production via oxidative stress mediated by
reactive oxygen species. As a result, this process could lead to an increase in intracellular
concentrations of SCN and SeCN. The differences in total SCN and SeCN concentrations
among cell lines indicated the differences in the metabolic capacity for the production of
endogenous CN. Additional studies are necessary to elucidate the factors determining
metabolic capacity, e.g., the enzyme(s) responding to the endogenous CN metabolism and
the production of CN precursors in the cells.

Endogenous SCN was also detected in all cell lines without selenite exposure. Then,
it decreased with the increase in the selenite concentration of exposure, indicating that
SeCN was competitively generated with SCN. In addition, the selenite treatment could

induce CN, as abovementioned. Endogenous SCN was coupled between endogenous CN
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and reactive sulfur species, i.e., sulfane sulfur. In detail, endogenous CN more preferably
reacted with selenide than sulfane sulfur. Because the SeCN formation was accomplished
non-enzymatically by a rapid chemical reaction between endogenous CN and selenide, it
was reported that SCN was rapidly excreted into urine and saliva from the bloodstream
(100,123), and did not accumulate in tissue (124). On the other hand, SeCN was pooled in
mammalian cells and was utilized as a source of Se (40). These observations suggest the

biological significance of SeCN was different from that of SCN.
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Figure 4.1. The retention time between 0.5 uM CN, SCN, and SeCN standard mixture
and 0.5 pM standard mixture (green line) and standard mixture have been processed for
extraction by using TCA (red line)
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Figure 4.2. Elution profiles of HepG2 supernatant obtained by HPLC-FLD with the
post-column Konig reaction. The HepG2 supernatant that was not spiked (A) or
spiked (B) with SCN and SeCN mixed standard solution was applied to a Scherzo
SS-C18 column (3 pm, 4.6 i.d. x 250 mm with a guard column), and isocratic elution
was carried out with 0.1 M acetate buffer, pH 5.0, containing 12.5 mM
NaClO4/MeOH (90/10 v/v%). The eluate was reacted with Konig reagent and
fluorescence was detected by the fluorescence detector at the excitation wavelength
of 583 nm and the emission wavelength of 607 nm.
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Figure 4.3. Cytotoxic effect of four cell lines exposed to various concentrations of
sodium selenite. A549, HepG2, PC12, and HEK293 cells were exposed to 0, 1.0, 2.5,
5.0, 10, 25, 50, 100, 250, 500, and 1000 uM sodium selenite in FBS-free DMEM for 24
h. Cell viability was determined by MTS assay. Each point represents data from three
separate experiments.
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Figure 4.4. Detection of intracellular SCN and SeCN concentrations in selenite-exposed A549, HepG2, PC12, and HEK293.
The number of cells in each experiment is shown in parentheses.
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Figure 4.5. Total intracellular SCN and SeCN concentrations in A549 (A), HepG2 (B),
PC12 (C), and HEK293 (D) cells exposed to selenite and control cells. Means = SD
represent data from three separate experiments. (* p < 0.05, **p < 0.01, *** p < 0.001)

Table 4.1. Extraction efficacy and %RSD for SCN and SeCN standard mixture in 50 mM

PBS for liquid extraction method compared between using ice-cold TCA and acetone.
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Protein Standard Extraction
Precipitating Analyte concentration efficacy (%) %RSD
Agent (M) y (7o
0.5 83.52 4.960
SCN
5.0 101.9 1.420
12.5% TCA
0.5 54.99 12.84
SeCN
5.0 89.81 4.17
0.5 99.44 5.715
SCN
5.0 107.3 10.62
50% Acetone
0.5 95.03 7.836
SeCN
5.0 102.8 9.739




Table 4.2. Parameters for HPLC-FLD with post-column Konig reaction for intracellular SCN and SeCN analysis.

SD of
Analytical Analyte Equation of R peak areas LOD LOQ Run time
technique linearity curve of lowest (nM) (nM) (min)
calibrant
HPLC-FLD with SCN y =662356x + 2644 0.993 1202.68 5.99 18.2 20
post-column
Konig reaction SeCN y=596434x - 21363  0.985 800.500 4.43 13.4 20
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CHAPTER 5
Effect of Myeloperoxidase on Intracellular Thiocyanate and

Selenocyanate Generation

Introduction

It has been reported that endogenous CN is detected in neurons exposed to hydrogen
peroxide, and it seems that the mechanism of intracellular CN production is related to
oxidative processes (125). Endogenous CN in neutrophils by MPO (17). I speculated that
hydrogen peroxide could contribute to the production of endogenous CN similar to
neuronal cells and neutrophils. Based on the experimental results in the previous chapter,
intracellular CN was proposed to play an important role in attenuating selenium toxicity,
although CN itself is well known to be highly toxic substant. This chapter evaluated one of
the key mechanisms involved in producing endogenous CN in mammalian cells.

MPO catalyzes the redox reactions that can cause severe tissue damage during
inflammation. Some previous studies suggest that MPO is a crucial enzyme to produce
endogenous CN, i.e., hypochlorous acid (HOCI), a well-known strong cytotoxic oxidant
produced by MPO is required to produce endogenous CN. HOCI oxidizes glycine, and the
cyanogen chloride (CNCI) is generated via chlorination under acidic conditions. This CNCI
is metabolically equal to endogenous CN.

MPO is a highly expressed enzyme in neutrophils, and a human leukemia cell line,
HL60, expresses MPO. Since previous studies indicate that MPO accelerated endogenous
CN production, so HL60 could more efficiently produce SCN and SeCN from endogenous
CN compared to another leukemia cell line, K562, which did not express MPO (17,125).
In the previous chapters, I revealed that intracellular SCN and SeCN were well-detected
and quantified by HPLC-FLD with the post-column method. In this chapter, HL60, K562,
and the human hepatocarcinoma cell line, HepG2, were used to demonstrate the
mechanisms for the production of endogenous CN. was widely observed in mammalian To
clarify the role of MPO in endogenous CN production. The MPO inhibitor, AZD3241, was

used to assess the intracellular biotransformation of SCN and SeCN.

Materials and Methods
Reagents
Sodium selenite was provided by Merck (Darmstadt, Germany). Acetone

(guaranteed grade) was provided by FUJIFILM Wako Pure Chemical Corporation (Osaka,
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Japan). Phosphate buffered saline (PBS) was purchased from Sigma (St. Louis, MO, USA).
MPO inhibitor, AZD 3241, was provided by Selleckchem (Houston, TX, USA). Purified
water was prepared by the Milli-Q system (Merck).

Cultured cells

Human leukemia cells including, promyeloblast cell line, HL60, and lymphoblast
cell line, K562, and were obtained from RIKEN Bioresource Center. HL60 and K562 cells
were cultured and maintained in in RPMI-1640 (Roswell Park Memorial Institute 1640
medium; Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Biosera),
and 1% penicillin-streptomycin mixed solution (Invitrogen). All types of cells were
maintained at 37°C under 5 v/v% CO> atmosphere. The cells were passaged after reaching

confluence.

Measurement of selenite cytotoxicity

24 h cultured HL60 and K562 cells were separately seeded on 96-well plates at 1.0
x 10° cells/well. The cells were incubated with 1.0, 2.5, 5.0, 10,25, 50, 100, 250, 500, and
1,000 uM sodium selenite in FBS-free RPMI-1640 for 24 h. After the treatment, 20 pL of
MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, CellTiter 96® AQueous One Solution was added, and the
cells were incubated for 1 h at 37°C. Then, the absorbance at 490 nm in each well was
measured by a microplate reader. The highest non-toxic dose for HepG2 from the

cytotoxicity test in the previous topic was used in this assay at 5.0 uM.

Pretreatment with MPO inhibitor and selenite exposure

To determine the cytotoxic effect of selenite, human leukemia cells HL60 and K562
cells were separately seeded in 50 milliliters cell culture flask. In contrast, HepG2 cells
were maintained on 60 millimeters plates at 1.0 x 10° cells/ml, cultured for up to 72 h, and
then divided into two groups for each cell line. Two different experimental conditions of
the pretreatment were assessed, including 24 hours RPMI-1640 medium incubation for
human leukemia cells and DMEM incubation for HepG2 cells as a control group. 24 hours
AZD-3241 each suitable culture medium incubation as MPO inhibitor-pretreated group.

Subsequently, pretreated cultured cells were exposed to sodium selenite at the
highest non-toxic concentration levels as 1 uM for human leukemia cells, and pretreated

HepG?2 cells were exposed to 5 uM for 24 hours. Then, the cells were collected to perform
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sample preparation in the same procedure as the previous chapter for the intracellular SCN
and SeCN quantification. MPO inhibitor, AZD3241, was selected at 15uM in the cultured
medium. These concentrations were taken from the previously published in vitro
experiments in which MPO inhibitor is expected to inhibit the entire activity of MPO or
other possibly existing enzymes with similar properties (126). Each experiment was

repeated three times.

Results and Discussion
Effects of myeloperoxidase inhibitor on SCN and SeCN production

The selenite exposure cytotoxicity tests in the leukemia cell lines, HL60, and K562
cells were performed. Then, cytotoxic characteristics of selenite sensitivity for each cell
type were revealed. The total amounts of intracellular SCN and SeCN in the cells were
quantified in selenite/MPO inhibitor-exposed cells. The cell type-specific cytotoxicity of
selenite was observed at the concentration from 0.1 to 1,000 uM (Figure 5.1). Both cell
lines were susceptible to selenite. However, K562 was more susceptible to selenite at a
lower concentration of less than 10 uM. Then, the intracellular concentrations of SCN and
SeCN were determined. HL60, K562, and HepG2 cells were pretreated with AZD3241 for
24 hrs, and then three cell lines were exposed to sodium selenite at the highest non-toxic
concentration levels for additional 24 hrs. The maximum non-toxic concentration level of
selenite was 1.0 uM for two leukemia cell lines. For HepG2 cells, the highest non-toxic
concentration level was 5.0 uM. Then, the determination of intracellular SCN and SeCN
concentrations was performed by HPLC-FLD with the post-column Konig reaction.
Intracellular SCN and SeCN can be detected by HPLC-FLD and shown in the typical
chromatogram in (Figure 5.2). These data provided that SeCN was generated in both
leukemia cell lines exposed to selenite.

As shown in Figure 5.3, the MPO inhibitor, AZD3241, significantly decreased the
amounts of intracellular SCN and SeCN in all cell lines, i.e., HL60, K562, and HepG2 cells.
The amount of thiocyanate measured in HL60 cells showed that 3.92+0.147 pmol/10° cells
decreased to 2.03+0.233 pmol/10° cells, 6.44+1.24 pmol/10° cells declined to 4.21+0.258
pmol/10° cells for K562 cells, and 11.3+1.86 pmol/10° cells was dramatically reduced to
3.79+0.790 pmol/10% cells for HepG2 cells between the control group and AZD3241
pretreat groups. At the same time, the reduction in the amount of SeCN measured in cells
was shown to be 2.83+0.741 pmol/10° cells to 0.167+0.0341 pmol/10° cells for HL60 cells,
5.22+1.052 pmol/10° cells to 2.66+0.265 pmol/10° cells for K562 cells, and 37.3+2.34
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pmol/10° cells to 18.24+3.09 pmol/10° cells for HepG2 cells, between the control group and
AZD3241 pretreat groups.

The inhibition in HL60 was easily explainable because HL60 was expressing MPO.
However, the inhibitory effect of AZD3241 was also observed in K562 and HepG2. Since
these cell lines were known not to express MPO, it seemed challenging to explain the effect
of AZD3241. I speculated that endogenous CN could be generated by an MPO-like enzyme
inhibited with AZD3241. Several studies have described possible enzymes involved in the
formation of CN within living organisms through various redox reactions. Namely, several
peroxidase family enzymes are feasible enzymes to produce endogenous CN in MPO-non-
expressing cells. Lactoperoxidase has a similar activity to myeloperoxidase, which can
convert SCN to CN and sulfate (127). Thyroid peroxidase also has a similar activity (128).
The conversion of SCN can proceed through the enzymatic reaction by acid-catalyzed
oxidation with H>O; in erythrocytes (129). The identification of a putative enzyme(s) with
an MPO activity should be performed in future sequencing studies, and then, the

inconclusive mechanism of endogenous CN generation is expectedly revealed after the

identification.
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Figure 5.1. Cytotoxic effect of four cell lines exposed to various concentrations of sodium
selenite. HL60 and K562 cells were exposed to 0, 1.0, 2.5, 5.0, 10, 25, 50, 100, 250, 500,
and 1000 puM sodium selenite in FBS-free RPMI-1640 for 24 h. Cell viability was
determined by MTS assay. Each point represents data from three separate experiments.
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Figure 5.2. Detection of intracellular SCN and SeCN concentrations in selenite-exposed
HL60 and K562 cells. The number of cells in each experiment is shown in parentheses.
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Figure 5.3. Total intracellular SCN (A, C, E) and SeCN (B, D, F) concentrations in
selenite-exposed HL60, K562, and HepG2 cells, respectively, pretreated with
myeloperoxidase (MPO) inhibitor, AZD324, and control cells. Means + SD represent
data from three separate experiments. (* p < 0.05, **p < 0.01, *** p < 0.001)

43



CHAPTER 6

Conclusion

Comparison of quantification of thiocyanate (SCN) and selenocyanate (SeCN)
between HPLC-Fluorescence Detector (HPLC-FLD)) with post-column Konig reaction
and HPLC-inductively coupled plasma mass spectrometer (HPLC-ICP-MS) were studied
in terms of sensitivity and linearity. The operation of the HPLC-FLD system with a post-
column Konig reaction using Scherzo SS-C18 column provided the clear separation of
cyanide (CN), SCN, and SeCN in the standard solution mixture eluted at 9.0, 11.8, and 14.1
min retention times, respectively. The elution can accomplish in 20 minutes. HPLC-ICP-
MS system under the same column also gave the SCN, and SeCN separation eluted at 22.7
and 34.5 min retention times, respectively, with a more extended period than the HPLC-
FLD system. The correlation coefficients for SCN and SeCN obtained from both systems
were excellent at 0.998 and 0.997, respectively, by HPLC-FLD. HPLC-ICP-MS provided
at 0.990 and 0.998, respectively. Only HPLC-FLD can detect CN with a correlation
coefficient of 0.990. The limit of detection (LOD) for SCN indicated that HPLC-FLD was
354 times more sensitive than HPLC-ICP-MS. Meanwhile, the LOD for SeCN indicated
that HPLC-FLD was 51 times more sensitive than HPLC-ICP-MS. HPLC-FLD is,
therefore, the most appropriate analytical technique with superior sensitivity and shorter
analysis time for simultaneous analysis of SCN and SeCN compared to HPLC-ICP-MS.

The amounts of SCN and SeCN in various mammalian culture cells, including
A549, HepG2, PC12, and HEK293, exposed with selenite were quantified. It reveals the
detoxification of selenite by its biotransformation to SeCN. The four types of cultured
mammalian cells representing essential organs were exposed to sodium selenite for 24
hours at two non-toxic concentrations for each cell type provided by the cytotoxicity tests.
The cell sample preparation was performed and analyzed, including intracellular SCN and
SeCN. The usefulness of ice-cold acetone in the deproteinization step yielded a markedly
improved SCN and SeCN extraction efficiency compared to the trichloroacetic acid (TCA)
with the constant retention time and the excellent stability of the targeted substance to be
analyzed above. HPLC-FLD with the post-column technique provided a good separation
of SCN and SeCN spiked in the biological matrices by the pretreatment of ice-cold acetone
as a deproteinizing agent. However, this technique cannot detect intracellular cyanide due
to enormous matrices peaks overlapping with the retention time corresponding to cyanide

ions. Future subsequent studies to detect cyanide more clearly and specifically should
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emphasize the pretreatment conditions. HPLC-FLD also provided simultaneous detection
of endogenous SCN and SeCN in living mammalian cells deproteinized by acetone. SeCN
was detected in all cell lines when selenite was exposed. The selenite exposure significantly
increased total intracellular SCN and SeCN concentrations in A549, HepG2, and PC12.

Meanwhile, no significant difference in total intracellular SCN and SeCN
concentrations was observed in HEK293 exposed to selenite. In all cell lines, SCN
concentration decreased with increased selenite concentration, suggesting that SeCN was
competitively generated with SCN. The selenite-tolerant cell lines such as A549, HepG2,
and PC12 can induce endogenous CN to form SCN and SeCN noted by the increased total
amount of target metabolites. Selenium and sulfur seemed to be competitively transformed
into SeCN and SCN. A higher concentration of intracellular SeCN generated non-
enzymatically from endogenous CN combined with selenide species was produced more
than SCN. These results provide that endogenous CN is one of the detoxification factors
for selenite toxicity. SeCN was more likely to be deposited in cells than SCN.

The effect of myeloperoxidase (MPO) on intracellular cyanide production was
evaluated by observing the determination of SCN and SeCN. MPO inhibitor AZD-3241
was used to pretreat cultured cells and followed the targeted substance. The HL60 cell line
with a definite presence of MPO enzymes involved in endogenous CN formation was used
to study the biotransformation of SCN and SeCN in mammalian cell types compared with
K562 cultured mammalian lymphocytes as a negative control. HepG2 cell was also
evaluated. These cells were incubated with 24 hours AZD-3241, exposed to selenite, and
ultimately determined intracellular SCN and SeCN. AZD3241 significantly decreased the
amounts of intracellular SCN and SeCN in all cell lines. It suggested that MPO can affect
the intracellular production of SCN and SeCN from the result of HL60 cells. However, the
inhibitory effect of AZD3241 was also observed in K562 and HepG cells that lack MPO
enzymes. It suggested that endogenous CN as the primary substrate of SCN and SeCN
could be generated by an MPO-like enzyme inhibited with AZD3241. Living mammalian
cells contain some MPO-like enzymes that may also involve in mechanisms of endogenous

CN production, which is needed to clarify in future sequencing experiments.
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