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1 | INTRODUCTION

| June Cheptoo Serem?

| Yvette Nkondo Hlophel ® |

Abstract

The metastatic behavior of melanoma has accentuated the need for specific therapy
targets. Compounds, namely L-kynurenine (L-kyn), quinolinic acid (Quin), and kynurenic
acid (KA) previously displayed antiproliferative and cytotoxic effects in vitro against
cancer cells. Despite the growing interest in these compounds there are limited studies
examining the in vitro effects on melanoma. In B16 F10 melanoma cells, RAW 264.7
macrophage cells, and HaCat keratinocyte cells, postexposure to the compounds, crystal
violet staining was used to determine the half-maximal inhibitory concentration (ICsp),
whereas polarization-optical transmitted light differential interference contrast and light
microscopy after hematoxylin and eosin (H&E) staining was used to assess morphological
changes. L-kyn, Quin, and KA-induced cytotoxicity in all cell lines, with L-kyn being the
most cytotoxic compound. L-kyn and KA at ICsp-induced morphological changes in B16
F10, RAW 264.7, and HaCat cell lines, whereas Quin had effects on B16 F10 and RAW
264.7 cells but did not affect HaCat cells. L-kyn, Quin, and KA each display different
levels of cytotoxicity, which were cell line specific. L-kyn was shown to be the most
potent compound against all cell lines and may offer future treatment strategies when

combined with other viable treatments against melanoma.
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proliferation rate of cancer cells can be attributed to their ability to

reprogram their metabolism through a mechanism known as the

Cancer is defined as a group of noncommunicable diseases® arising from
a series of genetic mutations, which ultimately leads to alterations in the
phenotypic, functional, and molecular characteristics of cells."? Genetic
mutations involve tumor suppressor gene deactivation and/or the
activation of proto-oncogenes,® which modifies cell cycle processes

and contributes to uncontrolled proliferation in cancer cells.*> The high

Warburg effect.® Although the Warburg effect is characterized as an
inefficient metabolic shift from mitochondrial oxidative phosphorylation
(OXPHOS) to glycolysis,” it is necessary to support the biosynthetic
requirements of uncontrolled proliferation and maintain a nicotinamide
adenine dinucleotide (NAD*)/nicotinamide adenine dinucleotide + hydro-
gen (NADH) redox ratio.®® Cancer cells often present with higher NAD*/
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NADH and NADP*/NADPH ratios compared to noncancerous cells,
suggesting the important role of NAD" in cancer.® Nicotinamide adenine
dinucleotide (NAD") is a cofactor in cellular reactions including ATP
synthesis and DNA repair and is implicated in redox reactions for
obtaining energy.®?

Precursors of the NAD* production pathway can be obtained
through dietary sources in the form of vitamin Bs/niacin (including
nicotinic acid and nicotinamide).*® Niacin's role in the skin has been well
documented, as a deficiency can lead to pellagra (characterized by
dermatitis) and an increased risk for UV-induced skin tumors. Increasing
evidence suggest niacin's role in cancer, including processes involved in
genomic instability, DNA repair, regulation of cell division, and
apoptosis.!* However, when NAD® levels are depleted due to
insufficient dietary niacin intake or a compromised immune system,
tryptophan is catabolized for NAD* de novo synthesis.'?*3

Tryptophan is an essential amino acid in mammals’* and the least
abundant of all essential amino acids.** Tryptophan catabolism produces

various metabolites, which act as active substances (Figure 1.4 The

Indoleamine2,3-dioxygenase (IDO)

Kynurenine formamidase

Kynurenine-3-hydroxylase

Significance statement

The kynurenine pathway is known to be activated in
cancer. Metabolites in the kynurenine pathway, namely
L-kynurenine (L-kyn), quinolinic acid (Quin), and kynurenic
acid (KA) previously displayed antiproliferative and cyto-
toxic effects in vitro against cancer cells. Despite the
growing interest in these compounds there are limited
studies examining the in vitro effects on melanoma. This
study provides a better understanding of the in vitro
cytotoxic effects of kynurenine exogenous compounds
against B16 F10 melanoma cells and confirms that L-kyn,
Quin, and KA each display different levels of cytotoxicity. In
addition, this study demonstrates that L-kyn is the most
potent cytotoxic compound and may offer future treatment
strategies in combination with other viable treatments

against melanoma.
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Tryptophan-2,3- dioxygenase (TDO)

FIGURE 1 Tryptophan metabolism and the formation of kynurenine metabolites, leading to nicotinamide adenine dinucleotide (NAD*)
synthesis. L-tryptophan is cleaved by indoleamine 2,3 dioxygenase 1 (IDO1), indoleamine 2,3 dioxygenase 2 (IDO2) or tryptophan-2,3-
dioxygenase (TDO) to yield N'-formylkynurenine, which is hydrolyzed by kynurenine formamidase to L-kynurenine (L-kyn). L-kyn bifurcates into
two branches, where the one ends in kynurenic acid and the other undergoes a cascade of enzymatic reactions to result in NAD* synthesis.
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kynurenine pathway is a major pathway in tryptophan catabolism and is

responsible for the catabolism of 95% of all dietary tryptophan,*® which
is used in protein synthesis.” In tryptophan catabolism, L-tryptophan is

15-17

degraded through a series of enzymatic reactions. L-kynurenine

(.-kyn) is central to the kynurenine pathway, which bifurcates and results

), where

in the formation of kynurenic acid (KA) or quinolinic acid (Quin
the latter can then be converted by to NAD" (Figure 1).1°

Although melanoma is a rare type of cancer, accounting for
less than 5% of all skin cancers,'® it is among the deadliest as it
accounts for 75% of skin cancer mortality.'? Metabolites impli-
cated in the kynurenine pathway, namely L-kyn and KA
previously displayed antiproliferative and cytotoxic effects in vitro
against cancer cells.?° Despite the growing interest in these
compounds there are limited studies examining the in vitro effects
of the exogenous treatment of melanoma with kynurenine
metabolites. This study, therefore, aimed to investigate the effects
of exogenous kynurenine compounds (L.-kyn, Quin, and KA) on
melanoma cells in vitro.

2 | MATERIALS AND METHODS
2.1 | Cell lines

This section will discuss the melanoma (B16 F10), the macrophage
(RAW 264.7), and keratinocytes (HaCat) cell lines that were used in
this study.

2.1.1 | Melanoma

The melanoma (B16 F10) cell line is isolated from the skin tissue of a
mouse with melanoma and is characterized as a standard cell line for
melanoma research.?! The B16 F10 cell line was purchased from the
American Type Culture Collection B16 F10 (ATCC® CRL-6475™) and
used between passages 4 and 12.

2.1.2 | Monocyte/macrophage cells

The RAW 264.7 cell line was used as the control cell line. RAW 264.7
is a mouse, monocyte/macrophage-like cell line.?? This cell line was
purchased from CELLONEX, South Africa, and used between
passages 6 and 20. In accordance with a previous study investigating
the kynurenine pathway, the RAW 264.7 cell line was used as a
control cell line,?® since macrophages are known to express all the

enzymes associated with the kynurenine pathway.?*
2.1.3 | Keratinocyte cells
The HaCat cell line is a human keratinocyte cell line?> and was used

as a control cell line. This cell line was purchased from CELLONEX,
South Africa, and used between passages 18 and 25.

2.2 | Sample preparation

Dimethyl sulfoxide (DMSO) at <0.1% volume per volume (v/v) was used
as a solvent for kynurenine compounds (L-kyn, Quin, and KA) for crystal
violet experiments. DMSO content of the final dilutions never exceeded
0.1% (v/v). t-kyn and KA were dissolved in <0.01% v/v DMSO and
Quin in <0.1% v/v DMSOQ. Serial dilutions were made by adding 0.1 M
phosphate-buffered saline (PBS) at (pH 7.4) to the treatments. The
control samples for both cell lines, was exposed to the complete culture
medium (CCM):PBS in a 1:1 ratio. A vehicle control of 0.1% (v/v) DMSO
was also included for experiments with Quin-treated samples, as Quin
was dissolved in the highest percentage DMSO (0.1% v/v). In addition,
the current study focuses on the investigation of kynurenine metabolites
on melanoma B16 F10 cells, with particular focus on these com-
pounds' possible selective cytotoxic properties toward this melanoma
cell line. Therefore, to effectively demonstrate the ability of kynurenine
compounds to act as targeted therapies toward melanoma, all the results
were compared to a nonselective cytotoxic agent, such as nocodazole.
The positive control cells were, therefore, exposed to 1.30 mM
nocodazole (NOC), which is a microtubule disruptor. NOC was dissolved
in <0.01% v/v DMSO and diluted by adding ddH,O to the treatments.

2.3 | General culture maintenance

The B16 F10, RAW 264.7, and HaCat cells were cultured in T25 or
T75 cm? tissue culture flasks. All cell lines were cultured in CCM,
consisting of Dulbecco's modified essential medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 1% antibiotics
(amphotericin/penicillin/streptomycin). These cells were cultured and
maintained in sterile culture flasks at 37°C with 5% CO, in a Forma
Scientific water-jacketed incubator, which provided a humidified
atmosphere. Cells were allowed to grow until they reach 70%
confluency, with a CCM change at 1- to 3-day intervals.

Upon reaching the desired confluency, the CCM was removed,
and all cells were washed with 2 mL warm sterile 0.1 M PBS. The 0.1 M
PBS was discarded, and 2 mL TrypLE™ Express phenol red was added
to B16 F10 cells and 5% Trypsin was added to HaCat cells facilitate
detachment of the cells. The cells exposed to TrypLE™ Express phenol
red were incubated for 5min and cells exposed to 5% Trypsin was
incubated for 10min. Detached B16 F10 and HaCat cells were
neutralized with 4 mL CCM that was added to the flask. The RAW
264.7 cells were scraped with sterile cell scrapers and CCM was added
to harvest the cells. The cell suspension of all cell lines was transferred
to a 15 mL tube and centrifuged for 10 min at 3000 rpm after which
the supernatant was discarded, and the cell pellet was resuspended in
1mL of CCM. The resuspended cells were either seeded for
experiments, cryopreserved in a 1:1 ratio in freeze medium (10%
CCM, 10% DMSO in 80% fetal bovine serum) and stored at -80°C in
cryovials or, reseeded into subcultures to be used in experiments. The
passage of the cells was indicated on cryovials and newly seeded
flasks. For all experimental purposes, cells were stained with a 0.1%
trypan blue solution, and a hemocytometer was used to count viable
cells. Laboratory sterile conditions were implemented.
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2.4 | Crystal violet staining

Cells were seeded in 96-well plates at 5000 and 10,000 cells/well for
B16 F10 (melanoma) and RAW 264.7 and HaCat (control) cells
respectively. Cells were incubated for 24 h at 37°C and 5% CO, in a
humidified incubator to allow cells to attach. After 24 h, the cells
were exposed to serial dilutions of each compound (1-5mM). The
concentrations of kynurenine compounds were based on previously
used concentrations in a range from 0 to 5mM in vitro.2°

Cells were exposed to kynurenine metabolites for 24, 48, and 72 h
to observe cell viability over time in response to treatments. A vehicle
control, DMSO at 0.1% (v/v) was included for experiments. After time-
dependent exposure of each compound, the cells were fixed with 1%
glutaraldehyde and further incubated for 30 min. The cells were then
stained with 100 uL of 0.1% crystal violet at room temperature for
30 min. The plates were then rinsed in tap water, left to dry, and
solubilized with 100 uL of 10% acetic acid and absorbance was
measured at a wavelength of 570 nm and results were reported as the
percentage cell viability in relation to the vehicle control (cells exposed
to 0.1% DMSO) and the half maximal inhibitory concentration (ICsq)
values were calculated using GraphPad Prism v6.01. The viability values
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of the concentration range of each compound were extrapolated and
the ICsq values were calculated with the GraphPad Prism v6.01 soft-
ware using nonlinear regression. The ICsq stated is the calculated 1Csq
derived from at least three wells from 3 biological repeats. For all
subsequent experiments the calculated ICso values obtained for B16
F10 cells at 48 h were used on B16 F10, RAW 264.7 and HaCat cells to
determine the effects of compounds at ICso values. In addition, the
calculated ICsq values were further tested with the crystal violet assay
in vitro to compare the calculated ICsq to its actual effect on all cell lines

and make conclusions on selective cytotoxicity.

2.5 | Polarization-optical transmitted light
differential interference contrast (PlasDIC) and
hematoxylin and eosin (H&E) staining

Cells were seeded in 24-well plates, where B16 F10 cells were seeded at
10,000 cells/well and RAW 264.7 and HaCat cells were seeded at
20,000 cells/well. After allowing for attachment, all cell lines were
exposed to various treatments (L.-kyn, Quin, and KA) at ICsq values of
B16 F10 cells and further incubated for 48 h. For PlasDIC, cells were
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FIGURE 2 The effect of (A) .-kynurenine on the cell number of B16 F10, (B) RAW 264.7 and (C) HaCat, and the effect of quinolinic acid on the cell
number of (D) B16 F10, (E) RAW 264.7 cells, and (F) Hacat cells and the effect of kynurenic acid on the cell number of (G) B16 F10, (H) RAW 264.7
cells, and (I) Hacat cells at 24, 48, and 72 h in vitro. Cell number values are expressed as the percentage relative to complete culture medium (CCM):
ddH,0 or CCM: phosphate-buffered saline-treated control samples of at least three experimental repeats done in triplicate, with the standard error of
mean indicated by the error bars. *p <.05; **p <.01; ***p <.001; ****p <.0001 indicates significant difference when compared to the control.
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then viewed with a Zeiss inverted Axiovert CFL40 microscope (Zeiss)

with a PlasDIC filter. After PlasDIC imaging, the medium was discarded,
and the coverslips were covered with Bouin's fixative and left for 60 min
at room temperature. The Bouin's fixative was discarded, and the
coverslips were covered with 70% ethanol and left for 20 min at room
temperature. This was followed by a rinse with tap water and thereafter
the coverslips were covered in Mayer's hematoxylin and left for 20 min.
A wash for 2 min in tap water followed then a rinse with 70% ethanol.
The coverslips were then covered in eosin (1%) for 5min then were
dehydrated twice for 5min with 70%, 96%, and 100% ethanol.
Coverslips were then covered in xylene and left for 5 min and mounted
on microscope slides with resin. After the coverslips were left to dry, the
cells were viewed with the Zeis Axiovert MRc microscope (Zeis). and
images were viewed at x100 magnification with immersion oil. Images

were captured with an imager Nikon Optiphot.

2.6 | Statistics

All experiments include at least three technical and three biological
repeats. All quantitative data is represented as average * standard
error of mean (SEM). Data were checked for normality using the
Shapiro-Wilks test and further tested for significant differences using
one-way analysis of variance (ANOVA) with the Tukey test (if data
were parametric) or the Kruskal-Wallis ANOVA with the Dunn test

(if data was nonparametric). p <.05 was considered significant.

3 | RESULTS
3.1 | Cytotoxicity—ICso determination

A vehicle control (0.1% v/v DMSO) was included for experiments
with Quin-treated samples, as Quin contained the highest DMSO
concentration of all compounds. No significant differences in cell
proliferation were observed between CCM:ddH,O or CCM:PBS and
vehicle control (0.1% v/v DMSO) samples, implying a negligible effect
of DMSO on cell proliferation. B16 F10 as well as RAW 264.7 cells,
cells were exposed to L-kyn in a range from 0-5 mM. L-kyn displayed
time-dependent cytotoxicity in B16 F10 cells, with statistically
significant cytotoxic effects after 48 h at a concentration of 1 mM
(Figure 2A). However, L-kyn only started to display significant
cytotoxic effects in RAW 264.7 cells after 72 h at a concentration
of 2mM (Figure 2B). HaCats exposed to L-kyn presented with a
similar trend of cytotoxicity as observed in B16 F10 cells (Figure 2C).

Quin displayed statistically significant cytotoxic effects in B16 F10
cells at 48 h from 3 to 5mM (Figure 2C), but not in RAW 264.7 cells
(Figure 2D). In HaCat cells, Quin-induced cytotoxicity after 72 h at 5 mM.

In B16 F10 as well as HaCat cells, KA did not display statistically
significant cytotoxic effects (Figure 2G,l) but displayed cytotoxic
effects in RAW 264.7 cells after 72 h at 3 mM (Figure 2H).

A summary of the calculated ICsq values for all compounds at 24,
48, and 72 h are shown in Table 1. When comparing the ICsq of B16

Calculated ICsq values (mM) and ICsq ranges in B16 F10, RAW 264.7, and HaCat cells at 24, 48, and 72 h using data in a range from O to 5 mM.

TABLE 1

Cell line

HaCat
24h

RAW 264.7

24h

B16 F10
24h

72h

48 h

72h

48 h

72h

48 h

Compound

0.1627

1.810 1.146

2.22

13.64 1.74 0.68 31.06 3.54

L-kyn

(1.09- 2.90) (0.790-1.61) (0.11-0.21)

(2.50-5.43)

(0.52-8.02) (18.83-72.01) (2.44-5.93)

(1.25-2.16)

(11.10-17.23)

6.083

20.07

43.31

11.61

68.08

89.36

20.44

8.23

37.09

Quin

(19.72-10798) (12.25-42.71) (3.85-10.28)

(9.09-15.35)

(5.96-20.59) (15.12-29.91) (39.18-213.60) (39.18-213.60)

(27.45-53.41)

2.261e+036 11.04

20.62

13.07
(10.19-17.47)

5.242e +042

21.52 76.40 29.94

89.80

(-infinity-+infinity) (7.65-17.35)

(15.87-28.37)

(=infinity to +infinity)

(29.36-infinity) (17.60-5.33)

(7.99-103.30)

(36.25-infinity)

Abbreviations: ICsq, half maximal inhibitory concentration; KA, kynurenic acid; L-kyn, L-kynurenine; Quin, quinolinic acid.
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F10 cells to the RAW 264.7 control cells exposed to the B16 F10
ICs5o at 48 h, less cell death was observed, approximately 2x less for
L-kyn, 8x less for Quin and several fold times less for KA. When B16
F10 were compared to HaCat cells at 48 h, obtained ICsq values by
L-kyn were similar, however for Quin it was 2x less, and for KA
several fold times less. At 72 h IC5q values of the B16 F10 melanoma
cells were similar to the RAW 264.7 and HaCat control cell lines. It
was therefore decided that the 48 h timeline, was the ideal timeline
to continue with.

The treatment of B16 F10, RAW 264.7, and HaCat cells with
kynurenine metabolites at calculated ICsq values for B16 F10 cells for
48 h, demonstrated overall higher cell viability values for RAW 264.7
cells, except for KA. t-kyn at 1.74mM induced an average cell
viability value of 47.04% in B16 F10 cells,60.63% in RAW 264.7 cells,
and 41.65% in HaCat cells. Quin at 8.23 mM induced and an average
cell viability value of 59.98% in B16 F10 cells, 77.04% in RAW 264.7
cells, and 64.55% in HaCat cells. However, KA at 21.51 mM induced
an average cell viability value of 30.45% in B16 F10 cells,23.07% in
RAW 264.7 cells, and 94.96% in HaCat cells. NOC at 1.30 mM
induced an average cell viability value of 53.27% in B16 F10
cells,15.72% in RAW 264.7 cells, and 59.61% in HaCat cells
(Figure 3).
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3.2 | PlasDIC

All cell lines displayed confluent and attached control cells (treated
with PBS and ddH,O0), (Figure 4A,B,G,H,M,N). In B16 F10 cells, .-kyn
at 1.74 mM induced cell protrusions, cell debris and apoptotic body
formation (Figure 4C). KA at 21.52 mM induced compromised cell
density, cell protrusions, cell debris, and apoptotic body formation
(Figure 4D). Quin at 8.23 mM induced cell rounding, cell debris, and
compromised cell density (Figure 4E). NOC at 1.30 mM induced
compromised cell density, cell rounding, and apoptotic body
formation (Figure 4F).

In RAW 264.7 cells, L-kyn at 1.74 mM induced cell rounding,
compromised cell density, and apoptotic body formation (Figure 4l).
KA at 21.52 mM induced compromised cell density, cell protrusions,
and cell rounding (Figure 4J). Quin at 8.23 mM induced cell swelling,
cell protrusions, and compromised cell density (Figure 4K). NOC at
1.30 mM induced signs of compromised cell density, cell rounding,
cell protrusions, and apoptotic body formation (Figure 4L).

In HaCat cells, t-kyn at 1.74mM induced cell rounding
(Figure 40). KA at 21.52 mM induced compromised cell density and
membrane blebbing (Figure 4P). Quin at 8.23 mM did not influence
cell morphology and cells remained confluent (Figure 4Q). NOC at
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FIGURE 3 The effect of kynurenine compounds at half-maximal inhibitory concentration (ICsg) after 48 h on B16 F10, RAW 264.7, and
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1.30 mM induced signs of compromised cell density, cell debris, and

cell swelling (Figure 4R).

3.3 | H&E staining

All cell lines displayed confluent and attached control cells (treated
with PBS and ddH,0), (Figure 5A,B,G,H,M,N). In B16 F10 cells, .-kyn
at 1.74mM induced membrane blebbing and apoptotic body
formation (Figure 5C). KA at 21.52mM induced signs of compro-
mised cell density and cell rounding (Figure 5D). Quin at 8.23 mM
induced cell swelling, cell protrusions, cell rounding, and apoptotic
body formation (Figure 5E). NOC at 1.30 mM induced signs of cell
swelling, compromised cell density, and apoptotic body formation
(Figure 5F).

In RAW 264.7 cells, L-kyn at 1.74 mM induced cell rounding,
compromised cell density, and karyorrhexis (nuclear fragmentation)
(Figure 51). KA at 21.52 mM induced compromised cell density, cell
protrusions, and cell rounding (Figure 5J). Quin at 8.23 mM induced
compromised cell density and karyorrhexis (Figure 5K). NOC at
1.30mM induced compromised cell density, cell swelling, and
apoptotic body formation (Figure 5L).

In HaCat cells, t-kyn at 1.74mM induced cell rounding
(Figure 50). KA at 21.52mM induced compromised cell density
(Figure 5P). Quin at 8.23 mM did not influence cell morphology and
cells remained confluent (Figure 5Q). NOC at 1.30 mM induced signs
of cell swelling (Figure 5R).

4 | DISCUSSION

Exogenous exposure of kynurenine compounds to proliferating cells
may elicit various effects, as metabolites implicated in the kynurenine
pathway, namely L-kyn and KA previously displayed antiproliferative
and cytotoxic effects in vitro against melanoma cells.?°
The cytotoxicity study using crystal violet staining by testing the
physiological ranges of kynurenine metabolites on B16 F10, RAW
264.7, and HaCat cells, revealed that the calculated ICsq values for all
metabolites are much higher than physiological concentrations, to
induce cytotoxic effects toward B16 F10 melanoma cells. Marszalek-
Grabska et al. previously reviewed physiological concentrations of
L-kyn in body fluids and tissues, which ranges between 1.2 and
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1.8 uM in human blood,?® where KA was detected in the serum of

patients diagnosed with cancer in a range from 21.3 to 250 nM
depending on the type of cancer.?” In this study, L-kyn, the central
metabolite in the kynurenine pathway, was the most potent antic-
ancer compound, compared to the two end metabolites, namely Quin
and KA. These results can be explained by both the tryptophan
depletion theory and the tryptophan utilization theory.

The tryptophan depletion theory first reiterates the essential role
of tryptophan in cell proliferation and maintenance in physiological
(e.g., immune cells) as well as pathological (e.g., cancer cells)
conditions to fuel NAD* production.®?® However, NAD* production
has both a positive and negative effect on cancer progression as it
promotes both uncontrolled proliferation in cancer cells as well as an
antitumour immune response by acting as a pro-inflammatory
cytokine.® In the absence of adequate niacin intake, the catabolism
of tryptophan acts as a secondary, salvage pathway for NAD*
synthesis.® In this process, the depletion of tryptophan due to its
catabolism, as a mechanism to increase NAD™ production, has proved
to promote tumor cell-intrinsic malignant properties as well as tumor
immune escape.?’ Therefore, cancer patients with malignant tumors
often present with depleted tryptophan levels, which correlates with
disease progression and loss of immunocompetence.>® As a result,
the depletion of tryptophan during its catabolism, has been
associated with T cell cycle arrest and the formation of metabolites,
such as L-kyn, Quin, 3-hydroxykynurenine, and 3-hydroxyanthranilic
acid, which previously suppressed T cell proliferation and induced
apoptosis.®! Despite describing its involvement in cancer progres-
sion, the tryptophan depletion theory of indoleamine 2,3 dioxygen-
ase activation fails to explain the functions of the produced
tryptophan metabolites during the process of catabolism. In addition,
it was previously believed that kynurenine pathway metabolites have
no function and are excreted in the urine.”

On the other hand, the tryptophan utilization theory suggests
that cancer progression does not solely rely on tryptophan depletion,
but also introduces the idea that metabolites produced during
tryptophan catabolism, acts as active substances with specific
receptor systems for each metabolite on different cell popula-
tions.”*> This theory supports the data from our study, which
indicates that the exogenous administration of each kynurenine
metabolite had a different effect on cytotoxicity in B16 F10, RAW
264.7, and HaCat cells. In addition, this current study found that
L-kyn displayed the greatest cytotoxicity toward melanoma B16 F10

FIGURE 4 Polarization-optical transmitted light differential interference contrast micrographs of B16 F10 cells, RAW 264.7, and HaCat cells
at 48 h after exposure to the B16 F10 half-maximal inhibitory concentration (ICsg) of various compounds. (A) control B16 F10 cells treated with
phosphate-buffered saline (PBS), (B) control B16 F10 cells treated with ddH,O, (C) L.-kynurenine-treated B16 F10 cells at 1.74 mM, (D) kynurenic
acid-treated B16 F10 cells at 21.52 mM, (E) quinolinic acid-treated B16 F10 cells at 8.23 mM (F) positive control B16 F10 cells treated with

nocodazole (NOC) at 1.30 mM. (G) control RAW 264.7 cells treated with PBS, (H) control RAW 264.7 cells treated with ddH,O, (l) L-kynurenine-
treated RAW 264.7 cells at 1.74 mM, (J) kynurenic acid-treated RAW 264.7 cells at 21.52 mM, (K) quinolinic acid-treated RAW 264.7 cells at 8.
23 mM (L) positive control RAW 264.7 cells treated with NOC at 1.30 mM, (M) control HaCat cells treated with PBS, (N) control HaCat cells
treated with ddH,0, (O) L-kynurenine-treated HaCat cells at 1.74 mM, (P) kynurenic acid-treated HaCat cells at 21.52 mM, (Q) quinolinic acid-
treated HaCat cells at 8.23 mM (R) positive control HaCat cells treated with NOC at 1.30 mM. Micrographs were taken at x40 magnification.
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cells and the normal HaCat keratinocyte cells in the millimolar (mM)
range, whereas Quin and KA displayed less significant cytotoxic
effects at these concentrations. This is further supported by a
previous study where w-kyn (at 5mM), but not KA exerted
cytotoxicity against human melanoma A375 and RPMI7951 cells,
measured by means of the Bromodeoxyuridine (BrdU) assay
indicating the level of DNA synthesis.2® The results from a study
by Walczak et al., using the BrdU assay supported this statement by
indicating that KA (at 5 mM) only moderately inhibited DNA synthesis
(20.7%) in SK-MEL-3 cells (a cell line derived from melanoma
metastasis), whereas L-kyn (at 5mM) significantly inhibited DNA
synthesis.>?

L-kyn and KA are aryl hydrocarbon receptors (Ahr) ligands, and
each may regulate the Ahr signaling pathway differently.?* Hence,
L-kyn may interfere with the downstream signaling pathway more
effectively as compared to KA. A previous study suggested that Ahr
agonists may display inconsistent behavior in different cells,>! which
explains our finding that KA did not display cytotoxicity against B16
F10 cells, even though it previously induced cytotoxic effects against
other cancers, such as colon-derived cancer cells, human glioblas-
toma, and human renal cell carcinoma.®3~3> The authors, therefore,
propose that Ahr activation may differ between B16 F10 and HaCat
cell lines versus RAW 264.7 cell lines, thus giving rise to the
differences in the effects observed.

In addition, the treatment with kynurenine compounds at 48-h
IC5o values resulted in morphological changes in all three cell lines.
Several features of apoptosis, such as cell rounding, cell shrinkage,
chromatin condensation, nuclear fragmentation (karyorrhexis), and
plasma membrane blebbing, were observed.*¢=#° In addition, Quin-
induced cell swelling in B16 F10 cells, which has previously been
classified as a hallmark of necrosis,*® but did not induce significant
changes in the morphology of HaCat cells.

In conclusion, this study provides a better understanding of the
in vitro cytotoxic effects of kynurenine exogenous compounds
against B16 F10 melanoma cells and confirms that L-kyn, Quin, and
KA each display different levels of cytotoxicity. Although this study
included three cell lines, the study observed a limitation which was
the similar cytotoxic effect induced by L-kyn on the cancerous B16
F10 and the noncancerous HaCat cells. Therefore, the authors
suggest the inclusion of melanocytes as an additional control cell line
for future studies. This study demonstrated that L-kyn was shown to
be the most potent cytotoxic compound in all cell lines (B16 F10,
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RAW 264.7, and HaCat) and may offer future treatment strategies in

combination with other viable treatments against melanoma. In vivo

research on the kynurenine metabolites currently being conducted in
our research group will assist to substantiate the findings of this
study.
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