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Chapter 1. Development of TX-816, a novel Schiff-base derivative, for enhancing

effect of S-aminolevurinic acid-based photodynamic therapy

1 Abstract

5-Aminolevulinic acid (ALA), a precursor of protoporphyrin IX (PpIX), is now widely used for
photodynamic therapy (ALA-PDT) of various cancers. Recently, I found that treatment of cancer cells with the
Schiff base derivative TX-816 along with ALA could significantly increase the efficacy of ALA-PDT. This
enhancing effect of TX-816 on ALA-PDT is attributed to 3,5-dichlorosalicylaldehyde (DCSA), a molecule
produced by the degradation of TX-816. Similar to TX-816, DCSA significantly enhances the effect of ALA-
PDT. Furthermore, DCSA could restore the sensitivity of cancer cells that acquired resistance to ALA-PDT.
These results indicate that DCSA, as well as TX-816, is a potent lead compound for the development of an

ALA-PDT sensitizer.



2 Introduction

5-Aminolevulinic acid (ALA)

O

O

Fig. 1 Structure of ALA

ALA (Fig. 1) is one of the natural amino acids and is known to act as a precursor of porphyrin in vivo.
Porphyrins biosynthesized from ALA are extremely important co-factors in animal and plant cells [1]. In
particular, metal porphyrins in which some metal ions are coordinated at the center of porphyrins have various
functions. For example, magnesium ion-coordinated porphyrins are important co-factors of plant chlorophyll
and play a central role in photosynthesis. In addition, iron (II) porphyrin called Heme is used as a co-factor of
hemoglobin, myoglobin, cytochrome P450 and catalase [2-4]. Heme plays an extremely important role in the
body. After being synthesized in vivo, ALA is rapidly converted to porphyrins. Therefore, ALA production step
is the most important in the porphyrin biosynthesis. Also ALA has high water solubility and low cytotoxicity,
so it can be widely applied as a drug, supplement or reagent. In fact, ALA is already used in the medical field.
As ALA is known to polymerize under basic conditions, it is generally used in the form of hydrochloride or

phosphate.

Photodynamic Therapy : PDT

PDT is a treatment method in which an administered photosensitizer is accumulated in tumor tissue
or new blood vessels, and then the tissue is irradiated with laser light to cause a photochemical reaction to
degenerate and necrotize cells. This denaturation and necrosis are due to the strong oxidative action of singlet
oxygen, which is a type of reactive oxygen species (ROS) produced by the reaction of laser light of a specific
wavelength with a photosensitive substance.

The life of ROS generated by PDT is extremely short, about 0.04-4 us. The laser used in PDT is
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different from the high-power laser used in general laser treatment so that we hardly feel the heat. The major

feature is that the output is weak and the range in which the reaction occurs can be controlled only at the lesion

site where the photosensitizer has accumulated. Therefore, PDT is expected to develop in various disease areas

as a lesion site-selective treatment method that is less invasive to normal tissues [5].

Production of PpIX via metabolism from ALA

ALA is converted to Protoporphyrin IX (PpIX) by undergoing the following metabolism in vivo (Fig.

2) [6].

1. ALA dehydratase condenses two molecules of ALA to produce porphobilinogen (PBG).

2. Porphovirinogen deaminase produces linear hydroxymethylpyran (HMB) from four molecules of
porphobilinogen.

3. Uroporphyrinogen III synthase forms the prototype of the porphyrin ring, which is accompanied by the
inversion of one pyrrole ring to produce uroporphyrinogen III.

4. Uroporphyrinogen decarboxylase desorbs four molecules of CO; from uroporphyrinogen III to produce
coproporphyrinogen I1I.

5. Coproporphyrinogen oxidase desorbs two molecules of CO; to produce protoporphyrinogen IX.

6. Finally, protoporphyrinogen oxidase oxidizes protoporphyrinogen IX to produce PpIX. At this time, a

compound having properties as a photosensitizer is obtained only when the porphyrinogen is changed to a

porphyrin ring. The intermediate porphyrinogen is neither a fluorescent substance nor a photosensitizer.
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Fig. 2 Biosynthesis pathway of Protoporphyrin IX in cells

ALA-based photodynamic therapy (ALA-PDT)

Photodynamic diagnosis (ALA-PDD) and photodynamic therapy (ALA-PDT) using ALA are widely
used as diagnostic and therapeutic methods for various cancers [8,14]. The exogenous ALA is taken up into
cells by PEPT1, a proton-coupled oligopeptide transporter, that is a solute carrier family 15 member Al
(SLC15A1) [9]. After 8 molecules of ALA are metabolized to protoporphyrin IX (PpIX) in the cytoplasm and
mitochondria through the above 6-step steps. Subsequently, PpIX is coordinated with iron (II) by ferrokiratase
and metabolized to Heme, and then metabolized to bilirubin. The bilirubin is rapidly released extracellularly by
the ABCC transporter. It is known that PpIX accumulation hardly occurs in normal cells. On the other hand,
PpIX accumulation in tumor cells is thought to occur selectively due to the following three causes (Fig. 3) [10].

(D Iron concentration in tumor cells: It has been pointed out that the iron concentration in tumor cells is
low. Although PplIX is produced, less iron should be inserted compared to normal cell.

@ Expression level of transporter that takes 5-ALA into the cell: In general, compounds such as drugs
are taken up and excreted into the cell via the transporter expressed on the cell membrane. 5-ALA is

taken up into cells by PEPT1, and it is known that the amount of PpIX accumulation is proportion to



expression level of PEPT1.

(@ Expression level of transporter that excretes PpIX: PpIX produced from 5-ALA is excreted by ABCG2
transporter which is one of the drug excretion transporters. It is known that the amount of PpIX
accumulation is inversely proportion to expression level of ABCG2.

Due to these factors, PpIX selectively accumulates in tumor cells.
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Fig. 3 The mechanism of selective ALA-PDT to treat cancer cells (A) Normal cells, (B) Cancer cells
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Here, when tumor cells are irradiated with blue visible light at 405 nm-410 nm, the accumulated PpIX

emits red fluorescence at 635 nm, so that the tumor tissue can be efficiently visualized (ALA-PDD). ALA-



PDD is also used for tumor resection in the medical field. Furthermore, when irradiated with red visible light
having a wavelength longer than 630 nm, PpIX absorbs this wavelength and induces cell death by generating
ROS from PpIX (ALA-PDT). As a result, a therapeutic effect can be expected in various tumor cells. ALA-PDT
has been successfully treated for patients suffering from neoplastic or non-neoplastic diseases (Fig. 4).

In recent studies, tumor cell selectivity in ALA-PDT is demonstrated by the balance between 5-ALA
influx via transporters such as PEPT1 and intracellular PpIX release via ABC transporters such as ABCG2 [10-
13]. It was found that the cell-killing effect of ALA-PDT was reduced in tumor cells with low PEPT1 expression
and tumor cells with high ABCG2 expression.

Therefore, I considered a method of using 5-ALA in combination with other compounds as a method for
improving the cytocidal effect of ALA-PDT. By screening from our chemical library, I was able to discover N-
3', 5'-dichloro-2'-hydroxybenzylidene-2-chloro-4-nitroaniline (TX-816) having a Schiff base. (Fig.5A). When
5-ALA and TX-816 were used in combination, the amount of intracellular PpIX accumulation was increased as

compared with ALA alone, and the cytocidal effect of ALA-PDT was improved accordingly.
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3 Materials and Methods
3.1 Materials

All solvents and chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan),
Tokyo Chemical Industries (Tokyo, Japan), and Sigma-Aldrich (St. Louis, MO, USA). In the chemical synthesis,
progress of reactions was monitored using Merck silica gel 60 F,s4 TLC plates (Merck, Darmstadt, Germany)
with EtOAc/n-Hexane. Column Chromatography was performed using silica-gel 60N purchased from Kanto
Chemical (Tokyo, Japan). "H-NMR spectra was recorded using INM-EX-400 (JEOL, Tokyo, Japan) in deutrated
solvent. Date are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
dd = double doublet, m = multiplet, brs = broad singlet), coupling constants (Hz), and integration. Broad singlet
peaks, speculated to arise from OH protons, are also noted. Purity of all final compounds was confirmed at
>95% using high performance liquid chromatography (HPLC) (JASCO PU-2089 Plus and JASCO MD-2018
Plus : JASCO Corporation, Tokyo, Japan) on a TSKgel Amide-80 3 pm column (4.6 mm [.D.x15 cm). The
elutes were n-Hexane(A) and CHCI3(B). The conditions for analytical HPLC as follows: flow rate 0.5 mL/min,
detection wavelength 330 nm, gradient A/B 0-15 min (100/0 to 30/70), 15-30 min (30/70), 30-40 (30/70 to
0/100), 40-45 min (0/100), 45-50 min (0/100 to 100/0). Column temperature was not controlled. High-resolution
mass spectroscopy (HRMS) was performed using a Waters LCT Premier XE (Waters, Massachusetts, America)
and Waters ACQUITY UPLC (Waters, Massachusetts, America). TX-816 produces DCSA and CNA by
hydrolytic degradation in the solvent. Hematoporphyrin IX dihydrochloride (HEMP) and dipyridamole (DPM)
were purchased from Wako Pure Chemical Industries (Osaka, Japan), whereas DCSA and CNA were purchased

from Tokyo Chemical Industry (Tokyo, Japan).



3.2 Synthesis of TX-816

DCSA (504 mg, 2.64 mmol) was dissolved in dry toluene (30 mL). CNA (683 mg, 3.96 mmol, 1.5
eq.) was added to the solution on ice-bath. The reaction mixture was warmed up to room temperature and
refluxed for 24 h using Dean-Stark apparatus. After the reaction, the solvent was evaporated. The residue was
purified by flash silica-gel column chromatography using EtOAc/n-Hexane. TX-816 was afforded as red solid;
yield 29% (266 mg, 0.77 mmol). 'H-NMR (400 MHz, DMSO-d6) 8 13.5 (br s, 1H), 9.14 (s, 1H), 8.48 (d, J =
2.4 Hz, 1H), 8.38 (dd, /= 8.8, 2.4 Hz, 1H), 7.87 (d, /=2.4 Hz, 1H), 7.84 (s, 1H), 7.82 (d, /= 2.8 Hz, 1H), TOF-

ESI-MS m/z: Calculated for: C13HsN2OsCl3* : 344.9601, Found: 344.9617 ((M + H]"). HPLC (zx =19.1 min).

cl
mo NO, ,Q/
dry PhMe
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cl &

3,5-Dichlorosalicyl 2-Chloro-4-nitro TX-816 (y. 29%)
aldehyde aniline
(DCSA) (CNA)

Scheme 1. Synthesis of TX-816

3.3 Cells and cell culture

The poorly differentiated gastric cancer cell line MKN-45 was kindly provided by Dr. Suzuki
(Fukushima Medical College, Fukushima, Japan). The human gastric cancer cell line KKLS, which was
established from a metastasized lymph node of a patient with multiple metastasis in the liver and lymph nodes,
was kindly provided by Dr. Mai (Cancer Research Institute of Kanazawa University) [15]. The poorly
differentiated signet ring cell carcinoma cell line NUGC-4 was obtained from the Japanese Cancer Research
Resources Bank (Tokyo, Japan).

Cells were maintained in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal

bovine serum and 50 pg/mL kanamycin at 37°C in a humidified atmosphere containing 5% CO..



3.4 ALA-PDT sensitivity assay by LED irradiation

Cells were seeded at a density of 5 x 10° cells/well in a 96-well plate and cultured at 37°C in 5% CO2
for 24 h. Test compounds such as TX-816, DCSA, CNA, and DPM were dissolved in DMSO and added to the
culture medium at the stated concentrations. The final concentration of DMSQ in the culture medium was 0.5%.
Thereafter, serial dilutions of ALA were added to the culture medium at concentrations between 7.8 and 1,000
uM. After 4 h of incubation, the medium was replaced by fresh complete medium and the 96-well plate was
exposed to LED irradiation (630 nm, 80 mW/cm?) emitted by an LED irradiation unit provided by SBI ALA
PROMO (Tokyo, Japan) for 5 min (Fig. 6). The LED light spot was an equally illuminated rectangular spot

measuring 128 x 86 mm in size covering the whole area of the 96-well culture plate.

Fig. 6  The LED light source. The LED irradiation unit equips four module boards consisting of twenty (4 x

5) LEDs.

After LED irradiation, cells were further incubated for 48 — 72 h, and cell viability was measured by

a colorimetric assay using Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to the



manufacturer’s instructions. After 72 h of incubation, the medium was replaced by fresh medium containing the
WST-8 reagent. After 3 h, absorbance in each well was measured at 450 nm (with a reference wavelength of
620 nm) using a microplate spectrophotometer, ImmunoMini NJ-2300 (BioTec, Tokyo, Japan, Tokyo, Japan).

The percentage of cell growth inhibition was calculated by applying the following formula:
T
cell growth inhibition (%) = (1 — E) x 100

, where C and T are the mean absorbance values of the control and treated groups, respectively. The ICsy value

was determined graphically from the dose—response curve with at least three drug concentration points.

3.5 The isobologram method with 5-ALA and TX-816

The isobologram method [16] was used to determine whether the effect of TX-816 on ALA-PDT
sensitivity was additive, synergistic, or competitive. In the combination assay, serial dilutions of TX-816 (0,
6.25,12.5, 25, 50, 100, and 200 uM) were added to the culture medium. On the other hand, ALA was added at
concentrations of 0, 6.25, 12.5, 25, 50, and 100 uM. After 4 h of incubation, the medium was replaced by fresh
complete medium, and the 96-well plate was exposed to LED irradiation for 5 min. Cell viability was measured
by a colorimetric assay as stated above. The ICio, [Ca, IC30, IC40, and ICso values of ALA alone and TX-816
alone were determined graphically from the dose—response curve. The 1Cio, ICz, ICs0, IC40, and 1Csy values of
ALA were defined as ay, as, a3, a4, as and those of TX-816 were defined as by, by, bs, ba, bs, respectively. At first,
(0, as) and (bs, 0) were plotted on the Y axis and X axis of the graph, respectively. Next, (bs-bi, a1), (bs-bs, a2),
(bs-bs, a3), (bs-ba, a4), (b1, as-a1), (b2, as-a,), (b3, as-as), (bs, as-as) were plotted on the graph. Finally, the 1Csg
values of the combinations of ALA and TX-816 were represented on the graph. The inner area surrounded by
the two lines of their ICjo - ICso values shows the range of predictive 1Cso values whose corresponding
combinations have an additive effect; ICso values of the combination treatments located within the gray zone,
under the gray zone, and above the gray zone correspond to combinations having additive, synergistic, and

competitive effects, respectively (Fig.7, Drug A as ALA and Drug B as TX-816).
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Fig. 7 The isobologram analysis of the combination treatment with Drug A and Drug B. Each area is Additive,

Synergistic and Competitive.

3.6 Establishment of ALA-PDT-resistant MKN-45 cells

Resistant cells were established by repeated treatment with ALA-PDT and sub-cloning, as shown in
Fig. 8. Briefly, MKN-45 cells were seeded into a 35-mm dish and incubated with 200 uM ALA for 4 h. The
cells were exposed to red LED light (630 nm) for 5 min. The surviving and re-growing cells, which were
resistant to ALA, were collected and seeded into a new dish, treated again with ALA-PDT, and re-seeded into a

new 15-cm dish after each treatment.

MKN-45R
N, Resistant cell colonies were isolated
R1 R2 R13  and cultured separately.
R* ST,
R13-1 R13-2
R400**

Fig. 8 Establishment of MKN-45 cells with acquired resistance to ALA-PDT. To obtain cell lines resistant to
ALA-PDT, MKN-45 cells were treated repeatedly with ALA-PDT and resistant cell colonies were isolated
and cultured separately (R1, R2, and R13). Clone R13 was subject to re-cloning and subsequently, R13-1 and

R13-2 were isolated.
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3.7 Measurement of intracellular PpIX

Cells (2 x 10°cells) were seeded in 6-cm dishes and incubated for 24 h. TX-816, DCSA, and DPM
were added to the medium at the stated concentrations before ALA addition. After 4 h of incubation, cells were
harvested using 2 mL of 0.25% Trypsin-1 mM EDTA. A cell suspension was collected in a 5-mL tube and
centrifuged at 800 rpm for 5 min. The supernatant was removed with aspirator and cells were washed with
phosphate-buffered saline. Finally, the cell pellet was suspended in 500 pL of 2.5% Triton X-100 solution and
the cell suspension was transferred into a 0.5-mL micro tube, vortexed, incubated for 5 min at room temperature,
and centrifuged at 15,000 rpm for 10 min. The fluorescence intensity of PpIX in the supernatant was measured

using a SEC2000-UV/VIS spectrophotometer (excitation: 410 nm, emission: 630 nm).

3.8 Reverse transcription-polymerase chain reaction (RT-PCR) analysis of mRNA expression of PEPT1
and ABCG2

Total RNA was extracted from cells using ISOGEN (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s protocol. First-strand cDNA was prepared from total RNA via reverse transcriptase reaction
using ReverTra Ace (TOYOBO, Osaka, Japan). Next, cDNA was amplified by PCR in a Thermal Cycler Dice
(TaKaRa Bio, Otsu, Japan). The specific sense and antisense primers were as follows: 5’-
TGACGCCAATTCTCGGAGCTCTTATC-3" (sense) and 5’-CAGGAACATCACCCTCGTAACCATCT-3’
(anti-sense) for PEPT1  (NM_005073, SLCI15A1) (the product size: 665 bp); 5°-
GGTTACGTGGTACAAGATGATGTTGTGATG-3’ (sense) and 5’-
CCAGCTCTGTTCTGGATTCCAGTAGAATCA-3’ (anti-sense) for ABCG2 (NM_004827) (the product size:
920 bp); and 5'-GAAAATCTGGCACCACACCTT-3' (sense) and 5'-TTGAAGGTAGTTTCGTGGAT-3'(anti-
sense) for B-actin (NM_001101) (the product size: 519 bp), used as the internal control. The PCR reaction
consisted of hot-start incubation at 95°C for 3 min and 33 cycles, each consisting of 30 s at 94°C, 40 s at 62°C,
and 60 s at 72°C. The resulting amplicons were separated by 1.2% agarose gel electrophoresis and detected with

ethidium bromide under ultraviolet light.
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4 Results
4.1 The enhancing effects of TX-816 on ALA-PDT
The ICso of combination with TX-816 and ALA was declined following as increasing concentration

of TX-816 (10 to 30 puM). The Schiff base derivative TX-816 improved the sensitizing effect of ALA-PDT on

MKN-45 cells in a dose-dependent manner (Fig. 9).

MKN-45 ICxq value (uM)
100 —e—ALA (75.6)
——TX-816 10 uM  (42.0)
g 75 —O-TX-81620uM  (16.4)
-.% --0--TX-816 30 uM (9.6)
c 50
o
8
£ 25
0
1 10 100 1,000
ALA (uM)

Fig. 9  The enhancing effect of TX-816 on ALA-PDT. MKN-45 cells were seeded at a density of 5 x 10°
cells/well in a 96-well plate. After 24 h of incubation, TX-816 (5, 10, or 20 uM) was added to the culture

medium.

13



Isobologram analysis revealed that the plot of combined with TX-816 and ALA-PDT was placed in

synergistic area, and that combination had a synergistic effect on MKN-45 cells (Fig. 10).

80 —@— ALAIC10-50
—A— TX-8161C10-50
— 70 c titi ffect —— TX-8161C50atALA 6.25-100
= ompetitive efrec —"— ALA IC50 at TX-816 6.25-200
2 60
<
ztl 50 Inner area: Additive effect |
S 40
@
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Combination concentrations for >
50% growth inhibition 3 20 .4
TX-816 (UM) _plus ALA (uM) @)

200 Over-dose e 0

100 Over-dose ‘ dj

50 5.7 0 -'; T T T

25 278 |7

1250 50.1 0 /7 50 100 150 200

6.25 64.0

- vz /IG5 value of TX-816 (M)

Combination concentrations for
50% growth inhibition i
TX-816 (uM) plus ALA (uM)

Over-dose 100
10.6 50
239 25
[39.0 125 |
59.8 6.25
167.6 0

Fig. 10. The isobologram analysis of the combination treatment with ALA and TX-816. Various
concentrations of TX-816 and ALA were added to the culture medium as described in the “Materials and
methods” section. The ICsy values of the combination treatments were determined by the colorimetric assay
using the WST-8 reagent, and the type of the effect was evaluated by the isobologram analysis. The ICsg
values of ALA and TX-816 combinations are represented by open triangles (/) and open squares (L1). The
inner area surrounded by the two lines shows the range of predictive ICso values if the combinations have an
additive effect. Since the ICso values are located in the low-concentration side under the gray zone, these

combinations were judged to have synergistic effects.
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4.2 The enhancing effects of TX-816 and DCSA, which is TX-816 degradation product, on ALA-PDT

I found that TX-816 was hydrolyzed by DCSA and CNA in the solvent (Fig. 5). Therefore, the
sensitizing effect of ALA-PDT was measured when each DCSA and CNA were used in combination. Only
DCSA significantly improved the sensitizing effect of ALA-PDT on MKN-45 cells, human gastric cancer cells.
Also, the sensitizing effect of DCSA in combination was almost equivalent to that of TX-816 in combination.
On the other hand, when CNA was used in combination, the sensitizing effect of ALA-PDT was reduced (Fig.

11). It was suggested that the active center of TX-816 is DCSA.

IC5 value (UM)

100 -o-ALA alone (61.6)
< - F‘? ; CALA + TX-816  (13.2)
2 ﬁ % —~ALA +DCSA  (10.3)
‘g' 50 j // ~-ALA + CNA (50.6)
E

E 25 Z

0 ﬁ .
1 10 100 1000
ALA (uM)

Fig. 11 ~ The enhancing effects of TX-816, DCSA, and CNA on ALA-PDT against MKN-45 cells. MKN-45
cells were seeded at a density of 5 x 10° cells/well in a 96-well plate. After 24 h of incubation, TX-816,

DCSA, or CNA (20 uM) was added to the culture medium.
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4.3 The ALA-PDT-enhancing effects of TX-816, DCSA, and DPM in parental MKN-45 cells and its
ALA-PDT resistant cell lines

All resistant cells were parental to MKN-45 cells, and these resistant cells were also resistant to | mM
ALA. Among the four types of resistant cells, the expression level of PEPT1 transporter mRNA was reduced
and the expression level of ABCG2 transporter mRNA was improved in R1 cells. However, in other resistant
cells (R cells, R13 cells, R400 cells), the expression level of PEPT1 transporter mRNA was similar to that of
MKN-45 cells, but the expression of ABCG2 transporter mRNA was not observed. (Fig.12A). Although DCSA
was able to recover the sensitivity of the ALA-PDT resistant cell lines R, R13, and R400, R1 cells remained
highly resistant to ALA-PDT even after the combination treatment with ALA and DCSA (Fig. 12B). The
sensitizing effect on resistant cells was almost the same in the DCSA combination group as in the TX-816
combination group (Table 1).

DPM, a platelet inhibitor and coronary vasodilator used to prevent arterial thromboembolism, is
known to inhibit ABCG2 and equilibration nucleoside transporters such as SLC29A1 and SLC29A2. DPM
increased the sensitivity of ALA-PDT in tumor cells expressing both PEPT1 and ABCG2, however it did not
improve the sensitivity to ALA-PDT resistant cells differentiated from MKN-45 cells. KKLS cells, human
gastric cancer cells, have lower mRNA expression levels of PEPT1 and ABCG2 than MKN-45 cells. In KKLS
cells, the sensitizing effect on ALA-PDT was improved only when DCSA was used in combination with a high
concentration of ALA. The ICso value for KKLS cells was 505.1 pM with ALA alone, 336.9 uM with DCSA
and ALA, and 829.4 uM with DPM and ALA. However, in NUGC-4 cells expressing both PEPT1 and ABCG2,
the sensitizing effect of ALA-PDT was improved in both DCSA combination group and DPM combination
group. These 1Cso values in NUGC-4 cells were 3244 uM with ALA alone, 125.7 uM with DCSA and ALA,

and 171.4 pM with DPM and ALA.
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(A) RT-PCR analysis
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Fig. 12 The ALA-PDT enhancing effects of TX-816, DCSA, and DPM in parental MKN-45 cells, its ALA-
PDT-resistant cell lines, KKLS cells, and NUGC cells. (A) RT-PCR analysis of PEPT1 and ABCG2 in gastric
cancer cells. (B) The enhancing effects of TX-816, DCSA, and DPM on ALA-PDT in ALA-PDT-resistant cell
lines. (C) The enhancing effects of DCSA and DPM on ALA-PDT in KKLS and NUGC cells. Cells were
seeded at a density of 5 x 10° cells/well in a 96-well plate. After 24 h of incubation, TX-816, DCSA (20 uM),

or DPM (10 pM) was added to the culture medium.
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Table 1. The enhancing effects of TX-816, DCSA and DPM on ALA-PDT in ALA-PDT-resistant cell lines.

ICqq (UM) of ALA
Combination with ALA

ALA TX-816 DCSA DPM
MKN-45 64.3 21.9 17.0 77.0
R >1000 35.9 54.4 >1000
R1 >1000 >1000 >1000 >1000
R13 >1000 96.3 102.4 >1000
R400 >1000 41.5 46.7 >1000

On the other hand, the DCSA combination group did not show a sensitizing effect on either MKN-45
cells or ALA-PDT resistant cells in PDT (HEMP-PDT) using HEMP. HEMP-PDT, a single agent of HEMP,
showed high sensitivity in all cell types. The ICso value is as follows (Fig. 13).
® MKN-45 cells: 5.7 uM in HEMP monotherapy group, 5.3 uM in DCSA combination group
® R cells: 7.5 uM for HEMP therapy group, 8.2 uM for DCSA combination group
® R13 cells: 7.5 uM in HEMP therapy group, 7.5 uM in DCSA combination group
® RI cells: 7.6 uM in HEMP therapy group, 8.1 uM in DCSA combination group

These results suggested that DCSA did not activate the cytocidal effect of PpIX mediated by ROS production.
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Fig. 13 The effect of DCSA on HEMP-PDT in parental MKN-45 and its derived ALA-PDT-resistant cell lines.
MKN-45 and its ALA-PDT-resistant cells were seeded at a density of 5 x 10° cells/well in a 96-well plate.
After 24 h of incubation, DCSA (20 uM) was added to the culture medium. Then, serial dilutions of HEMP
were added to the culture medium at concentrations of 1.25 — 40 uM. After 4 h of incubation, the 96-well

plate was exposed to LED irradiation for 5 min and further incubated for 72 h.

4.4 Increased intracellular accumulation of PpIX after the combination treatment with ALA and DCSA.

The amount of intracellular PpIX accumulated after 4 hours of ALA treatment was reduced in all
resistant cells (Fig. 14). In particular, the intracellular PpIX amount of R13 cells treated with ALA 100 uM alone
was less than about 10% as compared with the parent strain MKN-45 cells. However, the combined treatment
with DCSA improved the accumulation of intracellular PpIX in MKN-45 cells and various resistant cells (Fig.
15). When treated with ALA 100 uM and DCSA 20 pM, the accumulation of intracellular PpIX in MKN-45

cells was 2.1 times that of the single agent, and that of R13 cells was 4.8 times (Table 2).
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Table 2. Intracellular accumulation of PpIX in MKN-45 and R13 cells after combination treatment with ALA

and DCSA. *NT: not tested.

MKN45 R13
PplX (pmol/0.5 mL/10%6 cells) PpIX (pmol/0.5 mL/10%6 cells)
ALA alone ALA +20uM DCSA T/C ratio ALA alone ALA + 20 uM DCSA T/C ratio
ALA 50 uM 5.0 21.9 4.4 NT* NT
ALA 100 uM 18.0 37.2 2.1 1.8 8.9 4.8
ALA 200 uM NT NT 3.9 12.9 3.3
None 0.3 NT 0.4 NT

5. Discussion

In this study, I found that the Schiff base derivative TX-816 significantly improved the sensitizing
effect of ALA-PDT by significantly increasing the accumulation of intracellular PpIX. Furthermore, the
sensitizing effect of TX-816 in ALA-PDT was due to DCSA generation with hydrolysis of TX-816. When TX-
816 or DCSA were used together, the overall mechanism of ALA-PDT sensitization effect has not yet been
clarified. However, DCSA did not improve the sensitization effect in HEMP-PDT. ALA-PDT resistant cells
differentiated from the parent strains MKN-45 cells and MKN-45 cells were highly sensitive to HEMP-PDT.
These findings suggested that DCSA did not directly activate the cytocidal activity of PpIX by ROS production.

The expression level of PEPT1 mRNA was extremely low in R1 cells. R1 cells did not take up ALA
until the cytocidal activity was exhibited in ALA-PDT. As a result, the sensitizing effect of DCSA was not
shown. On the other hand, although the expression level of PEPT1 mRNA was increased and the expression
level of ABCG2 mRNA was decreased in R cells, R13 cells and R400 cells, the intracellular PpIX accumulation
after ALA treatment against these resistant cells was reduced compared to MKN-45 cells. The ABCB6
transporter located in mitochondrial membrane is known to function as a coproporphyrin III (CP III) specific
transporter [17]. ABCB6 is also known to be present in cell membranes [18]. Previously, Matsumoto K. et al.
reported that ABCBG6 expressed on the cell membrane releases CPIII extracellularly and that function was found
to be upregulated in a hypoxia [19]. Since the hypoxic environment significantly reduced ALA-derived PpIX
accumulation in tumor cells [20,21], functional expression of ABCB6 on plasma membrane is an important

factor in PpIX accumulation after ALA treatment.
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To elucidate the molecular mechanism of ALA-PDT resistance, | investigated the gene expression
profile in resistant cells by microarray analysis. The results showed the gene expression profile of the Heme
metabolic pathway and iron reduction system in the resistant cells, as well as a wide variety of ALA influx and
PpIX outflow transporters. The expression level of ABCB6 mRNA is high in R1 cells, and ABCB6 may be one
of the target molecules that confer ALA-PDT resistance to cells. However, there was almost no difference in the
expression level of ABCB6 mRNA between R cells, R13 cells and MKN-45 cells. R cells and R13 cells have
high expression levels of ABC transporters such as ABCA3, ABCB4, ABCG4, ABCC2, and ABCC3. ABCC2
and ABCC3 transporters function in biliary transport of bilirubin glucuronides and contribute to multidrug
resistance to vinblastine, methotrexate and VP16 [22-24]. It was found that the expression levels of
Ferrochelatase and Heme Oxygenase were increased in all these resistant cell types including R1 cells. It was
suggested that activation of Heme metabolic pathway may be an important mechanism for tumor cells to acquire
ALA-PDT resistance. Further research is needed to clarify the relationship between the sensitizing effect on
ALA-PDT of DCSA and the function of these ABC transporters. The ABCG?2 transporter was found not to be a
molecular target for DCSA in MKN-45 cells. It was because that the expression level of ABCG2 mRNA is low
in MKN-45 cells, it showed almost no sensitivity to DPM which is an ABCG2 inhibitor, and the sensitizing

effect of ALA-PDT was improved when DCSA is used in combination.

6. Conclusion

In this chapter, TX-816 enhanced the sensitizing effect of ALA-PDT on MKN-45 cell in a dose-
dependent manner, and its effect was synergistic with isobologram analysis. DCSA, the active center of TX-
816, improved the sensitizing effect of ALA-PDT on MKN-45 cell and ALA-PDT resistant cells. DCSA was
increased the accumulation of intracellular PpIX in its cell lines. DCSA was found to be a useful lead compound
for the development of ALA-PDT sensitizers, and TX-816 was found to be useful as a compound for designing

ALA-PDT sensitizer prodrugs [25].
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Chapter 2. Development of 4-alkylaniline derivative UTX-122-128 with improved
hydrolyzability of TX-816

1. Abstract

5-Aminolevulinic acid (ALA), a precursor of protoporphyrin IX (PpIX), is now widely used for
photodynamic therapy (ALA-PDT) of various cancers. In chapter 1, I found that treatment of cancer cells with
the Schiff base derivative TX-816 along with ALA could significantly increase the efficacy of ALA-PDT. These
results indicate that DCSA, as well as TX-816, is a potent lead compound for the development of an ALA-PDT
sensitizer. DSCA, conferred ALA-PDT sensitizing effect in TX-816, may be considered to law stability in blood
for aldehyde group. UTX-122-128, TX-816 derivatives with CNA replaced by 4-alkylaniline, showed higher
ALA-PDT effects than DCSA, and these were more stable than TX-816 in solvent. The accumulation of
intracellular PpIX with these derivatives were increasing compared with DCSA. DCSA-derivatives UTX-122-

128 might be useful compounds for designing prodrug-type ALA-PDT sensitizers.

2. Introduction

In chapter 1, I found that the Schiff base derivative N-3°,5’-dichloro-2’-hydroxybenzylidene-2-
chloro-4-nitroaniline, TX-816, could significantly increase the effect of ALA-PDT by accelerating
intracellular PpIX accumulation [25]. However, TX-816 was unstable in the aqueous solution and was so
quickly hydrolyzed into 3,5-Dichlorosalicylaldehyde (DCSA) and 2-Chloro-4-nitroaniline (CNA). Therefore,
I looked for searched the method to give the hydrolysis resistance which to TX-816 was obtained the
hydrolysis resistance derivatives. Herein, I report the enhanced cytocidal activity of ALA-PDT against human

cancer cells using novel derivatives of TX-816.
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3. Materials and Methods
3.1 Materials

All solvents and chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan),
Tokyo Chemical Industries (Tokyo, Japan), and Sigma-Aldrich (St. Louis, MO, USA). In the chemical synthesis,
progress of reactions was monitored using Merck silica gel 60 F,s4 TLC plates (Merck, Darmstadt, Germany)
with EtOAc/n-Hexane. Column Chromatography was performed using silica-gel 60N purchased from Kanto
Chemical (Tokyo, Japan). "H-NMR spectra was recorded using INM-EX-400 (JEOL, Tokyo, Japan) in deutrated
solvent. Dates are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =triplet, q = quartet,
dd = double doublet, m = multiplet, brs = broad singlet), coupling constants (Hz), and integration. Broad singlet
peaks, speculated to arise from OH protons, are also noted. Purity of all final compounds was confirmed at
>95% using high performance liquid chromatography (HPLC) (JASCO PU-2089 Plus and JASCO MD-2018
Plus : JASCO Corporation, Tokyo, Japan) on a TSKgel Amide-80 3 pum column (4.6 mm [.D.x15 cm). The
elutes were n-Hexane(A) and CHCI3(B). The conditions for analytical HPLC as follows: flow rate 0.5 mL/min,
detection wavelength 330 nm, gradient A/B 0-15 min (100/0 to 30/70), 15-30 min (30/70), 30-40 (30/70 to
0/100), 40-45 min (0/100), 45-50 min (0/100 to 100/0). Column temperature was not controlled. High-resolution
mass spectroscopy (HRMS) was performed using a Waters LCT Premier XE (Waters, Massachusetts, America)

and Waters ACQUITY UPLC (Waters, Massachusetts, America).
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3.2 Synthesis of UTX-122 to UTX-128 which were substituted 4-alkylaniline derivatives from CNA
General method : DCSA + 4-alkylanilines (Compound 1 to 7 ; UTX-122 to UTX-128)

4-Alkylaniline (1.0 - 1.5 equiv.) and dried 3A molecular sieves were mixed with DCSA (1.0 equiv.)
dissolved in dry toluene under N gas on ice-bath. The reaction mixture was warmed up to room temperature
and refluxed for 2 — 5 h. After the evaporation, the oily residue was purified by flash silica-gel column
chromatography using EtOAc/n-Hexane.[26] Novel TX-816 derivatives substituted CNA to 4-Alkylaniline
(Carbon Chain 0-6) were synthesized to inflict hydrolysis resistance to their Schiff-base compounds.

1. Compound 1 (UTX-122)

General method using Aniline (220 pL, 2.40 mmol) afforded as an orange solid; yield 98% (415 mg,
1.56 mmol). '"H-NMR (400 MHz, DMSO-D6) 4 9.01 (d, J = 3.6 Hz, 1H), 7.69-7.73 (m, 2H), 7.46-7.48 (m, 4H),
7.33-7.36 (m, 1H), TOF-ESI-MS m/z: Calculated for Ci3H;oNOCL" : 266.0139, Found: 266.0152 ([M + H]").
HPLC (tr =13.3 min).

2. Compound 2 (UTX-123)

General method using p-Toluidine (186 mg, 1.74 mmol) afforded as an orange solid; yield 94% (418
mg, 1.49 mmol). 'H-NMR (400 MHz, DMSO-d6) & 14.7 (br s, 1H), 9.02 (s, 1H), 7.72 (d, J = 2.4 Hz, 1H), 7.70
(d,/J=2.8 Hz, 1H), 7.40 (d,/=8.8 Hz, 2H), 7.30 (d, /= 8.0 Hz, 2H), 2.34 (s, 3H), TOF-ESI-MS m/z: Calculated
for C14H12NOCI,': 280.0296, Found: 280.0298 ([M + H]"). HPLC (#r =13.8 min).

3. Compound 3 (UTX-124)

General method using 4-Ethylaniline (400 uL, 3.20 mmol) afforded as an orange solid; yield 95% (729
mg, 2.48 mmol). '"H-NMR (400 MHz, DMSO-d6) 8 9.01 (s, 1H), 7.71 (d, J = 2.8 Hz, 1H), 7.69 (d, J = 2.0 Hz,
1H), 7.40 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 2.63 (dd, J= 7.6 Hz, 2H), 1.18 (t, J = 7.6, 7.6 Hz, 3H),
TOF-ESI-MS m/z: Calculated for CisH1sNOCI,": 294.0452, Found: 294.0439 (M + H]"). HPLC (#r =13.6 min).
4. Compound 4 (UTX-125)

General method using 4-Propylaniline (231 pL, 1.57 mmol) afforded as an orange solid; yield 100%

(324 mg, 1.05 mmol). 'H-NMR (400 MHz, DMSO0-d6) § 9.01 (s, 1H), 7.71 (d, J = 1.6 Hz, 1H), 7.69 (d, J = 1.6
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Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.30 (d, J= 8.0 Hz, 2H), 2.58 (t, /= 7.6, 7.6 Hz, 2H), 1.54-1.63 (m, 2H), 0.88
(t, J = 7.4, 7.4 Hz, 3H), TOF-ESI-MS m/z: Calculated for CisH;sNOClL>": 308.0609, Found: 308.0613 ([M +
H]"). HPLC (fr =13.8 min).
5. Compound 5 (UTX-126)

General method using 4-Butylaniline (415 pL, 2.62 mmol) afforded as an orange solid; yield 95%
(804 mg, 2.50 mmol). '"H-NMR (400 MHz, DMSO-d6) & 14.7 (br s, 1H), 9.02 (s, 1H), 7.72 (d, J= 2.8 Hz, 1H),
7.70 (d, J=2.4 Hz, 1H), 7.41 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 2.63 (t,J=9.2, 9.2 Hz, 2H), 1.53-
1.60 (m, 2H), 1.26-1.35 (m, 2H), 0.90 (t, J = 7.6 Hz, 3H), TOF-ESI-MS m/z: Calculated for C,;H;sNOCI,":
322.0765, Found: 322.0750 ([M + H]"). HPLC (¢t =13.2 min).
6. Compound 6 (UTX-127)

General method using 4-Pentylaniline (185 pL, 1.05 mmol) afforded as an orange solid; yield 97%
(343 mg, 1.02 mmol). '"H-NMR (400 MHz, DMSO-d6) § 9.01 (s, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.40 (d, /= 6.8
Hz, 2H), 7.30 (d, J = 7.6 Hz, 2H), 2.59 (t, J= 7.6, 7.6 Hz, 2H), 1.53-1.60 (m, 2H), 1.27-1.30 (m, 4H), 0.84 (t, J
= 6.2, 6.2 Hz, 3H), TOF-ESI-MS m/z: Calculated for CisH20NOCI," : 336.0922, Found: 336.0938 ([M + H]").
HPLC (tr =13.1 min).
7. Compound 7 (UTX-128)

General method using p-Hexylaniline (400 uL, 2.09 mmol) afforded as an orange solid; yield 47%
(430 mg, 1.23 mmol). 'H-NMR (400 MHz, DMSO-d6) & 14.7 (br s, 1H), 9.01 (s, 1H), 7.71(d, J =2.8 Hz, 1H),
7.69 (d, J=2.8 Hz, 1H), 7.39 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 2.59 (t, J = 7.8, 7.8 Hz, 2H), 1.52-
1.57 (m, 2H), 1.23-1.29 (m, 6H), 0.83 (t, J = 7.0, 7.0 Hz, 3H), TOF-ESI-MS m/z: Calculated for C19H,2NOCI,":

350.1078, Found: 350.1067 ([M + H]*). HPLC (tr =12.7 min).
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Scheme 2. Synthesis of DCSA-derivatives UTX-122 to UTX-128

3.3 Cells and cell culture

The poorly differentiated gastric cancer cell line MKN-45 was kindly provided by Dr. Suzuki
(Fukushima Medical College, Fukushima, Japan). The human gastric cancer cell line KKLS, which was
established from a metastasized lymph node of a patient with multiple metastasis in the liver and lymph nodes,
was kindly provided by Dr. Mai (Cancer Research Institute of Kanazawa University) [15]. The poorly
differentiated signet ring cell carcinoma cell line NUGC-4 was obtained from the Japanese Cancer Research
Resources Bank (Tokyo, Japan).

Cells were maintained in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal

bovine serum and 50 pg/mL kanamycin at 37°C in a humidified atmosphere containing 5% CO..

3.4 ALA-PDT sensitivity assay by LED irradiation

Cells were seeded at a density of 5 x 10° cells/well in a 96-well plate and cultured at 37°C in 5% CO2
for 24 h. Test compounds such as UTX-122 to UTX-128 were dissolved in DMSO and added to the culture
medium at the stated concentrations. The final concentration of DMSO in the culture medium was 0.5%.
Thereafter, serial dilutions of ALA were added to the culture medium at concentrations between 7.8 and 1,000

uM. After 4 h of incubation, the medium was replaced by fresh complete medium and the 96-well plate was
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exposed to LED irradiation (630 nm, 80 mW/cm?) emitted by an LED irradiation unit provided by SBI ALA
PROMO (Tokyo, Japan) for 5 min. The LED light spot was an equally illuminated rectangular spot measuring
128 x 86 mm in size covering the whole area of the 96-well culture plate.

After LED irradiation, cells were further incubated for 48 — 72 h, and cell viability was measured by
a colorimetric assay using Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to the
manufacturer’s instructions. After 72 h of incubation, the medium was replaced by fresh medium containing the
WST-8 reagent. After 3 h, absorbance in each well was measured at 450 nm (with a reference wavelength of
620 nm) using a microplate spectrophotometer, ImmunoMini NJ-2300 (BioTec, Tokyo, Japan, Tokyo, Japan).

The percentage of cell growth inhibition was calculated by applying the following formula:
T
cell growth inhibition (%) = (1 - E) X 100

, where C and T are the mean absorbance values of the control and treated groups, respectively. The ICsq value

was determined graphically from the dose—response curve with at least three drug concentration points.

3.5 Evaluation of chemical stability by GC/MS

The stability of UTX-122 to UTX-128, 4-alkylaniline derivatives, and TX-816 was evaluated by a gas
chromatography-mass spectrometry (GC/MS) using Agilent 7820A GC system coupled to Agilent 5977E MSD
system (Agilent Technologies, CA, USA). 1,5-Diphenyl-1,4-pentadien-3-one as an internal control was
dissolved in DMSO or 10% water/90% DMSO at 1.2 mM. The samples tested were dissolved at concentrations
from 5 to 10 mM with the solvent including an internal control and were immediately sonicated for 5 min. Then,
the sample solutions were filtrated with syringe filter (Minisart Syringe Filter, 0.2 wm, Sartorius AG, Gottingen,
Deutschland) and settled at room temperature until measurement by GC/MS analysis. After appropriate
incubation time, an aliquot of the sample solution was separated by GC system and all peaks corresponding to
each compound including an internal control were identified by ion-fragment pattern based on a single
quadrupole mass spectrometer with an electrospray ionization source (ESI). Separation was achieved with Ultra

Inert Columns HP-5ms capillary GC column (30 m x 0.25 mm, 0.25 pm) (Agilent Technologies).
28



Chromatographic conditions were as follows: the initial temperature was 50 or 120 °C for 0 min; it increased at
a rate of 15 °C/min to 250 °C (15 min). The gas flow rate was 1.0 mL/min with helium used as a carrier gas.

The amount of original compound and degraded materials were corrected with an internal control.

3.6 Measurement of intracellular PpIX

Cells (2 x 10° cells) were seeded in 6-cm dishes and incubated for 24 h. UTX-122 to UTX-128were
added to the medium at the stated concentrations before ALA addition. After 4 h of incubation, cells were
harvested using 2 mL of 0.25% Trypsin-1 mM EDTA. A cell suspension was collected in a 5-mL tube and
centrifuged at 800 rpm for 5 min. The supernatant was removed with aspirator and cells were washed with
phosphate-buffered saline. Finally, the cell pellet was suspended in 500 pL of 2.5% Triton X-100 solution and
the cell suspension was transferred into a 0.5-mL micro tube, vortexed, incubated for 5 min at room temperature,
and centrifuged at 15,000 rpm for 10 min. The fluorescence intensity of PpIX in the supernatant was measured

using a SEC2000-UV/VIS spectrophotometer (excitation: 410 nm, emission: 630 nm).
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4 Results
4.1 The enhancing effect of DCSA-based 4-alkylaniline derivatives on ALA-PDT

When the ICso values of ALA in the ALA-PDT sensitive assay were evaluated, the combination
treatment of DCSA and DCSA-based all 4-alkylaniline (C=0 to C=6) derivatives with ALA significantly
enhanced the effect of ALA-PDT as compared with ALA alone (Fig. 16).
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Fig. 16 Comparison of ICso values in ALA-PDT sensitivity assay

4.2 DCSA-based 4-alkylaniline derivatives (C=4, C=5, C=6) are more stable in aqueous solution than
TX-816

TX-816 is very unstable in an aqueous solution and quickly produced aldehyde and amine by
hydrolysis (Fig. 17). Therefore, we examined the stability of the 4-alkylaniline derivatives using GC/MS system.
In 10%-water/90%-DMSO solvent, TX-816 was rapidly hydrolyzed and > 50% of TX-816 was degraded within
the first 5 min. After 70 min incubation, only 3.6% of the original TX-816 structure remained and almost the

whole compound was converted into DCSA and CNA (54.4% and 42.0% respectively). On the other hand,
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UTX-126 to UTX-128 were more stable than TX-816. After > 60 min incubation, DCSA-based derivatives were

maintained original structures (more than about 70%).
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Fig. 17 Stability of Schiff base derivatives in 10% water / 90% DMSO solvent. Chemical structures of Schiff

base and its degradation products (A). Evaluation of stability by GC/MS analysis (B)
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4.3 DCSA-based 4-alkylaniline derivatives increased an intracellular PpIX accumulation in MKN-45
cells

When MKN-45 cells were treated with 10 uM each compound and 50 uM ALA, the intracellular PpIX
accumulation clearly increased in MKN-45 cells treated with DCSA-based derivatives as compared to those

treated with the corresponding original compounds as shown in Fig. 18.
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Fig.18 Increased intracellular accumulation of PpIX in MKN-45 after combination treatment with ALA and

DCSA.
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4.4 DSCA-based 4-alkylaniline derivatives were enhanced treatment effect to ALA-PDT resistance cells

UTX-127 and UTX-128 could effectively recover the sensitivity to ALA-PDT in R, R13 and R400
cells which are MKN-45 cells having acquired resistance (Fig.19). Their ICs values of UTX-127 were 17.7 uM
against MKN-45 cells, 226.4 pM against R cells, 378.3 M against R13 cells and 335.1 uM against R400 cells,
respectively. Their ICso values of UTX-128 were 17.3 uM against MKN-45 cells, 379.9 uM against R cells and

198.0 uM against R400 cells, respectively. It demonstrated that these compounds were enhancing ALA-PDT

effects to ALA-PDT resistance cells.
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Fig.19 The ALA-PDT enhancing effects of Schiff base derivatives in parental MKN-45 cells and its ALA-

PDT-resistant cell lines. Cells were seeded at a density of 5 x 10* cells/well in a 96-well plate. After 24 h of

incubation, the compounds were added to the culture medium.
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5. Discussion

In chapter 1, I found that the Schiff base derivative TX-816 significantly improved the sensitizing
effect of ALA-PDT by significantly increasing the accumulation of intracellular PpIX. Although TX-816 was
unstable in solvent by Schiff-base hydrolyzed [27,28], I synthesized new TX-816 derivatives with CNA
substituted to 4-alkylaniline, which are much more stable than TX-816. The aldehyde group of DCSA is
considered to have low stability in blood because it easily reacts with amines in serum proteins [30,31]. This
chemical stability is thought to be taken up by tumor cells by retaining Schiff bases and then converted to DCSA.

UTX-126-128 were more stable than TX-816. Schiff-base compounds are generally hydrolyzed by
undergoing a nucleophilic addition reaction on electron-deficient carbon. In TX-816, the imine carbon was
electron-deficient by the NO, and Cl group of CNA known as electron-withdrawing group [29]. The improved
stability of these compounds may be given by substitution of CNA with 4-alkylaniline possessing electron
donating group. The imine carbon of Schiff-base structure in these DCSA-derivatives, UTX-126, UTX-127 and
UTX-128, were obtained hydrolysis degradation resistant by substitution to alkyl-chain which is electron
donating.

These derivatives were enhancing the cytotoxicity ALA-PDT against MKN-45 cells and resistant
ALA-PDT cells, and increased accumulation of intracellular PpIX in MKN-45 cells. Although the ALA-PDT
enhancing mechanism of these compounds is still unclear, it cannot rule out the possibility that the intact Schift-
base structure of DCSA-derivatives directly accelerate the cytotoxicity of ALA-PDT. It is suggested DCSA-
derivatives maintaining the Schiff-base structure was taken up the cells and then they were partly hydrolyzed to
generate DCSA in the cells. The DCSA or Schiff base compounds were maybe acted as iron chelating agents in
the cells [32]. The chelated their compounds could down-regulated the levels of intracellular glutathione (GSH)
which scavenges ROS generated from PpIX [33]. Therefore, it is considered the DCSA or its derivatives

sensitized ALA-PDT.
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6. Conclusion

In this chapter, UTX-122 to UTX-128 were improved the effect of ALA-PDT, and the sensitizing
effect was tended to alkyl chain-dependent manner. UTX-126, UTX-127 and UTX-128 were more stable than
TX-816, and their compounds were maintained original structures after >60 min incubation. UTX-127 and
UTX-128 were increased the accumulation of intracellular PpIX as compared with ALA alone. UTX-127 and
UTX-128 could effectively recover the sensitivity to ALA-PDT in ALA-PDT-resistance cells. It demonstrated
that UTX-127 and UTX-128 showed higher stability to aqueous solution and stronger ALA-PDT-enhancing

effect than DCSA, active body of TX-816.
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