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Abstract: Photodynamic therapy is one of the most patient friendly and promising anticancer
therapies. The active ingredient is irradiated protoporphyrin IX, which is produced in the body
that transfers energy to the oxygen-triggering phototoxic reaction. This effect could be enhanced
by using iron chelators, which inhibit the final step of heme biosynthesis, thereby increasing the
protoporphyrin IX concentration. In the presented work, we studied thiosemicarbazone derivative,
which is a universal enhancer of the phototoxic effect. We examined several genes that are involved in
the transport of the heme substrates and heme itself. The results indicate that despite an elevated level
of ABCG2, which is responsible for the PpIX efflux, its concentration in a cell is sufficient to trigger a
photodynamic reaction. This effect was not observed for 5-ALA alone. The analyzed cell lines differed
in the scale of the effect and a correlation with the PpIX accumulation was observed. Additionally,
an increased activation of the iron transporter MFNR1 was also detected, which indicated that the
regulation of iron transport is essential in PDT.

Keywords: thiosemicarbazone; iron chelators; ABC transporters; photodynamic therapy; phototoxic
effect; heme

1. Introduction

Generally, cancer therapies have the most side effects of any of the therapies that are
used today. These side effects often create serious psychological and medical problems.
Therefore, therapies that are safe for the patient should be developed. One such therapy is
photodynamic therapy (PDT), which is one of the few anticancer methods that is relatively
safe for the patient [1-3]. The reason for its low toxicity is its selectivity, which is associated
with its local effect. In PDT, the photosensitizer, which can be called the active ingredient,
accumulates in the tumor and triggers a toxic effect there [4]. The specificity of the therapy
itself lies in the interaction of oxygen, the light of the appropriate wavelength and the pho-
tosensitizer [5]. An additional advantage of ALA-PDT therapy is that the photosensitizer
is produced in the body. As a prodrug, 5-ALA is a substrate for the production of proto-
porphyrin IX (PpIX), which absorbs the energy from light and then transmits that energy
to oxygen, which in turn leads to the production of free radicals and singlet oxygen [6].
The natural synthesis of PpIX has its limitations, however, because PpIX is not the final
product. PpIXis the penultimate link in the production of heme, which plays a huge role in
our body, but is not a photosensitizer. Therefore, in ALA-PDT therapy, iron chelators that
inhibit the incorporation of iron ions into the porphyrin ring are often used [7]. Despite
extensive research on ALA-PDT, there are still many unanswered questions, such as the
mechanism by which selective PpIX accumulates in cancer cells, and why various cell lines
have differing abilities to accumulate PpIX or respond to irradiation. Even less is known
about the mechanisms of action of ALA-PDT in combination with iron chelators.

In this work, we continued the study of the use of iron chelators from the TSC group
to improve ALA-PDT therapy. In our previous work, we selected a thiosemicarbazone
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derivative with quinoline and thiomorpholine fragments; namely, derivative 2 [8]. Because
this compound boosts the PpIX concentration in several cell lines, it is the most universal.
Therefore, we continued the research with derivative 2 and focused on the transporters
that are involved in the heme biosynthesis pathway intermediates: flux and the phototoxic
effects (Figure 1). We continued the study on four cancer cell lines (Mcf-7, HCT 116, Hs683
and A549) because we observed interesting differences in the PpIX accumulation and
the expression of the genes that are involved in heme biosynthesis and the degradation
pathway in untreated cells, and in cells that had been treated with 5-ALA or 5-ALA with
TSC. The Hs683 cell lines especially exhibited an atypical behavior that has not yet been
described in the literature. In the current work, we extended the study to several targets
that are responsible for the transport of the substrates for heme into a cell and its efflux
from a cell.
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Figure 1. Schematic representation of selected transporters involved in the transport of interme-
diates of the heme biosynthetic pathway. ABCB6—ATP-binding cassette subfamily B member 6,
ABCG2—ATP-binding cassette subfamily G member 2, 5-ALA—>5-aminolevulinic acid, CPG III—
coproporphyrinogen III, FECH—ferrochelatase, MFRN1—mitoferrin 1, PEPT1—peptide transporter
1, PpIX—protoporphyrin IX.

The first analyzed gene was the peptide transporter 1 (PepT1), which plays a crucial
role in the delivery of a prodrug (5-ALA) to a cell [9,10]. PepT1 is a prototype transporter
of the SLC15 family [11] and its induction is connected with an enhanced therapeutic effect
via an increased transport of 5-ALA into a cell [12]. A similar situation was discovered for
the ATP-binding cassette (ABC) transporter ABCB6, which transports coproporphyrinogen
III into the mitochondria where PpIX is synthesized [13]. Several papers have presented
results that indicate the important role of overexpressed ABCB6 in the elevated concen-
tration of PpIX after 5-ALA administration [14,15]. Another type of ATP-binding cassette
transporter is ABCB10, which is responsible for the production or efflux of 5-ALA from the
mitochondria and plays a crucial role in the heme synthesis pathway [16]. ABCB10 also
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forms a complex with mitoferrinl (MFNR1) and ferrochelatase (FECH), which intensifies
the production of heme [17]. Another ATP-binding cassette transporter, which was the
subject of the research, was ABCG2. This molecule is responsible for extracting PpIX from
the mitochondria [18]. An elevated level of ABCG2 is connected with an insufficient PDT
effect after 5-ALA administration. Therefore, many studies have described the inhibition of
ABCG2 as a strategy for increasing the PpIX level in a cell [19]. Another important molecule
that is involved in heme synthesis is MFNR1, which is responsible for mitochondrial iron
delivery [20]. Silencing MFNR1 increased the PpIX levels in healthy mouse fibroblasts.

2. Results and Discussion

Using iron chelators in ALA-PDT to increase the efficiency of this therapy is not
new. However, the number of chelators that can be used in ALA-PDT is limited and their
mechanism of action is poorly understood. In our previous work, we investigated the
ability of novel iron chelators from the TSC group to increase the PpIX accumulation on
different cell lines with the heterogeneous expression of heme biosynthesis and degradation
pathway genes. Of the TSC derivatives that were tested, derivative 2 emerged as the most
promising in terms of its applicability in ALA-PDT because it increased the PpIX levels in
most of the tested cell lines, did not exhibit any antiproliferative properties [8] and had
good iron ion chelating characteristics [21].

In this work, we continued our investigation of using iron chelators from the TSC
group as an ALA-PDT enhancer, and focused on selected transporters that are involved
in the flux of the heme biosynthesis pathway intermediates as well as on the efficacy of
ALA-PDT in combination with TSC. The expression of these transporters is one of the
factors that limits the efficacy of ALA-PDT. Of the selected transporters, only two resulted
in statistically significant changes in the expression pattern after the 5-ALA treatment
in combination with TSC derivative 2. The first of these was ABCG2, which is one of
the most studied transporters in this context and is involved in PpIX efflux from the cell,
whose increased expression correlated with a low PpIX accumulation as well as a low PDT
efficacy [14,22,23]. Statistically significant changes in the ABCG2 expression were observed
in all of the tested cell lines after they had been with a combination of 5-ALA and TSC
derivative 2 compared to the cells they had been treated with 5-ALA alone (Figure 2). The
greatest changes in the expression of this transporter gene were observed for the MCF-7
cell line, in which there was a 5.3-fold increase in its expression after treatment with TSC
derivative 2 combined with 5-ALA (Figure 2B), while for the HCT 116 and Hs683 cell lines,
there was a 3.6- and 4.16-fold increase in its expression, respectively (Figure 2A,C). For the
Ab549 cell line, the increase was the lowest, namely only 1.8-fold (Figure 2D). When the
increase in the ABCG2 gene expression between cells that had been treated with 5-ALA
and those that had been treated with the combination of TSC derivative 2 and 5-ALA
were compared, it was found that the higher the ratio, the lower the PpIX accumulation,
which was shown in our previous work (Table 1 [8]. This observation is consistent with the
literature reports. For the exception was the A549 cell line, in which there was no significant
accumulation of PpIX, and in which the increase in the ABCG2 expression was the smallest
of the studied cell lines.

The second gene whose expression changed significantly for two cell lines after treat-
ment with combination of 5-ALA and TSC derivative 2 compared to cells treated only with
5-ALA was mitoferin-1 (MFRN1), i.e., Hs683 (3.8-fold increase) and A549 (3.0-fold increase;
Figure 2C,D). MFRN]1, as was mentioned above, is responsible for the transport of iron ions
into the mitochondria. Despite the paucity of literature on iron metabolism and ALA-PDT
efficacy, it was shown that breast cancer cell lines that had a down-regulated expression of
MFRN1 and MFRN2 had an increased accumulation of PpIX. In contrast, experiments using
siRNA showed that silencing the mitoferrin genes resulted in an increased accumulation of
PpIX in normal cells [20]. The increase in MFRN1 expression might explain the lack of PpIX
accumulation on the A549 cell line after treatment with TSC derivative 2 that was observed
in the previous work. In contrast, there was no such correlation for the Hs683 cell line.
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Figure 2. The expression of the genes that are associated with the transport of 5-ALA and heme after
treatment with 5-ALA and a combination of 5-ALA with TSC derivative 2. (A)—MCE-7, (B)—HCT
116, (C)—Hs683 and (D)—A549 cell lines. PEPT1—peptide transporter 1, ABCB6—ATP-binding
cassette B6; ABCB10—ATP-binding cassette B10; ABCG2—ATP-binding cassette G2; MFRN1—
mitoferrin 1. Data analysis was performed using a two-way ANOVA with Tukey’s post-hoc test:
*p <0.05, ** p < 0.005, *** p < 0.0001.
Table 1. Summary of results from previous work [8].
Expression of mRNA after treatment with
Increase in fluorescence of PpIX relative to TSC derivative 2 in combination with 5-ALA
Cell line 5-ALA after treatment with TSC derivative 2 in relative to 5-ALA.
combination with 5-ALA.
FECH HO-1
HCT 116 4.2-fold change Down-regulated Down-regulated
MCE-7 1.6-fold change Non-significant Down-regulated
changes
Hs683 1.7-fold change Up-regulated Up-regulated
A549 Non-significant changes Non-significant Non-significant

changes

changes

Based on the results presented above, and the available literature, it can be assumed
that the phototoxic effect on the studied cell lines would be minor or that there would be no
effect at all. However, the result of the irradiation of cells that had been treated with 5-ALA,
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TSC derivative 2 and their combination indicated that the viability decreased statistically
significant (Figure 3). The strongest effect was observed for the HCT 116 and Hs683 cell
lines (26% and 29% of the surviving fraction, respectively; Figure 3A,C). In the case of the
MCE-7 line, the decrease of cell viability was 44% of the surviving fraction (Figure 3B).
For the A549 line, the phototoxic effect was the weakest (76% of the surviving fraction;
Figure 3D). The observed PDT effect for the HCT 116, MCF-7 and A549 cell lines correlated
with the results for the PpIX accumulation because the higher the PpIX accumulation
the stronger phototoxicity. Only for Hs683 cell line did the correlation between the PpIX
accumulation and cell viability not correlate after irradiation, which is an open question for
further research. The lack of a phototoxic effect after treatment with TSC derivative 2 alone
is a desirable feature of a booster with potential use in ALA-PDT.
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Figure 3. Phototoxic effect after red light irradiation at a dose of 12 J/ cm?. (A)—MCF-7, (B)—HCT
116, (C)—Hs683 and (D)—A549 cell lines that had been treated with 5-ALA, TSC derivative 2 and
their combination. Data analysis was performed using a two-way ANOVA with Tukey’s post-hoc
test: * p < 0.05, **** p < 0.0001.

Interestingly, there was no phototoxic effect on any of the tested cell lines that had
been treated with 5-ALA alone. Most studies have shown that there is a stronger or weaker
phototoxic effect during ALA-PDT. However, papers that show no or a weak phototoxic
effect in ALA-PDT can also be found [24,25]. The increased expression of ABCG2, as was
mentioned earlier, is responsible for the efflux of PpIX from the cell and in our opinion
cannot explain the complete absence of a phototoxic effect only on the 5-ALA-treated
cells. In order to explain this observation, we assumed that in the cells that had been
treated with 5-ALA only, heme was still biosynthesized and thus the concentration of PpIX
was insufficient to achieve a satisfactory therapeutic effect. Our results showed that the
concentration of free heme significantly increased in the cells that had been treated with
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5-ALA alone compared to the control and that when a combination of TSC derivative 2 with
5-ALA was applied, the concentration of heme decreased to a level in the HCT 116, MCF-7
and Hs683 cell lines that was similar to the control (Figure 4A-C). In the case of the A549 cell
line, the level of free heme was not statistically significantly different after treatment with
the tested compound combinations (Figure 4D). These observations in the 5-ALA-treated
cells are not surprising because by exogenously providing 5-ALA, the regulatory system
of heme biosynthesis through a negative feedback loop is overcome. In addition, the lack
of iron deprivation permits the conversion of PpIX into heme. In the previous work, we
showed that on MCF-7 and HCT 116 cell lines, the HO-1 expression levels were significantly
elevated after treatment with 5-ALA alone and that they decreased after treatment with
TSC derivative 2 in combination with 5-ALA [8]. This enzyme is, among others, responsible
for the degradation of heme in cells [26] and its expression pattern correlates with the
results that were obtained from the heme concentration study. On the other hand, one of
the heme degradation products, i.e., biliverdin, acts as an antioxidant, which may explain
the lack of a PDT effect on the 5-ALA-treated cell lines [27,28]. In contrast, for the Hs683
cell line, as was shown in a previous paper, the HO-1 levels increased after treatment with
a combination of 5-ALA and TSC derivative 2, which stands in the opposition to the facts
that are presented above and yet, this line exhibited a significant decrease in cell viability
after irradiation. For the A549 line, no changes were observed in the HO-1 gene expression
or in the free heme concentration [8].
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Figure 4. Free heme concentration after treatment of 5-ALA and combination of 5-ALA and TSC
derivative 2. (A)—MCEF-7, (B)—HCT 116, (C)—Hs683 and (D)—Ab549 cell lines. Data analysis was
performed using a one-way ANOVA with Tukey’s post-hoc test: * p < 0.05, ** p < 0.005, **** p < 0.0001.
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3. Materials and Methods
3.1. Cell Lines and Cell Culture

The HCT 116 (colon cancer), MCF-7 (breast cancer) and A549 (lung cancer) cell lines
were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA),
while the Hs683 (glioma) cell line was kindly provided by Prof. Gabriela Kramer-Marek
from the Institute of Cancer Research (London, UK). All of the cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich; St. Louis, MO, USA), which
had been supplemented with 12% foetal bovine serum (FBS; Sigma-Aldrich; St. Louis, MO,
USA) and an antibiotic blend (1% v/v of penicillin and streptomycin; Gibco; Grand Island,
NY, USA) in 75 cm? flasks (Nunc, Sigma-Aldrich; St. Louis, MO, USA). The cells were
cultured in standard conditions of 37 °C in a humidified atmosphere at 5% CO,. All of the
cell lines were screened for Mycoplasma contamination.

3.2. Transporter Genes Expression

Cells were seeded in 3-cm plastic Petri dishes (Nunc, Sigma-Aldrich; St. Louis, MO,
USA) at a density of 4 x 10° cells per dish and incubated for 24 h at 37 °C. Then, the old
medium was removed and replaced with solutions of 5-ALA (1 mM), derivative 2 (25 uM)
and a combination of 5-ALA and derivative 2 in a manner in which their final concentra-
tions matched the concentrations of 5-ALA and derivative 2 alone. After another 24 h of
incubation, the total RNA was isolated from the cells with TRIzol Reagent (Invitrogen;
Carlsbad, CA, USA) according to the manufacturer’s protocol. Reverse transcription was
performed on 2 pg total RNA using a GoScript™ Reverse Transcriptase kit (Promega; Madi-
son, WI, USA) and Oligo(dT)3 Primers (Sigma-Aldrich; St. Louis, MO, USA). Quantitative
RT-PCR was performed in a CTX96 Touch™ Real-Time PCR Detection System (Biorad;
Hercules, CA, USA) using SYBR® Green Master Mix (Biorad; Hercules, CA, USA), the
appropriate primer pairs and a cDNA template. The primers that were used in this study
were designed using Primer 3 online software (Table 2) and synthesized by Sigma-Aldrich
(Sigma-Aldrich; St. Louis, MO, USA). The data was analyzed based on a comparison of the
expression of the target gene to a reference gene, GAPDH, using the 2722CT (Livak and
Schmittgen) method. The experiments were repeated at least three times in triplicate.

Table 2. Primers used in this study.

Gene Name Sequence 5'-3’ (F-Forward, R-Reverse)

PEPT1 F AGGCAACAACTATGTCCGGG
R CACAGCATCGAAGATCGGGA

ABCB6 F CTGCGGTATGTGGTCTCTGG
R CCAGGTAGACTGTTGGGCTG

ABCBI0 F GTACGGGTCGCACGCA
R GTGAACGGCGATAGGGACC

ABCG2 F GCACAGGAAGTTTACGCACAG
R AAGGGGCTAGAAGAAGGGGG

MERN1 F ACTCGGTGAAGACACGAATGC
R CAGCTATCCCGTTGGCTAGG

GAPDH F GAGTCAACGGATTTGGTCGTA
R GCCCCACTTGATTTTGGAG

3.3. Heme Concentration Measurement

The cells were seeded at a density 1 x 10° cells/dish for 24 h at 37 °C. Next, 5-ALA
(1 mM), TSC derivative 2 (25 uM) and a combination of 5-ALA and derivative 2 were added
and incubated for 24 h in the dark at 37 °C. After incubation, the cells were washed with
PBS and lysed with a 1% Triton X-100 solution in PBS. The lysates were then sonicated
and centrifuged at 10,000x g for 10 min. The free heme concentration was measured
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using a Hemin Assay Kit (Abcam; Cambridge, UK) according to the manufacturer’s
protocol. The heme concentration was calculated from the calibration curve of three
independent experiments.

3.4. Phototoxic Effect

The cells were seeded into a 96-well plate at a density of 11,000 cells/well for 24 h
at 37 °C. Then, the medium was removed and 5-ALA (1 mM), derivative 2 (25 uM) and
a combination of 5-ALA and derivative 2 were added and incubated for 24 h in the dark
at 37 °C. After the incubation, the cells were washed three times with a medium without
phenol red and then irradiated or with an LED red light (634 & 5nm) ata dose 12 ]/ cm?. The
cells were further incubated in the dark under 5% CO, at 37 °C for 24 h. After irradiation,
the cell viability was determined using an MTS assay. Briefly, the medium was removed
and 100 puL of DMEM without phenol red and 20 pL of CellTiter 96® AQueous One Solution
(Promega; Madison, WI, USA) was added and then incubated for approximately 1 h at 37 °C.
Simultaneously, the same experiment was performed with irradiation step being omitted
in order to show dark cytotoxicity. The results are presented as the mean =+ standard
deviation of three independent experiments and the cell viability was calculated using the
GraphPad Prism 5 software (GraphPad Software Inc.; San Diego, CA, USA).

3.5. Statistical Analysis

All of the experiments were repeated three times in independent experiments and
the results are presented as the mean =+ standard deviation. All of the data were analyzed
using GraphPad Prism 5 software (GraphPad Software Inc.; San Diego, CA, USA). A
two-way ANOVA followed by Tukey’s test was used to examine the significance of any
differences between more than two groups. A two-tailed p value of 0.05 or less was
considered significant.

4. Conclusions

In conclusion, the use of iron chelators from the thiosemicarbazone group as enhancers
is a promising approach for improving the efficiency of ALA-PDT. The TSC derivative 2
is particularly interesting in this case due to its strong photocytotoxic effect, which was
obtained on most of the tested cell lines in combination with 5-ALA. Despite the significant
increases in ABCG2 gene expression, the observed therapeutic effect on most of the cell
lines that were included in this work was substantial. This indicates that TSC derivative 2
is an excellent candidate for increasing the efficiency of ALA-PDT. We also showed that
the expression level of the ABCG2 gene correlated with the phototoxic effect for most of
the cell lines. The absence of this effect for the A549 lineage may be due to the increased
expression of MENRI. Surprisingly, this study does not explain the strong phototoxic effect
that was observed for the Hs683 line and the reasons for this remain an open question.
Because of the still insufficient knowledge about the mechanisms of ALA-PDT therapy, the
results presented here are a necessary addition to fill in the existing gaps. At the same time,
our study still remains an interesting area for further research.

Author Contributions: A.M.-W. designed and analyzed the data, wrote the manuscript; R.G. de-
signed, performed the experiments and analyzed the data, wrote the manuscript; J.P. delivered
sample 2. All authors have read and agreed to the published version of the manuscript.

Funding: The financial support of the National Science Centre grant; 2019/35/N/NZ7/02780 (R.G.).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. . Mol. Sci. 2022, 23, 15370 90f 10

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gunaydin, G.; Gedik, M.E.; Ayan, S. Photodynamic Therapy—Current Limitations and Novel Approaches. Front. Chem. 2021,
9, 691697. [CrossRef] [PubMed]

Benov, L. Photodynamic Therapy: Current Status and Future Directions. Med. Princ. Pract. 2015, 24, 14-28. [CrossRef] [PubMed]
Jori, G. Tumour photosensitizers: Approaches to enhance the selectivity and efficiency of photodynamic therapy. J. Photochem.
Photobiol. B Biol. 1996, 36, 87-93. [CrossRef] [PubMed]

Castano, A.P; Demidova, T.N.; Hamblin, M.R. Mechanisms in photodynamic therapy: Part three—Photosensitizer pharma-
cokinetics, biodistribution, tumor localization and modes of tumor destruction. Photodiagnosis Photodyn. Ther. 2005, 2, 91-106.
[CrossRef] [PubMed]

Shah, N.; Squire, J.; Guirguis, M.; Saha, D.; Hoyt, K.; Wang, K K.-H.; Agarwal, V.; Obaid, G. Deep-Tissue Activation of
Photonanomedicines: An Update and Clinical Perspectives. Cancers 2022, 14, 2004. [CrossRef]

Beiki, D.; Eggleston, LM.; Pourzand, C. Daylight-PDT: Everything under the sun. Biochem. Soc. Trans. 2022, 50, 975-985. [CrossRef]
Curnow, A.; Perry, A.; Wood, M. Improving in vitro photodynamic therapy through the development of a novel iron chelating
aminolaevulinic acid prodrug. Photodiagnosis Photodyn. Ther. 2018, 25, 157-165. [CrossRef]

Gawecki, R.; Malarz, K.; Rejmund, M.; Polanski, J.; Mrozek-Wilczkiewicz, A. Impact of thiosemicarbazones on the accumulation
of PpIX and the expression of the associated genes. |. Photochem. Photobiol. B Biol. 2019, 199, 111585. [CrossRef]

Anderson, CM.H,; Jevons, M.; Thangaraju, M.; Edwards, N.; Conlon, N.J.; Woods, S.; Ganapathy, V.; Thwaites, D.T. Transport of
the Photodynamic Therapy Agent 5-Aminolevulinic Acid by Distinct H*-Coupled Nutrient Carriers Coexpressed in the Small
Intestine. J. Pharmacol. Exp. Ther. 2010, 332, 220-228. [CrossRef]

Doring, F.; Walter, J.; Will, J.; Focking, M.; Boll, M.; Amasheh, S.; Clauss, W.; Daniel, H. Delta-aminolevulinic acid transport by
intestinal and renal peptide transporters and its physiological and clinical implications. J. Clin. Investig. 1998, 101, 2761-2767.
[CrossRef]

Kottra, G.; Daniel, H. The proton oligopeptide cotransporter family SLC15 in physiology and pharmacology. Pflugers. Arch. 2004,
447, 610-618. [CrossRef]

Hagiya, Y.; Fukuhara, H.; Matsumoto, K.; Endo, Y.; Nakajima, M.; Tanaka, T.; Okura, I.; Kurabayashi, A.; Furihata, M.;
Inoue, K.; et al. Expression levels of PEPT1 and ABCG2 play key roles in 5-aminolevulinic acid (ALA)-induced tumor-specific
protoporphyrin IX (PpIX) accumulation in bladder cancer. Photodiagnosis Photodyn. Ther. 2013, 10, 288-295. [CrossRef]
Nakayama, T.; Nozawa, N.; Kawada, C.; Yamamoto, S.; Ishii, T.; Ishizuka, M.; Namikawa, T.; Ogura, S.-I.; Hanazaki, K,;
Inoue, K; et al. Mitomycin C-induced cell cycle arrest enhances 5-aminolevulinic acid-based photodynamic therapy for bladder
cancer. Photodiagnosis Photodyn. Ther. 2020, 31, 101893. [CrossRef]

Nakayama, T.; Otsuka, S.; Kobayashi, T.; Okajima, H.; Matsumoto, K.; Hagiya, Y.; Inoue, K.; Shuin, T.; Nakajima, M.;
Tanaka, T.; et al. Dormant cancer cells accumulate high protoporphyrin IX levels and are sensitive to 5-aminolevulinic acid-based
photodynamic therapy. Sci. Rep. 2016, 6, 36478. [CrossRef]

Matsumoto, K.; Hagiya, Y.; Endo, Y.; Nakajima, M.; Ishizuka, M.; Tanaka, T.; Ogura, S.-I. Effects of plasma membrane ABCB6 on
5-aminolevulinic acid (ALA)-induced porphyrin accumulation in vitro: Tumor cell response to hypoxia. Photodiagnosis Photodyn.
Ther. 2015, 12, 45-51. [CrossRef]

Bayeva, M.; Khechaduri, A.; Wu, R.; Burke, M.A.; Wasserstrom, J.A.; Singh, N.; Liesa, M.; Shirihai, O.S.; Langer, N.B.;
Paw, B.H.; et al. ATP-Binding Cassette B10 Regulates Early Steps of Heme Synthesis. Circ. Res. 2013, 113, 279-287. [Cross-
Ref]

Seguin, A.; Takahashi-Makise, N.; Yien, Y.Y.; Huston, N.C.; Whitman, J.C.; Musso, G.; Wallace, ].A.; Bradley, T.; Bergonia, H.A;
Kafina, M.D.; et al. Reductions in the mitochondrial ABC transporter Abcb10 affect the transcriptional profile of heme biosynthesis
genes. |. Biol. Chem. 2017, 292, 16284-16299. [CrossRef]

Hagiya, Y.; Endo, Y.; Yonemura, Y.; Takahashi, K.; Ishizuka, M.; Abe, F.; Tanaka, T.; Okura, I.; Nakajima, M.; Ishikawa, T.; et al.
Pivotal roles of peptide transporter PEPT1 and ATP-binding cassette (ABC) transporter ABCG2 in 5-aminolevulinic acid (ALA)-
based photocytotoxicity of gastric cancer cells in vitro. Photodiagnosis Photodyn. Ther. 2012, 9, 204-214. [CrossRef]

Kim, J.H.; Park, ].M.; Roh, YJ.; Kim, I.-W.; Hasan, T.; Choi, M.-G. Enhanced efficacy of photodynamic therapy by inhibiting
ABCG?2 in colon cancers. BMC Cancer 2015, 15, 504. [CrossRef]

Paradkar, PN.; Zumbrennen, K.B.; Paw, B.H.; Ward, D.M.; Kaplan, J. Regulation of Mitochondrial Iron Import through Differential
Turnover of Mitoferrin 1 and Mitoferrin 2. Mol. Cell. Biol. 2009, 29, 1007-1016. [CrossRef]

Rzycka-Korzec, R.; Malarz, K.; Gawecki, R.; Mrozek-Wilczkiewicz, A.; Matecki, J.G.; Schab-Balcerzak, E.; Korzec, M.; Polanski, J.
Effect of the complex-formation ability of thiosemicarbazones containing (aza)benzene or 3-nitro-1,8-naphthalimide unit towards
Cu(II) and Fe(III) ions on their anticancer activity. |. Photochem. Photobiol. A Chem. 2021, 415, 113314. [CrossRef]

Teshigawara, T.; Mizuno, M.; Ishii, T.; Kitajima, Y.; Utsumi, F,; Sakata, J.; Kajiyama, H.; Shibata, K.; Ishizuka, M.; Kikkawa, F.
Novel potential photodynamic therapy strategy using 5-Aminolevulinic acid for ovarian clear-cell carcinoma. Photodiagnosis
Photodyn. Ther. 2017, 21, 121-127. [CrossRef] [PubMed]

Briel-Pump, A.; Beez, T.; Ebbert, L.; Remke, M.; Weinhold, S.; Sabel, M.C.; Sorg, R.V. Accumulation of protoporphyrin IX in
medulloblastoma cell lines and sensitivity to subsequent photodynamic treatment. . Photochem. Photobiol. B Biol. 2018, 189,
298-305. [CrossRef] [PubMed]


http://doi.org/10.3389/fchem.2021.691697
http://www.ncbi.nlm.nih.gov/pubmed/34178948
http://doi.org/10.1159/000362416
http://www.ncbi.nlm.nih.gov/pubmed/24820409
http://doi.org/10.1016/S1011-1344(96)07352-6
http://www.ncbi.nlm.nih.gov/pubmed/9002244
http://doi.org/10.1016/S1572-1000(05)00060-8
http://www.ncbi.nlm.nih.gov/pubmed/25048669
http://doi.org/10.3390/cancers14082004
http://doi.org/10.1042/BST20200822
http://doi.org/10.1016/j.pdpdt.2018.12.005
http://doi.org/10.1016/j.jphotobiol.2019.111585
http://doi.org/10.1124/jpet.109.159822
http://doi.org/10.1172/JCI1909
http://doi.org/10.1007/s00424-003-1101-4
http://doi.org/10.1016/j.pdpdt.2013.02.001
http://doi.org/10.1016/j.pdpdt.2020.101893
http://doi.org/10.1038/srep36478
http://doi.org/10.1016/j.pdpdt.2014.12.008
http://doi.org/10.1161/CIRCRESAHA.113.301552
http://doi.org/10.1161/CIRCRESAHA.113.301552
http://doi.org/10.1074/jbc.M117.797415
http://doi.org/10.1016/j.pdpdt.2011.12.004
http://doi.org/10.1186/s12885-015-1514-4
http://doi.org/10.1128/MCB.01685-08
http://doi.org/10.1016/j.jphotochem.2021.113314
http://doi.org/10.1016/j.pdpdt.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29196245
http://doi.org/10.1016/j.jphotobiol.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30445362

Int. . Mol. Sci. 2022, 23, 15370 10 of 10

24.

25.

26.

27.

28.

Kim, I; Johnson, R.; Chung, C.-W.; Jeong, Y.-I.; Kang, D.H.; Suh, H. Poly(L-histidine)-tagged 5-aminolevulinic acid prodrugs: New
photosensitizing precursors of protoporphyrin IX for photodynamic colon cancer therapy. Int. J. Nanomed. 2012, 7, 2497-2512.
[CrossRef]

Bourré, L.; Giuntini, E; Eggleston, .M.; Wilson, M.; MacRobert, A J. 5-Aminolaevulinic acid peptide prodrugs enhance photosen-
sitization for photodynamic therapy. Mol. Cancer Ther. 2008, 7, 1720-1729. [CrossRef]

Ishizuka, M.; Abe, E; Sano, Y.; Takahashi, K.; Inoue, K.; Nakajima, M.; Kohda, T.; Komatsu, N.; Ogura, S.-I.; Tanaka, T. Novel
development of 5-aminolevurinic acid (ALA) in cancer diagnoses and therapy. Int. Immunopharmacol. 2011, 11, 358-365. [CrossRef]
Frank, J.; Lornejad-Schéfer, M.R.; Schoffl, H.; Flaccus, A.; Lambert, C.; Biesalski, H.K. Inhibition of heme oxygenase-1 increases
responsiveness of melanoma cells to ALA-based photodynamic therapy. Int. J. Oncol. 2007, 31, 1539-1545. [CrossRef]

Nowis, D.; Legat, M.; Grzela, T.; Niderla, J.; Wilczek, E.; Wilczynski, G.M.; Glodkowska, E.; Mrowka, P; Issat, T.; Dulak, J.; et al.
Heme oxygenase-1 protects tumor cells against photodynamic therapy-mediated cytotoxicity. Oncogene 2006, 25, 3365-3374.
[CrossRef]


http://doi.org/10.2147/IJN.S29582
http://doi.org/10.1158/1535-7163.MCT-08-0092
http://doi.org/10.1016/j.intimp.2010.11.029
http://doi.org/10.3892/ijo.31.6.1539
http://doi.org/10.1038/sj.onc.1209378

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Transporter Genes Expression 
	Heme Concentration Measurement 
	Phototoxic Effect 
	Statistical Analysis 

	Conclusions 
	References

