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Abstract
5-Aminolevulinic acid (ALA), a precursor of porphyrin, is specifically converted to the fluores-

cent substance protoporphyrin IX (PpIX) in tumors to be used as a prodrug for photodynamic

therapy and diagnosis. Hypoxia, a common feature of solid tumors, decreases the efficacy of

ALA-based photodynamic therapy and diagnosis. This decrease results from the excretion of

porphyrin precursor coproporphyrinogen III (CPgenIII), an intermediate in the biosynthesis of

PpIX. However, the mechanism of CPgenIII excretion during hypoxia remains unclear. In this

study, we revealed the importance of mitochondrial respiration for the production of PpIX dur-

ing hypoxia. Porphyrin concentrations were estimated in human gastric cancer cell lines by

HPLC. Expression levels of porphyrin biosynthesis genes were measured by qRT-PCR and

immunoblotting. Blockage of porphyrin biosynthesis was an oxygen-dependent phenomenon

resulting from decreased PpIX production in mitochondria under hypoxic conditions. PpIX

production was increased by the inhibition of mitochondrial respiration complexes, which indi-

cates that the enzymes of porphyrin biosynthesis compete with respiration complexes for

molecular oxygen. Our results indicate that targeting the respiration complexes is a rationale

for enhancing the effect of ALA-mediated treatment and diagnosis.

Introduction
5-Aminolevulinic acid (ALA) is a precursor in the porphyrin biosynthetic pathway, which pro-
duces the bioactive molecule heme. When ALA is administered to cancer patients, cancer cells
specifically accumulate the fluorescence precursor protoporphyrin IX (PpIX), although PpIX is
converted to heme in normal cells. This specificity is widely used for the photodynamic diagno-
sis (PDD) of gliomas [1], bladder cancers [2], and prostate cancers [3], allowing their complete
resection.

Hypoxia, a pathologic microenvironment that occurs in solid tumors, is caused by their
incomplete vascular structure and limited perfusion [4]. Because medicine delivery is difficult
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in hypoxic regions, hypoxic cancer cells are resistant to chemotherapy [4]. Hypoxic cancer cells
also display radioresistance, because molecular oxygen amplifies DNA damage [5,6]. It has also
been shown that hypoxia decreases the efficacy of ALA-mediated photodynamic therapy
(ALA-PDT) in vitro due to a reduction in PpIX accumulation during hypoxia [7,8]. Further-
more, hypoxia inducible factor (HIF), the major regulator of the hypoxic response, promotes
the expression of genes associated with angiogenesis, chemoresistance, invasion, and metastasis
[9]. Thus, eliminating hypoxic cancer cells is important for the success of treatment.

Heme biosynthesis is altered in hypoxia because the expression levels of various enzymes
and transporters involved in heme biosynthesis are modified. The activity of ALA hydrogenase
and the expression level of ferrochelatase (FECH), the second and eighth enzymes of porphy-
rin-heme biosynthesis pathway, respectively, are increased in hypoxia, resulting in an increase
in heme biosynthesis [10–12]. On the other hand, the expression levels of hydroxymethylbilane
synthase (HMBS) and uroporphyrin synthase, the third and fourth enzymes of porphyrin-
heme biosynthesis pathway, respectively, are decreased in hypoxia, resulting in a decrease in
porphyrin biosynthesis [10,13]. The expression level of the human ABC transporter ABCG2,
previously identified as a PpIX export transporter, is also increased in hypoxia [14]. However,
it is unclear whether these changes in expression level affect the ALA-mediated accumulation
of PpIX in hypoxia.

Our previous study showed that a precursor of PpIX, coproporphyrinogen III (CPgenIII) is
excreted during hypoxia [15]. In addition, the expression level of ABCB6 in the plasma mem-
brane is upregulated during hypoxia, resulting in increased extracellular coproporphyrin III
(CPIII) concentrations [15]. However, the mechanism responsible for the blockage of heme
biosynthesis at CPgenIII during hypoxia remains unclear. In this study, we revealed the impor-
tance of mitochondrial respiration to the production of PpIX during hypoxia. The ability of
mitochondria to synthesize PpIX was decreased during hypoxia. This ability was recovered by
the inhibition of respiration complexes. These results indicate that targeting mitochondrial res-
piration is expected to enhance the effect of ALA-PDT in clinical situations.

Materials and Methods

Biochemicals
ALA hydrochloride was purchased from Cosmo Oil Co., Ltd. (Tokyo, Japan). Cobalt (II) chlo-
ride hexahydrate, cycloheximide, RPMI-1640 medium and antibiotic-antimycotic solution
(ABAM) were purchased from Nacalai Tesque (Kyoto, Japan). Deferroxamine mesylate was
purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). Dimethyloxaloglycine
(DMOG) was purchased from Enzo Life Sciences, Inc. (Farmingdale, New York, USA). Anti-
mycin and Oligomycin were purchased from A.G. Scientific (San Diego, California, USA).
Rotenone was purchased from Enzo Life Sciences, Inc. (Farmingdale, New York, USA). Fetal
Bovine Serum (FBS) was purchased from Equitech-Bio Inc. (Kerrville, Texas, USA).

Cell Culture
Human gastric cancer cell lines KatoIII, MKN74, and MKN45 were purchased from the
RIKEN Bioresource Center (Tsukuba, Ibaraki, Japan). Human TMK-1 gastric cancer cells were
provided by Dr. Tahara (Hiroshima University, Hiroshima, Japan). Cells were maintained
under an atmosphere containing 5% CO2 at 37°C in RPMI-1640 medium supplemented with
10% (v/v) heat-inactivated FBS and 1× antibiotic–antimycotic mixed stock solution. Cell cul-
ture under hypoxic conditions was carried out using AnaeroPack-Kenki 5% (Mitsubishi Gas
Chemical Co., Tokyo, Japan).
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Treatment with Pharmacological Inhibitors
CoCl2 (100 μM), deferoxamine (100 μM), and dimethyloxalylglycine (1 mM) were used to
inhibit prolyl hydroxylases (PHDs) and to activate HIF-1μ. Cycloheximide (10 μg/mL) was
used to inhibit protein synthesis. Rotenone (1 μM), antimycin (1 μM), and oligomycin
(0.1 μM) were used to inhibit Complexes I, III, and V, respectively. Each inhibitor was added
together with ALA for 24 h.

HPLC Analysis of Porphyrins
Cells (0.5 × 106 cells for KatoIII, MKN74, MKN45 cells and 0.2 × 106 cells for TMK-1 cell)
were incubated with 1 mM ALA with or without inhibitors for 24 h under normoxia and hyp-
oxia. Cells were washed twice with phosphate-buffered saline (PBS) and then treated with 0.1
M NaOH. Cellular lysates were prepared by adding 3-fold volumes of dimethyl formamide
(DMF)/2-propanol (100:1, v/v) to oxidize coproporphyrinogen III (CPgenIII) to copropor-
phyrin III (CPIII). These mixtures were then centrifuged to remove proteins, and the superna-
tants were incubated at room temperature in the dark for 1 day. High-performance liquid
chromatography (HPLC) analysis was performed as previously described [15], with some mod-
ifications. Briefly, PpIX and CPIII were separated using an HPLC system (Prominence, Shi-
madzu, Kyoto, Japan) equipped with a reversed-phase C18 Column (CAPCELL PAK, C18,
SG300, 5 μm, 4.6 mm × 250 mm, Shiseido Co., Ltd., Tokyo, Japan). Elution was started with
100% solvent A and 0% solvent B for 5 min, with a linear gradient of solvent B (0%–100%)
for 25 min, and then with solvent B for 10 min. Flow was maintained at a constant rate of
1.0 mL/min, Porphyrins were continuously detected using a fluorospectrometer (excitation,
404 nm; emission, 624 nm). Porphyrin concentrations were estimated using calibration curves
constructed using porphyrin standards.

Quantitative PCR
Total RNA was isolated using the NucleoSpin1 RNA II (MACHEREY-NAGEL, Düren, Mann-
heim, Germany) kit according to the manufacturer’s instructions. Total RNAs (1 μg) were
reverse-transcribed to produce first-strand cDNA using the PrimeScript RT reagent Kit with
gDNA Eraser (TaKaRa, Shiga, Japan) according to the manufacturer’s protocol (Matsumoto
et al, 2015). The Thermal Cycler Dice Real Time System (TaKaRa, Shiga, Japan) was used to
perform a two-step reverse transcription polymerase chain reaction. The mRNA transcripts
were quantified using SYBR Premix ExTaq (TaKaRa, Shiga, Japan). Primers are shown in
Table 1.

The amplification conditions included 30 s at 95°C; 45 cycles at 95°C for 5 s and 60°C for
60 s each; dissociation for 15 s at 95°C and 30 s at 60°C; and then 15 s at 95°C on a Thermal
Cycler Dice Real-Time System.

Thermal Cycler Dice Real-Time System analysis software (TaKaRa, Shiga, Japan) was used
for data analysis. The Ct values (cycle threshold) were calculated using the crossing-point
method, and the relative target mRNA expression levels were measured by comparison with a
standard curve. The results for each sample were normalized to ACTB, a housekeeping gene
encoding beta actin.

Analysis of Mitochondrial PpIX Productivity
Cells (2.8 × 107 cells) were washed twice with PBS and collected with a scraper. Pellets were
lysed with exctraction buffer (10 mMHEPES, 200 mMmannitol, 70 mM sucrose, 1 mM
EGTA, pH 7.5) and homogenized with a glass homogenizer (Wheaton, Millville, New Jersey,
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USA). The homogenate was centrifuged at 600 ×g for 10 min to remove debris. The resulting
supernatant were centrifuged at 11,000 ×g for 10 min and washed with extraction buffer. The
pellet was resuspended in storage buffer (10 mMHEPES, 250 mM sucrose, 1 mM ATP,
0.08 mM ADP, 5 mM sodium succinate, 2 mM K2HPO4, 1 mM DTT, pH 7.4) and used as the
mitochondrial fraction. Protein concentrations were determined using the Bradford assay
(Bio-Rad Laboratories, Hercules, California, USA). To prepare CPgenIII-containing medium,
cells (2 × 106 cells) were seeded in a 6-cm dish and incubated for 24 h. Cells were then incu-
bated with 4 mL medium containing 1 mM ALA for 24 h under an atmosphere containing
0.1% O2. The medium was collected and centrifuged at 1,500 ×g for 10 min. The supernatant
was used as CPgenIII-containing medium. The mitochondrial fraction (10 μg) was diluted
with 100 μL CPgenIII-containing medium. N-methyl-PpIX (1 μM) was added and the mixture
was incubated under an atmosphere containing 21% O2 or 0.1% O2 for 12 h. Porphyrins were
identified by HPLC as described above.

Immunoblotting
Immunoblot analyses were carried out as previously described [15]. We used rabbit polyclonal
anti-ALAD (Abcam, Cambridge, UK), mouse monoclonal anti-Actin (MP Biomedicals, Santa
Ana, California, USA), mouse monoclonal anti-COX4I1 (Santa Cruz Biotechnology, Dallas,
Texas, USA), goat polyclonal anti-HIF-1α (R&D systems, Minneapolis, USA), rabbit poly-
clonal anti-HSP90 (Santa Cruz Biotechnology, Dallas, Texas, USA), and mouse monoclonal
anti-PPOX (Abcam, Cambridge, UK) as the primary antibodies, depending on the purpose of
the immunoblot analysis. For the second antibody, we used horseradish peroxidase (HRP)-
conjugated anti-mouse IgG antibody, HRP-conjugated anti-rabbit IgG antibody (Cell Signaling

Table 1. Sequences of primers used in real-time PCR.

Gene Symbol Sense or antisense Sequence

ALAD Sense 5’-AACCAGCATAAATACTGCCTGAGGA-3’

Antisense 5’-TGGCACCTCTAGCAGTCAGGAA-3’

HMBS Sense 5’-AACAGCCCAAAGATGAGAGTGATTC-3’

Antisense 5’-AATGTTGCCACCACACTGTCC-3’

UROD Sense 5’-CCCTGTGCCTTGTATGCATCTG-3’

Antisense 5’-TGTAGCGATGTGGTCCAAAGTCA-3’

UROS Sense 5’-CCTGAACAGCTACTATTCCGAGCA-3’

Antisense 5’-CTTGAGACTGTATGTGAGGCCAGAG-3’

ABCB6 Sense 5’-TTCACTGTGATGCCTGGACAGA-3’

Antisense 5’-GGATGCAGCCAGAGCTGATG-3’

CPOX Sense 5’-CACTCCAGGATCCAGAATTGAAAG-3’

Antisense 5’-TGCATCAACGCACCCAGTC-3’

PPOX Sense 5’-GCCCTTGAAACCCACCTGACTA-3’

Antisense 5’-ACTAATAACGTGGTCAGCCTCCAGA-3’

FECH Sense 5’-AGGCCATTAAGATGGATGTTGGAA-3’

Antisense 5’-CTGTCAGAGTGAAGGCTCACAAGAA-3’

PEPT1 Sense 5’-TCACCTGTGGCGAAGTGGTC-3’

Antisense 5’-GCCACGATGAGCACAATGATG-3’

ABCG2 Sense 5’-GCAACCATCAATTCAGGTCAAGA-3’

Antisense 5’-GAAACACAACACTTGGCTGTAGCA-3’

Actin Sense 5’-TGGCACCCAGCACAATGAA-3’

Antisense 5’-CTAAGTCATAGTCCGCCTAGAAGCA-3’

doi:10.1371/journal.pone.0146026.t001
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Technology, Beverly, Massachusetts, USA), and HRP-conjugated anti-goat IgG antibody
(Santa Cruz Biotechnology, Dallas, Texas, USA) at 1:3000 dilution.

ALA-PDT
Cells were incubated with ALA in a 6-well plate (1 × 105 cells/well) under an atmosphere con-
taining 5% CO2 at 37°C for 24 h. Cells were then exposed to LED irradiation for 5 min (630 nm,
1080 mJ/cm2) by placement of the plate below an LED irradiation unit (provided by SBI Pharma
CO., LTD., Tokyo, Japan) as previously described [16]. Cells were further incubated in the dark
under an atmosphere containing 5% CO2 at 37°C for 24 h. Cell viability was measured using the
MTT assay, as previously described [16].

Results

Reduction of PpIX Synthesis and Promotion of CPIII Excretion Is
Oxygen-dependent
Our previous studies have shown that PpIX synthesis is decreased and CPIII excretion is
increased during hypoxia [15]. To confirm the generality of this phenomenon, we assessed the
accumulation of these porphyrins in 4 gastric cancer cell lines during hypoxia. All 4 cancer cell
lines accumulated intracellular and extracellular PpIX during normoxia, whereas PpIX accu-
mulation was decreased and CPIII excretion was increased during hypoxia (Fig 1). To examine
the details of this alteration of porphyrin biosynthesis during hypoxia, we examined the accu-
mulation of PpIX and CPIII after altering the oxygen concentration. Fig 2 shows that a gradual
reduction in PpIX synthesis and a promotion of CPIII excretion were observed in atmospheres
containing<7.5% O2, indicating that the alteration of porphyrin biosynthesis is caused by a
decrease in the cellular oxygen concentration. Thus, these results indicate that the alteration of
porphyrin biosynthesis is an oxygen concentration-dependent phenomenon.

Transcriptional regulation is not associated with the alteration of
porphyrin biosynthesis during hypoxia
To examine whether the alteration of porphyrin biosynthesis during hypoxia is caused by tran-
scriptional regulation of porphyrin biosynthetic enzymes or transporters, we compared expres-
sion of the genes encoding porphyrin biosynthetic enzymes and transporters during normoxia
and hypoxia. Except for the gene encoding uroporphyrinogen III synthase, concordant alter-
ation of gene expression was not observed for genes involved in porphyrin-heme biosynthesis
pathway during hypoxia (Fig 3A). Because uroporphyrinogen III synthase isn’t the rate-limit-
ing enzyme of porphyrin biosynthesis, this result indicates that the expression levels of porphy-
rin biosynthesis genes are not associated with the alteration of porphyrin biosynthesis during
hypoxia (Fig 3A).

HIF-1α plays a central role in the adaptive response in hypoxia [9]. To examine the effect of
HIF-1α on the alteration of porphyrin biosynthesis during hypoxia, PpIX and CPIII produc-
tion levels were measured in the presence of HIF-1α inducers. CoCl2, a competitive inhibitor,
and deferoxamine (DFO), a chelator of Fe ion, inhibit the activity of prolyl hydroxylases
(PHDs) and stabilize HIF-1α protein [17,18]. Dimethyloxalylglycine, an analog of 2-oxogluta-
rate, also inhibits the activity of PHDs [19]. Using these inhibitors, the HIF-1α expression level
was increased during normoxia (Fig 3B). However, PpIX and CPIII levels were almost
unchanged despite HIF-1α activation (Fig 3C–3F). These results indicate that HIF-1α is not
associated with the alteration of porphyrin biosynthesis during hypoxia.
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Next, we examined the effect of overall genetic responses to hypoxia on PpIX and CPIII pro-
duction. Cycloheximide, an inhibitor of protein synthesis, had almost no effect on the alter-
ation of porphyrin biosynthesis during hypoxia (Fig 3G–3J), indicating that the overall genetic
response of hypoxia is not associated with porphyrin biosynthesis. Altogether, these results
suggest that transcriptional regulation during hypoxia is not a main factor in the alteration of
porphyrin biosynthesis during hypoxia.

Decreased Activity of Mitochondrial Porphyrin Biosynthetic Enzymes
Leads to Reduction of PpIX Synthesis
Because production of PpIX and CPIII was changed in an oxygen concentration-dependent
manner, we focused on the oxygen-dependent enzymes in porphyrin biosynthesis. Because
coproporphyrinogen oxidase and protoporphyrinogen oxidase, the final 2 enzymes in PpIX
synthesis, require oxygen molecules in their enzymatic activity [20], we hypothesized that the
activities of coproporphyrinogen III oxidase and protoporphyrinogen oxidase are diminished
by a lack of oxygen, resulting in a decrease in PpIX production during hypoxia. To test this
hypothesis, the ability of mitochondria to produce PpIX was measured by comparing the nor-
moxic and hypoxic cultivation of extracted mitochondria in the presence of CPgenIII-contain-
ing medium. Mitochondria was isolated by centrifugation method. Mitochondrial
condensation was confirmed by expression of cytochrome oxidase IV isoform 1, the mitochon-
dria specific enzyme. (Fig 4A), and CPgenIII-containing medium was prepared by incubating

Fig 1. Generality of PpIX reduction and CPIII excretion after ALA administration under hypoxic conditions. (A-D) Each cell line was incubated with
1 mM ALA for 24 h under atmospheres containing 21%O2 or 1%O2. (A) Intracellular PpIX, (B) intracellular CPIII, (C) extracellular PpIX, and (D) extracellular
CPIII were measured using HPLC. Data are expressed as the means ± S.D. frommulti-replicated (n = 3) experiments.

doi:10.1371/journal.pone.0146026.g001
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KatoIII cells with 1 mM ALA under hypoxic conditions. Fig 4B shows that hypoxic cultivation
of mitochondria with CPgenIII-containing medium decreased PpIX production, which indi-
cates that oxygen limitation in mitochondria results in a decrease in PpIX synthesis. This effect
may result from the oxygen restriction on porphyrin biosynthetic enzymes.

Inhibition of Mitochondrial Respiration Complexes Recovers the
Production of PpIX in Hypoxia
Mitochondrial respiration is the main consumer of cellular oxygen [21]. To estimate the effect
of respiration on PpIX production, we compared PpIX production and CPIII excretion in the
presence of respiration complex inhibitors. Fig 5A–5D shows that treatment using the Com-
plex I inhibitor rotenone, the Complex III inhibitor antimycin, or the Complex V inhibitor oli-
gomycin recovered PpIX production during hypoxia. Although ABCB6 was reported to import
CPgenIII in an ATP-dependent manner [22,23], inhibition of Complex I, III or V, which
reduces cellular ATP, didn’t decrease the production of PpIX (Fig 5A–5D). Thus, ABCB6 may
not be associated with the alteration of porphyrin biosynthesis during hypoxia. The expression
levels of porphyrin biosynthetic enzymes and transporters were almost unchanged (Fig 5E),
indicating no association between transcriptional regulation and the alteration of porphyrin
biosynthesis during hypoxia, similar to Fig 3A. In addition, the combination of ALA and oligo-
mycin enhanced the efficacy of ALA-PDT in hypoxic cancer cells (Fig 5F). These results collec-
tively indicate that the preferential consumption of mitochondrial oxygen by respiration limits

Fig 2. Oxygen dependence of PpIX reduction and CPIII excretion under hypoxic conditions. (A-D) KatoIII gastric cancer cells were incubated with
1 mM ALA for 24 h under atmospheres containing 21%, 10%, 7.5%, 5%, 2.5%, or 1% O2. (A) Intracellular PpIX, (B) intracellular CPIII, (C) extracellular PpIX,
and (D) extracellular CPIII were measured using HPLC. Data are expressed as the means ± S.D. frommulti-replicated (n = 3) experiments.

doi:10.1371/journal.pone.0146026.g002
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the activity of coproporphyrinogen III oxidase and protoporphyrinogen oxidase, resulting in a
reduction in PpIX synthesis during hypoxia, which enhances the effect of ALA-PDT and PDD
during hypoxia.

Discussion
The phenomenon of PpIX accumulation in cancer cells after administration of ALA is widely
used for the photodiagnosis of tumors in the clinic [1–3]. Whereas numerous studies have
focused on the mechanism of PpIX accumulation in cancer cells, few studies have focused on
the mechanism of CPIII accumulation. CPIII has been found in the blood and urine samples of
cancer patients and can be useful for the diagnosis of cancer [24]. In this report, we demon-
strated that mitochondrial oxygen depletion reduces PpIX and causes the excretion of CPIII
during hypoxia, which was not associated with gene expression. We proposed a model in
which the enzymes of mitochondrial respiration and porphyrin biosynthesis compete for
molecular oxygen during hypoxia, resulting in reduced PpIX production.

According to previous studies, the intracellular CPgenIII level during hypoxia is over 100
times lower than the extracellular CPgenIII level. Also, the intracellular CPgenIII level during
hypoxia is far lower than the intracellular PpIX level during normoxia. These results lead to the
hypothesis that hypoxia promotes a certain mechanism that excretes CPgenIII to decrease the
intracellular CPgenIII level. However, respiration complex inhibitors increased the production
of PpIX and reduced the production of CPgenIII during hypoxia (Fig 5A–5D). These results
lead to the hypothesis that the main factor responsible for CPgenIII production during hypoxia
is not the activation of transporters, but the reduced activities of porphyrin biosynthetic
enzymes. The ratio of intracellular to extracellular CPIII was not changed, even in the presence
of respiration complex inhibitors. Thus, the reduction of CPgenIII and the promotion of CPge-
nIII excretion may work via different mechanisms. ABCB6 is the intracellular CPgenIII trans-
porter requiring ATP in its activity. Inhibitors of respiration complexes inhibits cellular ATP
generation, which could inhibit CPgenIII transport by inhibition of ABCB6 activity via ATP
inhibition. However, inhibitors of respiration complexes didn’t affect the accumulation of
PpIX even in 21% O2 (Fig 5A–5D), indicating ABCB6 is not the rate-limiting enzyme in ALA
treated cells.

Interestingly, although HIF-1, which is induced by hypoxia, represses the activity of respira-
tion complexes and COX [25], the inhibition of respiration complexes recovers the production
of PpIX during hypoxia. This result indicates that the inhibition of respiration complexes by
HIF-1 is incomplete, and that respiration complexes use the maximum capacity of oxygen in

Fig 3. Transcriptional regulation is not associated with the alteration of porphyrin biosynthesis
during hypoxia. (A) MKN45, KatoIII, and MKN74 cells were incubated for 24 h under atmospheres
containing 21%O2 or 1%O2. mRNA expression levels of ALAD, HMBS, UROS, UROD, CPOX, PPOX, FECH,
PEPT1, ABCB6, and ABCG2 in each cell line were analyzed by quantitative PCR. Data are expressed as the
means ± S.D. frommulti-replicated (n = 2) experiments. ALAD, aminolevulinic acid dehydrogenase; HMBS,
hydroxymethylbilane synthase; UROS, uroporphyrinogen III synthase;UROD, uroporphyrinogen III
decarboxylase;CPOX, coproporphyrinogen III oxidase; PPOX, protoporphyrinogen oxidase; FECH,
ferrochelatase; PEPT1, Peptide transporter 1 (B) KatoIII cells were incubated with 100 μMCoCl2, 100 μM
deferoxamine (DFO), or 1 mM dimethyloxaloglycine (DMOG) for 24 h under atmospheres containing 21%O2

or 1%O2. Immunoblots were carried out using antibodies against HIF-1α and actin. (C-F) KatoIII cells were
incubated with 1 mM ALA and 100 μMCoCl2, 100 μMDFO, or 1 mMDMOG for 24 h under atmospheres
containing 21%O2 or 1%O2. (C) Intracellular PpIX, (D) intracellular CPIII, (E) extracellular PpIX and (F)
extracellular CPIII were measured using HPLC. (G-J) KatoIII cells were incubated with 1 mM ALA and
10 μg/mL cyclohexamide. (G) Intracellular PpIX, (H) intracellular CPIII, (I) extracellular PpIX and (J)
extracellular CPIII were measured using HPLC. Data are expressed as the means ± S.D. frommulti-
replicated (n = 3) experiments.

doi:10.1371/journal.pone.0146026.g003
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the mitochondria: around 1%O2. This result also indicates that respiration complexes and por-
phyrin biosynthetic enzymes in mitochondria compete with each other during hypoxia. How-
ever, it is unclear whether the physiological level of porphyrin biosynthesis is restricted by
respiration complexes during hypoxia. Further studies of the availability of molecular oxygen in
the mitochondria for enzymes other than the respiration complexes during hypoxia are required.

Fig 5F shows that increasing oxygen availability for porphyrin biosynthetic enzymes can
enhance the effect of ALA-PDT during hypoxia. Physiological oxygen concentration of mam-
malian tissues is around 3 to 6%, which is abundant than tumor tissues [26]. In addition, Fig 2
shows that CPIII accumulation in 3 to 6% O2 is much lower than that in 1% O2. Thus, the inhi-
bition of respiration complexes would have little effect on PpIX production in normal cells. On

Fig 4. Mitochondrial PpIX production was reduced under hypoxic conditions. (A) KatoIII mitochondria
were isolated using extraction buffer. Immunoblots were carried out using antibodies against HSP90 and
COX IV-1. (B) Mitochondrial PpIX production was measured using isolated mitochondria and CPgenIII-
containing medium. CPgenIII-containing medium was prepared by incubating KatoIII cells with 1 mM ALA for
24 h under an atmosphere containing 0.1%O2. CPgenIII-containing medium were added to isolated
mitochondria and the mixtures were incubated for 12 h under atmospheres containing 21%O2 or 0.1%O2.
PpIX was measured using HPLC. Data are expressed as the means ± S.D. frommulti-replicated (n = 3)
experiments.

doi:10.1371/journal.pone.0146026.g004
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the other hand, inhibition of respiration complexes increased PpIX production in hypoxic can-
cer cells. Altogether, combination of ALA and respiration complexes inhibitors might enhance
the specificity of ALA-PDT and PDD.

In conclusion, we discovered a relationship between mitochondrial respiration complexes
and porphyrin biosynthetic enzymes that affects PpIX production during hypoxia. Targeting
respiration complexes is, therefore, a compelling rationale for enhancing the efficacy of ALA-
mediated treatment and diagnosis.
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