
Abstract. Background: 5-Aminolevulinic acid (ALA) is a
precursor of heme. ALA is used as a photosensitive substance
in photodynamic diagnosis (PDD) and photodynamic therapy
(PDT) because heme metabolism is abnormal in tumor cells
and a photosensitive metabolite of heme synthesis from ALA,
protoporphyrin IX (PpIX), specifically accumulates in tumors.
We investigated the enhancement of the antitumor effect by
combination of ALA and hyperthermotherapy (HT) using a
transplanted tumor model with Lewis lung carcinoma cells
(3LL) in mice. Materials and Methods: Animals were divided
into four test groups: control (untreated), HT, and HT plus ALA
(100 or 300 mg/kg) groups, and HT by bathing at 43˚C for 20
min was performed at five days after transplantation. ALA was
administered once at the above doses three hours before HT by
intraperitoneal injection. Results: The tumor sizes at five days
after HT were 5.2- and 2.6-times greater than those at the time
of HT in the control and HT groups, respectively. In contrast,
PpIX accumulation in the tumor region was noted three hours
after ALA administration, the HT+ALA group given at 100 or
300 mg/kg of ALA inhibited tumor growth to 1.3- and 1.1-times
increases in the tumor size. Conclusion: Therefore, ALA
administration markedly enhanced the tumor growth-inhibitory
effect of HT. 

Hyperthermotherapy (HT) utilizes the phenomenon that
cancer cells are inactivated by heating tumorous regions, and

it is widely recognized as being a cancer therapy of low-
invasiveness causing less adverse effects. It has been reported
that heating of cancer cells at 42˚C or higher temperature
induces necrosis and apoptosis (1, 2), and instability of the
cell membrane structure, protein degeneration, and
inactivation of the DNA replication system (3-6). HT is not
administered alone because its antitumor effect is mild, and
a synergistic effect with chemotherapy and radiotherapy is
expected. van der Zee et al. reported on therapeutic
outcomes of advanced uterine cervical cancers (stage 2b, 3b,
and 4) treated with HT-combined radiotherapy in 2000, in
which the complete response rate was 57% in the group
treated with radiation alone, but it markedly increased to
83% in the HT-combined group, and the 3-year survival rate
also markedly increased in the HT-combined group (51%)
compared to that (27%) of the group treated with radiation
alone (7). This report attracted attention to HT for
combination therapy of cancer. For HT to play an important
role in multidisciplinary treatment of malignant tumors, it
may be necessary to improve the effect of HT alone, and the
development of a sensitizer to enhance the effect of HT is
expected. Several substances have been reported to exhibit
an HT-sensitizing effect, but clinical application has not been
reached because of problems caused by adverse effects. 

5-Aminolevulinic acid (ALA) is a natural delta amino acid
which is not a component of proteins. ALA is widely
distributed in both plant and animal cells, and is a common
precursor of tetrapyrrole compounds including porphyrin,
chlorophylls and heme (8). It is usually synthesized by
condensation from glycine and succinyl CoA by ALA
synthase (EC 2.3.1.37) in animal mitochondria, then
transported across both mitochondrial inner and outer
membranes into the cytosol and converted to co-
proporphyrinogen III through four steps by a metabolic
enzyme in the cytosol (9, 10). Co-proporphyrinogen III
returns to the mitochondria by ATP-binding cassette sub-
family B member-6 (ABCB6) transporter and is metabolized
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to protoporphyrin IX (PpIX) through two further steps.
Ferrochelatase (EC 4.99.1.1) catalyzes the last step in heme
biosynthesis by inserting ferrous iron into PPIX to produce
heme in the mitochondria (11).

In humans, it is well-known that the metabolic pathway of
ALA includes the heme biosynthesis pathway and
biokinetics in extracellular treatment of ALA. When ALA is
administered orally, it is absorbed rapidly via human proton-
coupled amino acid transporter-1 (hPAT1) in the upper part
of the gastrointestinal tract (12), transported into cells by
peptide transporter-1 (PEPT1) transporter and metabolized
to heme using the same metabolic pathway of endogenous
ALA in normal cells. Heme produced from the administered
ALA is utilized as hemoglobin and hemoproteins. Heme is
closely involved in mitochondrial energy metabolism as a
component of the electron transport chain systems,
complexes II, III, and IV and cytochrome c.

On the other hand, the administration of ALA rapidly and
preferentially increases the level of intracellular PpIX, a
photosensitizing porphyrin in cancer cells. Together with
light irradiation, ALA-induced intracellular accumulation of
PpIX is also used for photodynamic diagnosis (PDD) and
photodynamic therapy (PDT) to identify and kill tumor cells,
resulting in a new strategy for cancer diagnosis and therapy
(8) in neurosurgery (13), urology (14), otorhinolaryngology
(15) and gastroenterology (16, 17).

In this study, using a transplanted tumor model with Lewis
lung carcinoma cells (3LL) in mice, we investigated the
enhancement of the antitumor effect by combination of ALA
and HT. 

Materials and Methods 

Animals and tumors. Female C57BL/6J mice were purchased from
Japan SLC, Inc. (Shizuoka, Japan). Animals were give free access to
food, MF (Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water,
and maintained in a controlled room at 24-26˚C room temperature
and 60±5% humidity under a 12-hour fluorescent lighting cycle.

For tumor cells, 3LL line which originated from the C57 strain was
used (18, 19). For in vitro maintenance, cells were cultured in
Dulbecco’s modified Eagle’s medium (D-MEM) (high glucose) with
L-glutamine and phenol red (Wako Pure Chemical Industries, Ltd.,
Osaka, Japam) with 10% fetal bovine serum (Hyclone Laboratories
Inc, Utah, USA). 3LL cells (5×105/0.05 ml) were subcutaneously
implanted into the right thigh of 7-week-old mice. At 7 or 8 days after
implantation when tumors had reached 2-3 mm, the animals were
divided into four groups consisting of six animals each, with tumor
sizes similar among the groups. The animals were then maintained
until tumors grew to 4-5 mm. This experiment was performed after
obtaining approval by the Animal Experiment Committee of Louis
Pasteur Center for Medical Research (No. 2012-2). 

Test groups. The animals were assigned to one of four groups:
control (untreated), HT treatment alone (HT), HT puls low-dose
ALA treatment (HT-ALAL), and HT plus high-dose ALA treatment
(HT-ALAH), respectively. The HT-ALAL and HT-ALAH groups

received i.p. administration of 0.3 ml of ALA solution (5-
Aminolevulinic acid hydrochlolide, SBI Pharmaceuticals Co., Ltd.,
Tokyo, Japan) prepared with pure water and adjusted to 100 and 
300 mg/kg, respectively. 

Confirmation of porphyrin accumulation in tumor. Tumor-bearing
mice were similarly prepared separately from the above test groups
to confirm porphyrin accumulation in the tumors. Porphyrin
accumulation in the subcutaneous tumors was confirmed three hours
after i.p. administration of 100 mg/kg ALA solution: tumors were
irradiated with 405 nm blue visible light; the spectrum of emitted
fluorescence was acquired using a spectrometer-equipped purple
semiconductor laser system for fluorescence diagnosis research,
VLD-M1 (SBI Pharmaceuticals Co., Ltd., Tokyo, Japan) and the
peak of porphyrin red fluorescence near 635 nm was detected. 
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Figure 1. Confirmation of red fluorescence of protoporphyrin IX (PpIX)
accumulated in the subcutaneous tumor region in the thigh. The right thigh
tumor was exposed three hours after 100 mg/kg 5-aminolevulinic acid
(ALA) administration and irradiated with blue light, and intense red
fluorescence was confirmed using a 405-nm simple light source (A).
Fluorescence spectrum of the subcutaneous tumor region in the thigh. A
fluorescence spectrum of the subcutaneous tumor region in the thigh shown
in Figure 1A was obtained.  A PpIX-specific peak was present near 
637 nm (arrow). The peak near 405 nm was that of the excitation light (B). 



Hyperthermotherapy. Three hours before HT, the HT-ALAL and HT-
ALAH groups received i.p. administration of 100 and 300 mg/kg of
ALA solutions, respectively. HT was performed using a water bath.
Only the right thighs of the tumor-bearing mice were placed in a
43˚C water bath for 20 minutes. 

Measurement of tumor volume. The major (a) and short (b) axes of
tumors were measured daily using calipers, and the tumor volume
(V) was calculated by the following equation: V=3/4π×a/2×(b/2)2. 

Pathological analysis. Mice were selected from each group at day 10
after HT, sacrificed, autopsied, and the subcutaneous tumor and lung
were excised. Tissue sections were prepared from the excised specimens. 

Statistical analysis. The Student’s t-test was used to compare the
control and HT groups, followed by multiple comparison of three
groups: HT, HT-ALAL, and HT-ALAH groups using the Tukey-
Kramer method. p<0.05 was considered significant.

Results

Confirmation of PpIX accumulation in the transplanted
tumor region in tumor-bearing mice. Tumor-bearing mice
were killed by cervical dislocation three hours after ALA
administration. When the right thigh tumor was exposed and
irradiated with blue light using a 405-nm simple light source,
intense red fluorescence was noted in the tumor region
(Figure 1A). When the fluorescence spectrum in this region
was obtained, a PpIX-specific peak was present near 635 nm
(Figure 1B).

Enhancement of the antitumor effect of HT by ALA. The
time-course of the relative tumor volume in each group is
shown in Figure 2. The tumor volume increased with time in
the control group, but the slope of the growth curve became
moderate in the group treated with HT alone, showing an
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Figure 2. Growth curve of subcutaneous tumor in the thigh in each
treatment group. Ctrl: control (untreated) group; HT: hyperthermotherapy
alone; HT-ALAL: HT with low-dose 5-aminolevulinic acid (ALA) and HT-
ALAH: HT with high-dose ALA. HT and ALA were administered on day 0.
The plots represent the mean±standard deviation (n=6) of the relative
tumor volume. *p<0.05, **p<0.01: vs. HT by the Tukey-Kramer method.

Figure 3. Time-course body weight changes in each treatment group.
Ctrl: control (untreated) group; HT: hyperthermotherapy alone; HT-
ALAL: HT with low-dose 5-aminolevulinic acid (ALA); HT-ALAH: HT
with high-dose ALA group. The plots represent the mean±standard
deviation (n=6) of the body weight. 

Figure 4. Hematoxylin-eosin-stained subcutaneous tumor tissues at day
10 in each group. In the control (untreated) group (A), necrosis was
noted in the center. The nuclei were sufficiently stained in the
surrounding cancer cells, showing active cell division. In the group
treated with hyperthermotherapy alone (B), vacuolated cells and cells
with nuclear fragmentation were occasionally noted around active
tumor cells containing sufficiently stained nuclei. In the group treated
with hyperthermotherapy with low-dose 5-aminolevulinic acid (ALA)
(C), cells containing sufficiently stained nuclei showing cell division
activity were occasionally noted, and vacuolated cells and cells with
nuclear fragmentation were present around them. In the group treated
with hyperthermotherapy with high-dose ALA (D), the number of
stained nuclei was lower, and vacuolated cells and cells with nuclear
fragmentation were widely distributed, showing that only a few cells had
proliferative ability. Original magnification, ×400. 



inhibition of volume increase. In the HT-ALAL and HT-
ALAH groups, the increase in tumor volume was more
strongly inhibited than that in the HT group. In particular,
the tumor volume decreased up to two days after HT in the
HT-ALAH group. The relative tumor volume at two days
after HT was 1.2±0.3 (mean±standard deviation) in the HT
group, showing significant tumor growth inhibition
compared to that (2.2±0.4) in the control group (p<0.01).
The tumor volume in the HT-ALAL group was 1.1±0.3,
showing no significant difference from that in the HT group,
but was 0.5±0.2 in the HT-ALAH group, showing significant
tumor growth inhibition (p<0.01).

At five days after HT, the tumor volume was 2.1±0.3 in
the HT group, showing a significant tumor growth inhibition
compared to that (5.2±1.6) in the control group (p<0.01). In
addition, significant tumor growth inhibition compared to
that in the HT group were noted in both HT-ALAL (1.3±0.4)
and HT-ALAH (1.1±0.4) groups (p<0.01, respectively). 
Regarding changes in the body weight, no ALA
concentration-dependent weight loss was noted in any group
throughout the 5-day period (Figure 3).

Inhibition of distant metastasis by combination of ALA and
HT. The mice of each group were euthanized at 10 days
after HT. The subcutaneous tumor implanted in the right
thigh and lung tissue were excised and subjected to H&E
staining and observation. In subcutaneous tumor tissue
(Figure 4), nuclear fragmentation and vacuolation of cells
were observed in the HT group, compared to those in the
control group, and these changes were marked in the HT-
ALAL and HT-ALAH groups. 

Discussion

It was demonstrated here that ALA enhances the antitumor
effect of HT. A significant tumor growth-inhibitory effect
was obtained in the group treated with HT alone, but tumor
growth was not inhibited throughout the study period. In
contrast, tumor growth was strongly inhibited throughout the
study period in the HT-ALAL group, and the relative tumor
volume remained 1.3 on day 5 after HT. A point worthy of
special mention is the antitumor effect observed in the HT-
ALAH group: the tumor volume decreased until two days
after HT. The tumor slowly grew thereafter, but the final
relative tumor volume at five days after HT was 1.1, showing
a promising antitumor effect. 

It is well-known that ALA induces tumor-specific PpIX
accumulation, regardless of the route of administration.
Ishizuka et al. reported that when mouse liver cancer cells
(MH134) were cultured in the presence of 1 mM ALA, the
cellular PpIX levels increased, and when ALA (24 mM,
0.25 ml) was intravenously injected into normal and
MH134 tumor-bearing mice, the plasma and urinary

porphyrin levels markedly increased in tumor-bearing mice
(20). The enhancement of the antitumor effect of HT by
concomitant ALA may have been closely associated with
an ALA metabolite, PpIX, specifically accumulated in the
subcutaneous tumor. In ALA-PDT, singlet oxygen
produced by exciting PpIX, specifically accumulated in
tumors with light, exhibits an antitumor effect on cancer
cells. Yamamoto et al. cultured rat glioma cells with ALA,
and excited PpIX accumulated in the cells by radiation,
which induced production of reactive oxygen species
(ROS) in the cells and led them to death (21). An
antitumor effect of combination of ultrasound and
photosensitizers, including 5-ALA, has recently been
reported, suggesting that the combination effect of singlet
oxygen production induced by photosensitizer excitation
with sonoluminescent light and ultrasound-induced
temperature elevation in tumor regions is the mechanism
of the antitumor effect (22, 23). Ohmura et al. reported
that combination of ALA and weak-focused ultrasound (10
W/cm2, 1.04 MHz, 5 min) shrank a glioma implanted in
rat brain without elevating the temperature of the tumor
region (24). Elucidation of the mechanism of this
antitumor effect is awaited. Regarding the combination of
HT and ALA employed by us, Chibazakura et al. reported
that ALA promoted heat stress-induced tumor cell death
without light irradiation, the cell death rate was correlated
with the PpIX levels accumulated in the tumor, and ROS
were produced in the cells under this condition (25), which
is supported by our results. However, the mechanism of the
antitumor effects exhibited through combination of heat,
having a relatively low energy and ALA, may be different
from the mechanism of ROS production induced by
exciting PpIX specifically accumulated in cancer cells by
light irradiation, similar to the mechanism of established
ALA-PDT. Further investigation of the mechanism of the
antitumor effect obtained in this study is necessary. 

Further study should determine whether the combination
of ALA and HT might also inhibit lung metastasis of the
subcutaneous tumor of the thigh. Tumor surveillance by the
immune system is closely involved in cancer growth and
metastasis. Regarding metastasis, the role of natural killer
(NK) cells has been shown to be particularly important
(26). Regarding lung metastasis of 3LL cells used in this
study, it has been reported that NK cells work as effector
cells (27). Skivka et al. applied ALA-PDT to 3LL cells, and
observed an increase in tumor-infiltrating mononuclear
cells and activation of intraperitoneal macrophages (28). It
has also been recently considered that crosstalk between
NK and dendritic cells (DC) is responsible for the
coordination of innate immunity by NK cells and adaptive
immunity and works toward induction of specific immunity
including cytotoxic T-cells (29). Through the combination
of ALA and HT, cancer antigens presented on heat-shock
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protein (HSP) molecules may be utilized for antigen
presentation by DCs (8). From our preliminary experiment,
the combination of ALA and HT not only exhibited an
antitumor effect on the primary lesion but also inhibited
metastasis (data not shown), and this is very important with
regard to medical application, for which further precise
study including detailed analysis of the mechanism should
be essential to conclude. 

ALA is a natural amino acid widely present in nature. It is
marketed as a drug for PDD and PDT, and its high-level
safety is established on abundant non-clinical and clinical
studies. Since HT alone exhibits only a relatively mild
antitumor effect, it is administered in combination with
radiotherapy, chemotherapy, and immunotherapy in most
cases. Thus, sensitizers of HT have been widely sought. Many
studies on the combination of HT with anticancer drugs, such
as alkylating agents and metal complexes, have been reported,
and the radical production-inducing effect common to these
substances is considered to be the sensitization mechanism of
HT. However, most substances with an HT-sensitizing action
discovered so far induce many adverse effects and have not
reached clinical application. When the ALA dose used in our
experiment was converted to that in humans, it was similar to
the dose used in PDD and PDT in which safety has been
established, and the PpIX level in the body after oral
ingestion of ALA at this dose returns to the baseline level
within 24 hours after ingestion. No ALA-induced body
weight change was noted in our experiment, and no adverse
effects occurred (Figure 3). PpIX derived from administered
ALA accumulates in tumor cells, but it is rapidly metabolized
to heme in normal cells. Thus, the risk of normal cell damage
is very low when ALA is administered in combination with
HT. HT was performed only once, but, considering its low-
invasiveness and high-level safety of ALA, several
administrations of ALA-hyperthermia are possible, for which
a higher antitumor effect is expected. 

In summary, it was clarified that the combination with
ALA enhanced the antitumor effect of HT in the 3LL
transplanted mouse tumor model. The combination of HT
with ALA not only enhanced the antitumor effect on the
implanted tumor but also had no adverse effects. Although
detailed analysis of the action mechanism is essential, the
combination with ALA adds a new value to HT, which is of
low invasiveness but exhibits only a mild effect. This
treatment method may be used as a novel cancer therapy, and
may increase the importance of the role of HT in
multidisciplinary treatment. 
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