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Summary

5-aminolevulinic acid (5-ALA), a starting substrate for synthesizing porphyrins including heme, has
been used for photodynamic diagnosis and therapy of cancers since cancer cells specifically
accumulate a photosensitizing metabolite protoporphyrin IX upon 5-ALA administration. These
applications, however, bear limitations in treating cancers deep inside the patients’ tissues where
light irradiation is difficult. On the other hand, we have previously shown that 5-ALA enhances
cell death under thermal stress in some cancer cells, suggesting a potential of 5-ALA as a sensitizer
for hyperthermia of cancer. Here we examined the effect of 5-ALA and hyperthermia (ALA-HT)
co-treatment on tumor growth in mouse xenograft model and found that 5-ALA significantly
suppresses the tumor growth in combination with hyperthermia. However, we also observed that
the tumors under the co-treatment eventually start to re-grow and histopathological analyses
revealed no evidence of cell death enhancement in those tumors, implying that ALA-HT treatment
is not sufficient for eliminating tumors. We then explored a potential synergy between ALA-HT
treatment and a low dose of anti-cancer drug. Combination of ALA-HT treatment with a low and
less-effective dose of sorafenib, a widely-used anti-cancer drug, notably enhanced the cancer cell
death in vitro and exhibited a significantly stronger anti-proliferative effect on xenografted tumors
in mice, compared to those treated with sorafenib alone. These findings suggest that ALA-HT
treatment can reduce the effective dosage in cancer chemotherapy and thereby contribute to

amelioration of patients’ quality of life.
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Introduction

5-Aminolevulinic acid (5-ALA) is a natural compound present in both plant and animal cells,
which is a common precursor to heme and chlorophylls [1]. Administration of 5-ALA has been
shown to increase heme production, resulting in elevation of the activity of hemoproteins such as
cytochrome c¢ oxidase (COX). Ogura et al. [2] demonstrated that 5-ALA administration improves
COX activity, which is decreased with aging and in various diseases, including cancer. Moreover,
5-ALA supplementation has been applied to livestock and human [3-5] and well investigated
regarding the safety [6].

Besides its nutritional and metabolic effects, administration of 5-ALA has been found to
enhance the cancer-specific accumulation of protoporphyrin 1X (PplX), an immediate precursor of
heme [7,8]. This property of 5-ALA has been utilized clinically for the detection of malignant
tissues by 5-ALA-induced PplX fluorescence and for the selective phototoxic destruction of
malignant cells, due to an increase in reactive oxygen species (ROS) derived from photo-excited
PpIX, by 5-ALA-induced photodynamic therapy (ALA-PDT). The utilization of ALA-PDT has
drawn significant attention in research and clinical applications, particularly in addressing a
spectrum of cancers including those affecting the skin and brain [9-16], because of the appeal of
5-ALA in its notable advantages, characterized by minimal side effects, chemical stability, and brief
photosensitivity compared to alternative photosensitizers [9]. Despite these merits, the practical
implementation of PDT remains constrained to cancerous regions amenable to irradiation device
accessibility [17].

Alternatively, hyperthermia has emerged as a widely acknowledged and practiced cancer
therapy, distinguished by its minimal invasiveness and reduced side effects. Its efficacy as a
sensitizer for radiotherapy and chemotherapy has positioned hyperthermia as a valuable adjunctive
therapy for various cancers [18, 19]. Nevertheless, the thermal dose-response relationship exhibits
variability across different cell lines and is influenced by such environmental factors as pH [20].

To improve the limitations in both PDT and hyperthermia, we have tested if 5-ALA can enhance
hyperthermic effect in cancer cells and shown that the combination of 5-ALA and hyperthermia
(ALA-HT) treatments enhances the cell death in certain types of cancer cell lines in vitro [21].
The cell death enhancement depends on relatively a high accumulation of PpIX upon 5-ALA
administration and concomitant increase of ROS under the thermal stress in those cancer cells [21].
In this study, we further investigated the potential of ALA-HT as a treatment for cancer in vivo
using tumor xenografted mouse models. We show that ALA-HT treatment significantly
suppresses the tumor growth in xenografted mice, compared to hyperthermia treatment only. We
also examined if ALA-HT can sensitize the tumor cells to a low dose of anti-cancer drug and
demonstrate that ALA-HT can enhance the tumor suppressive effect of sorafenib, a multi-kinase
inhibitor that has been used against a wide variety of tumors [22], at low doses both in vitro and in
vivo. This observation particularly suggests that ALA-HT can reduce the effective dose of

anti-cancer drug and possibly decrease the side effects caused by the drug such as sorafenib [23].
2



Experimentals
Cells and reagents

Caco-2 (human colorectal adenocarcinoma) and HepG2 (derived from human liver cancer) cells
were derived from M. Nakajima’s cell stock as previously described [21]. Cells were grown in
Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) with 5%
CO.. 5-aminolevulinic acid (5-ALA,; hydrochloride salt) was provided by SBI Pharmaceuticals
Co., Ltd, (Tokyo, Japan). Sorafenib tosylate (BAY 43-9006; BioVision, Inc., Waltham, MA,
U.S.A.) was dissolved in DMSO at 1 mM as a stock solution for addition to the culture medium, or
in 20% sulfobutylether B-cyclodextrin (MedChemExpress LLC, Monmouth Junction, NJ, U.S.A.)
with sonication at 10 mg/mL as a stock solution for oral administration to mice.

Mice and tumor xenografts

All xenograft experiments were performed in accordance with the guidelines of the Laboratory
Animal Ethics Committee of Tokyo University of Agriculture (Tokyo, Japan). All experimental
protocols were approved by the Experimental Animal Ethics Committee of Tokyo University of
Agriculture (approval no.2019088).

5-week-old male BALBnNu/CrICrlj nude mice (Charles River Laboratories, Wilmington, MA,
U.S.A.) were housed in a pathogen-free room at 23 C room temperature and 55+5% humidity under
a 12-hour fluorescent lighting cycle and given free access to autoclaved food CE-2 (CLEA Japan,
Inc., Tokyo, Japan) and sterile water for 1 week, and then used for tumor xenograft. Caco-2 or
HepG2 cells were suspended in PBS at 4 x 107 cells /mL and mixed with equal volume of Matrigel
(Corning, NY, U.S.A)) on ice (final 2 x 107 cells /mL). 50 pL (10° cells) of the cell suspension
was inoculated subcutaneously in hind legs of the mice. The mice were maintained as described
above until tumors grew to 5-10 mm. Their body weight and tumor size were measured every day
after the tumor became visible. Tumor volume (V) was calculated using the equation: V (mm?3) =
0.523 x a x b?, where a and b are length (mm) and width (mm) of tumor, respectively. Statistical
significance was analyzed by Student’s t test.

Treatment with 5-ALA and hyperthermia (ALA-HT treatment)

For treatment of the cell culture, 0.1 mM 5-ALA hydrochloride was added at 37°C for 2 h in
DMEM without FBS, and then the cells were grown in COz incubator with the temperature set at
37°C or 42°C for 24 h in DMEM with 10% FBS. Cells were harvested by trypsinization and
stained with 0.2% trypan blue (Life Technologies Japan, Tokyo, Japan), and the cell death rate was
calculated as percentage of trypan blue-stained cells per total cells.

To the tumor-xenografted mice, aqueous solution of 5-ALA hydrochloride (at final dose of 300
mg/kg body weight) or equal volume of sterile water was orally administrated when their tumor size
reached 3-4 mm in length. 3 h after the administration, their hind legs with tumor xenograft were

immersed in water bath at 43°C for 20 min as described [24].
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Combined treatment with ALA-HT and sorafenib (SFN)

For in vitro experiments, indicated final concentrations of SFN were added to the cell culture
simultaneously in combination with the ALA-HT treatment described above.

For in vivo experiments, HepG2-xenografted BALB/c-nu mice were treated every 3rd day orally
with SFN at 25 mg/kg b. w. Half of the SFN-treated mice were subjected to the ALA-HT
treatment as described above next day, and this set of co-treatment was repeated three times with
3-day intervals.

Histopathological analysis of the tumor xenografts

For histopathological analysis, tumors and surrounding normal tissues were excised when the
tumors in the ALA-hyperthermia (ALA-HT) group were clearly smaller than those in the control
and hyperthermia-only (HT) groups and showed no re-growth. The excised tumors were rinsed
with PBS, cleaved with a scalpel, and shake-fixed with a 3.7% formaldehyde-PBS solution
overnight at room temperature. Preparation of tissue sections and histopathological analysis based
on hematoxylin-eosin (HE) staining were outsourced to Ina Research Inc, (Nagano, Japan).

Results
ALA-HT effect on tumor growth in mouse xenograft models

To examine the effect of co-treatment with 5-ALA and hyperthermia (ALA-HT) on tumor
growth in vivo, two tumor-derived cell lines Caco-2 (colon adenocarcinoma) and HepG2 (liver
cancer-derived) were xenografted into BALB/c-nu nude mice since these cell lines have been
shown to be sensitive to the ALA-HT treatment in vitro [21]. The tumor-xenografted mice were
subjected to hyperthermic treatment with or without oral administration of 5-ALA, with 6- or 7-day
interval. As shown in Fig. 1, the growth of tumors derived from Caco-2 (A) or HepG2 (B) cells
was significantly suppressed by ALA-HT treatment, compared to those treated with hyperthermia
(HT) only. However, in both xenografts (especially in those derived from HepG2), ALA-HT
treatment did not completely inhibit the tumor growth, resulting in regrowth of the tumors 3-4 days
after the second ALA-HT treatment. We therefore repeated the experiments using HepG2-derived
xenografts, with relatively smaller (younger) tumors at the start and shorter (3-day) intervals of
treatments. As shown in Fig. 1 (C), although the ALA-HT treatment significantly suppressed the
tumor growth compared to HT-only treatment, tumor regrowth was gradually observed again,
especially after the fourth treatment. We also observed that HT-only treatment suppressed the
HepG2-derived tumor growth to greater extent than in the previous results shown in Fig. 1 (B).
We speculate this might be ascribed to the shorter intervals of the treatment since the HT-only
treatment with 6- to 7-day intervals caused moderate suppressive effects lasting for a few days on
the tumor growth both in HepG2 and Caco-2 xenografts (Fig. 1A).
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Fig. 1. Effect of 5-ALA and hyperthermic (HT) treatment on tumor growth in xenografted
mice.

(A, B) BALB/c-nu mice bearing Caco-2 (A) or HepG2 (B) xenografts were orally given sterile
water (control and HT) or 5-ALA at 300 mg/kg body weight (ALA-HT) on the days indicated by
arrows (6- or 7-day interval). 3 h after the administration, HT and ALA-HT groups were subjected
to hyperthermic treatment at 43°C for 20 min. Tumor volumes are plotted as mean = S.E. (n=6)
for control (open circles), HT only (gray triangles), and ALA-HT (closed squares) treatment.
Statistical significances between HT and ALA-HT and between control and ALA-HT groups are
shown as: * p<0.05, ** p<0.01, *** p<0.001. There are no statistical significances between control
and HT groups (n.s.). (C) HepG2-xenografted mice were treated as in (B), with younger (smaller)
tumors and shorter (3-day) intervals of HT or ALA-HT treatment indicated by arrows. Tumor
volumes are plotted as mean = S.E. (n=6) for control (open circles), HT only (gray triangles), and
ALA-HT (closed squares) treatment.  Statistical significance between control and ALA-HT groups
is shown as *** p<0.001. There are no statistical significances between control and HT, and
between HT and ALA-HT groups (n.s.).

We then carried out histopathological analysis of those HepG2-derived tumors under the three
conditions of treatment. Five independent tumors from the ALA-HT treatment group, clearly
smaller than those from the control and HT-only treatment groups, as well as the same number of
tumors from other two groups, were excised for tissue sections and subjected to histopathological
analysis (Fig. 2). As summarized in Table 1, there is no obvious difference, in terms of the
number and the grade of cell proliferation, necrosis, and inflammatory invasion observed, between
the tumors from ALA-HT group and control or HT-only group.
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Fig. 2. Histopathological images of the HepG2-derived tumors.

Tissue sections were prepared from the tumors excised from the HepG2-xenografted mice with no
treatment (control), hyperthermia treatment only (HT), and hyperthermia and 5-ALA co-treatment
(ALA-HT), followed by HE staining. Scale bars: 100 um. Asterisks: focal necrosis grade 1,
closed triangle: inflammatory cell infiltration grade 1 (mononuclear cells), open triangles:
inflammatory cell infiltration grade 1 (mononuclear cells/neutrophils).

Table 1 Histopathological analysis of HepG2-derived tumor sections.
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Based on these results, we conclude that, even though the ALA-HT treatment exerts a
significantly suppressive effect on tumor growth in vivo, the effect under the conditions we
employed is not sufficient for regression or elimination of tumors.

ALA-HT effect on the HepG2 cell death by a low-dose anti-tumor drug, sorafenib, in vitro
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To overcome the limited effect of ALA-HT treatment on tumor growth as described above, we
asked if the ALA-HT treatment can sensitize tumors to a low dose of anti-tumor drug. We
employed sorafenib (SFN), a multi-kinase inhibitor that has been shown efficacy against a wide
variety of tumors including liver cancer [25,26] and HepG2-derived tumor as a target drug-tumor
model since HepG2 cells are derived from liver cancer. First, HepG2 cells were treated in vitro
with various concentrations of SFN with or without ALA and/or HT treatment. Fig. 3 shows that
the cell death rate of HepG2 increased in a dose-dependent manner when treated with 0.1 to 8 uM
SFN. Combining SFN with ALA- or HT-only treatment enhanced the cell death 2- to 3-fold and
co-treatment with SFN and ALA-HT resulted in about 4-fold enhancement, compared to those
treated with equivalent concentrations of SFN only. Although the enhancement includes the
effects of ALA and/or HT treatment without SFN, the SFN dose effect was enhanced ca. 80-fold at
maximum with ALA-HT treatment since combination of 0.1 uM SFN and ALA-HT treatment
resulted in the cell death rate (19.0%) almost equivalent to that with 8 uM SFN only (19.5%).
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Fig. 3. Effect of combinations of sorafenib (SFN), 5-ALA and/or hyperthermic (HT)
treatment on HepG2 cell growth in vitro.

HepG2 cells were grown with indicated concentrations of SFN and/or 5-ALA in the culture media
at 37°C (HT-) or 42°C (HT+) for 24 h and subjected to trypan blue staining. Cell death rates were
calculated as ratio (%) of trypan blue-stained cells per total cells and plotted as mean + S.E. (n=3)
for SFN alone (open bars), SFN + 5-ALA (gray bars), SFN + HT (hatched bars), and SFN +
ALA-HT (closed bars) treatment.  Statistical significances are shown as: * p<0.05, ** p<0.01.
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ALA-HT effect on the suppression of HepG2-derived tumor growth by a low-dose sorafenib in
Vivo

We then examined the effect of co-treatment with a low-dose SFN and ALA-HT on the growth of
HepG2-derived tumors in mice. Each dose of SFN administrated was 25 mg/kg b. w., which is
much lower (1/12 in total dose after three times) than a conventional SFN dose (100 mg/kg b. w.
orally daily) in tumor-xenografted mice [27]. Half of the SFN-treated mice were subjected to
ALA-HT treatment next day, and this set of co-treatment was repeated three times. As shown in
Fig. 4, while treatment with the low-dose SFN did not significantly suppress the tumor growth,
co-treatment with ALA-HT markedly and significantly enhanced the growth suppression by SFN.
These results suggest that ALA-HT treatment can sensitize tumors to a low dose of SFN in vivo.
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Fig. 4. Effect of co-treatment with SFN and ALA-HT on the growth of HepG2-derived
tumors xenografted in mice.

HepG2-xenografted BALB/c-nu mice were administrated with vehicle (DMSO) or 25 mg/kg b. w.
SFN on the daysl, 4, 7 and 10 (gray arrows), and the next day (closed arrows), half of the
SFN-administrated groups were administrated with 300 mg/kg b. w. 5-ALA, and 3 h later, subjected
to HT treatment at 43°C for 20 min.  Tumor volumes were plotted as mean £ S.E. (n=6) for control
(open circles), SFN alone (gray triangles), and SFN + ALA-HT (closed squares). Statistical
significances between SFN alone and SFN + ALA-HT, and between control and SFN + ALA-HT
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are shown as: * p<0.05, ** p<0.01. There are no statistical significances between control and SFN
alone groups (n.s.).

Discussion

ALA-HT treatment exerted stronger anti-proliferative effect on Caco-2 cells than on HepG2 in
the mouse xenograft model (Fig. 1), which appears to reflect our previous observation that Caco-2
IS more sensitive to ALA-HT treatment than HepG2 in vitro [21]. We have suggested that the
difference in ALA-HT effect in vitro is partly attributed to the levels of PplX accumulation under
the ALA-HT treatment in these cells. The PplX accumulation level could also contribute to the
susceptibility of the tumors to ALA-HT treatment in vivo since the PplX transporter ABCG2 has
been shown to be down-regulated under the thermal stress in Caco-2 but not in HepG2 [21].

Although we observed a significantly repressive effect of ALA-HT treatment on the xenografted
tumors derived from Caco-2 and HepG2 cells, the effect is not sufficient for complete growth
suppression of these tumors. Consistently, the pathological analyses showed no evidence of cell
proliferation arrest or cell death in the HepG2-derived tumors upon the ALA-HT treatment (Table 1
and Fig. 2). We should note, however, that some tissue sections shown in Fig. 2 reveal that
xenografted tumors were not only subcutaneous but infiltrating into muscle, which could limit our
interpretation. Nonetheless, those results from the pathological analyses are in contrast with our
previous in vitro results indicating that ALA-HT treatment enhances the cell death in some cancer
cell lines including Caco-2 and HepG2 [21]. We assume that the discrepancy is mainly derived
from distinct conditions between in vitro and in vivo ALA-HT treatments. In vitro, the cells were
treated with 0.5 to 2 mM of 5-ALA in the culture media at 42°C for 24 h [21], and in vivo, the
tumor-xenografted mice were orally administrated with 300 mg/kg b. w. 5-ALA and the tumors
were treated in 43°C for 20 min (this study). In rat models, the plasma 5-ALA concentration after
the equivalent amount (300 mg/kg b. w.) of oral administration has been reported to be 0.3 mM [28].
Although the 5-ALA concentration was not measured in our mouse models, the in vitro 5-ALA
concentration we have previously employed [21] appears to be much higher than the in vivo
concentration in plasma, which could, at least in part, contribute to the cell death enhancement by
ALA-HT treatment in vitro [21].

These observations prompted us to examine if ALA-HT treatment exhibits an enhancing effect
on a low-dose anti-cancer drug, i.e. if ALA-HT treatment can sensitize tumor cells so as to reduce
the drug’s minimum dose. We chose sorafenib (SFN) as a test anti-cancer drug since it has been
used for a broad range of cancers [25,26]. We observed a maximum 80-fold enhancement of SFN
dose effect, i. e. co-treatment with 0.1 uM SFN and ALA-HT exhibited the cell death rate
equivalent to that with 8 uM SFN only treatment in HepG2 cells (Fig. 3). Thus, SFN dose can be
reduced down to 1/80 with an equivalent effect when combined with ALA-HT treatment in vitro.
Then we examined the ALA-HT effect on low-dose SFN treatment of HepG2-derived tumors in

vivo, which is numerically 1/12 of the conventional dose. This low dose of SFN exhibited only a
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moderate, non-significant suppression of tumor growth, but significantly suppressed the growth of
xenografted tumors when combined with ALA-HT treatment, compared to the treatment with SFN
alone (Fig. 4). Therefore, similarly to our in vitro observation, we suggest that ALA-HT treatment
can reduce the effective dose of SFN in vivo. We, however, also admit that our suggestion bears
some limitation since we have not included a group of mice treated only with ALA-HT in the above
experiment.

SFN has been reported to bear a potential risk of hemorrhagic and cardiac events [29,30] and
also to cause moderate side effects such as diarrhea and hand-foot skin reaction in a significant
population of patients in the large phase-3 clinical trial study [31]. Our findings suggest a possible
clinical option employing ALA-HT as co-treatment for reducing the effective dose of SFN and
thereby decreasing those side effects. This option could contribute to ameliorating the quality of
life of patients undergoing cancer chemotherapy using not only SFN but also other anti-cancer
drugs. Further evaluation of the effect of ALA-HT co-treatment with various anti-cancer drugs is
expected to verify this possibility.

Conclusion

Our findings suggest that ALA-HT treatment can suppress tumor growth in vivo and also reduce
the effective dosage of anti-cancer drug. This might contribute to amelioration of patients’ quality
of life in cancer chemotherapy.
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