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Systemically Administered D-allose Inhibits the
Tumor Energy Pathway and Exerts Synergistic
Effects With Radiation
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Abstract. Background/Aim: The present study investigated
the anticancer effects of intraperitoneally administered D-
allose in in vivo models of head and neck cancer cell lines.
Materials and Methods: To assess the direct effects of D-
allose, its dynamics in blood and tumor tissues were
examined. Results: D-allose was detected in blood and tumor
tissues 10 min after its intraperitoneal administration and
then gradually decreased. In vivo experiments revealed that
radiation plus D-allose was more effective than either
treatment alone. Thioredoxin-interacting protein (TXNIP)
mRNA over-expression was detected after the addition of D-
allose in in vitro and in vivo experiments. D-allose inhibited
cell growth, which ways associated with decreases in
glveolysis and intracellular ATP levels and the prolonged
activation of AMPK. The phosphorylation of p38-MAPK was
also observed early after the administration of D-allose and
was followed by the activation of AMPK and up-regulated
expression of TXNIP in both in vitro and in vivo experiments.
Conclusion: Systemically administered D-allose appears to
exert antitumor effects. Further studies are needed to clarify

the appropriate dosage and timing of the administration of

D-allose and its combination with other metabolic agents.

D-allose, a rare sugar, has been shown to exert antitumor
effects in various types of cancer cells (1-3). Yamaguchi ef
al. (4) reported the gene expression profiles of HuH-7 cells
(human hepatocellular carcinoma) treated with D-allose
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using a microarray technique. There were 37 up-regulated
and 11 down-regulated genes. Among the 37 up-regulated
genes, thioredoxin-interacting protein (TXNIP), which is a
tumor suppressor, showed the most significant increases.
Based on these findings, D-allose acts as a novel anticancer
agent via the unique induction of TXNIP and p27kipl
protein stabilization. We previously examined the antitumor
effects of D-allose in head and neck squamous cell
carcinoma (HNSCC) and demonstrated that TXNIP was
over-expressed in tumor cells following its administration
(5). Thioredoxin acts as a potent antioxidant and redox
regulator (6). Its over-expression has been detected in
various cancer types (7-9) and is associated with a poor
prognosis (9-11). In contrast, TXNIP is down-regulated in
various cancer types and correlates with a poor prognosis
(12,13). Therefore, D-allose, which up-regulates the
expression of TXNIP in cancer cells, has potential as an
antitumor agent. However, it currently remains unclear
whether the systemic administration of D-allose exerts
antitumor effects in in vive models. We previously
demonstrated that a local injection of D-allose inhibited
tumor growth in an in vive model (5, 14). HNSCC, such as
oral and oropharyngeal cancer, and skin cancer are easily
visible and palpable. Although the local administration of
antitumor agents is not suitable for many cancer types, it
represents a good treatment option for HNSCC and skin
cancer. The systemic administration of 2-deoxyglucose
(2DG), a glycolytic inhibitor, has been reported to suppress
the proliferation of cancer cells (15, 16), and trials for its
clinical application have been indicated (17, 18). Systemic
administration is essential not only for treating cancers in
other organs but also for head and neck cancer, as
challenging areas exist that cannot be reached solely through
local administration. The pharmacokinetics of systemic
administration and local injections differ markedly. Although
the antitumor effects of a local injection of D-allose have
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been examined, those of its systemic administration in vive
remain unknown. Therefore, we herein used an in vive model
to investigate whether D-allose was transferred to blood and
tumor tissues following its intraperitoneal administration and
exerted antitumor effects when administered via this route.
We also assessed the effects of D-allose on glycolytic stress,
changes in ATP production, and signaling pathways.

Materials and Methods

Cell culture. The human head and neck carcinoma cell line HSC3
(tongue carcinoma) was obtained from the Health Science Research
Resources Bank, Osaka, Japan. The cell line was grown in Eagle’s
minimal essential medium (EMEM) with 10% heat-inactivated fetal
bovine calf serum and 1% penicillin-streptomycin. Cells were
incubated at 37°C in a humidified atmosphere with 5% CO,.

Analysis of biodistribution. Twelve mice were divided into four
groups (3 each). Blood samples and tumor tissues were collected
after 10, 30, 60, and 90 min of administration. To investigate the
blood concentrations of D-allose and D-glucose, D-allose was
assayed using high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAE-PAD). Dionex 1CS300
and the CarboPack PAl column (DionexTM, Tokyo, Japan) were
used. Blood samples were deproteinized by mixing with four-fold
volumes of EtOH. After centrifugation, supernatants were filtered
(0.45 um) and then applied to HPAE-PAD. A 25-ul sample was
added to the column set at 35°C and eluted with 1 ml/min of 10 mM
NaOH. The quantitative relationship between sugar concentrations
and peak areas (nCemin) was confirmed within the range of 1 to 500
mg/l. To investigate the tissue concentrations of D-allose and D-
glucose, a 10-pl sample was added to 40 pl of 4-aminobenzoic acid
cthyl ester (ABEE) reagent (J-CHEMICAL Inc., Tokyo, Japan), and
the mixture was heated at 80°C for | h. After cooling to room
temperature, 200 pl of distilled water and 200 pl of chloroform were
added to the mixture. The mixture was centrifuged at 800 x g for 5
min and the upper layer was used for a high-performance liquid
chromatography (HPLC) analysis.

ABEE-labeled samples were analyzed by HPLC using the
XBridge C18 column (Waters Corp. Milford, MA, USA) at 30°C,
which was eluted with 0.2 M potassium borate buffer (pH 8.9) and
acetonitrile (93:7) at a flow rate of 1.0 ml/min. Eluted samples were
detected using a fluorescence monitor (excitation wavelength of 305
nm and emission wavelength of 360 nm).

Xenograft model experiment. D-allose was supplied by the
Department of Biochemistry and Food Science, the Faculty of
Agriculture, Kagawa University, Kagawa, Japan. D-allose was
dissolved in saline to an appropriate concentration. HSC3 cells were
used in a xenograft model with female athymic nude mice (BALB/c
nw/nu, 5-6 weeks old). Each mouse was subcutaneously injected with
1x100 cells in 0.1 ml EMEM on the right side of the posterior flank
using a l-cc syringe with a 27G needle. Tumors were grown for ten
days until an average size of 100 mm? was attained (day 0). To assess
the antitumor effects of the intraperitoneal injection of D-allose and
investigate the combined effects of radiation, 24 mice were randomly
divided into four groups. The four groups were treated as follows:
with the intraperitoneal administration of 0.2 ml of normal saline 5
times a week (control), with the intraperitoneal administration of 0.2
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ml of 50 mM D-allose 5 times a week (allose), with a 4-Gy dose of
irradiation 2 times a week (RT), or with the intraperitoneal
administration of 0.2 ml of 50 mM D-allose 5 times a week plus a 4-
Gy dose irradiation 2 times a week (RT + allose). The duration of
treatment was 3 weeks in each group (until day 21). Tumor sizes were
monitored for 5 weeks (until day 35). The posterior flank sites of
mice into which tumors were implanted were irradiated using an X-
ray irradiator (HITEX type HW 260, 200 kV, 5 mA, Osaka, Japan).
All mice were euthanized with an intraperitoneal injection of 240
mg/kg body weight of ketamine hydrochloride and 30 mg/kg body
weight of xylazine. The duration of the experiment was from January
30 to March 24, 2023. The present study was approved by the Animal
Care and Use Committee of Kagawa University (Approval No.
21658-1, Approval Date January 20, 2023).

Analysis of mRNA expression. To investigate the effects of D-allose
on the mRNA expression of TXNIP in vitro, cells were cultured in
6-cm dishes with 50 mM D-allose for 24 h. To examine the effects
of D-allose on the expression of TXNIP in vive, the xenograft mice
described above were intraperitoneally administered 0.2 ml of 100
mM D-allose, and tumors were removed 48 h later. Total RNA was
isolated using a NucleoSpin RNA kit (Macherey-Nagel, Duren,
Germany), and ¢cDNA was synthesized using a SuperScript ITI kit
(Invitrogen, Waltham, MA, USA). A real-time polymerase chain
reaction (PCR) was performed using TagMan gene expression assay
primers (Hs00197750_m1, GAPDH: Hs99999905_ml) and the ABI
ViiAT7 RealTime PCR system (Applied Biosystems, Waltham, MA,
USA). The GAPDH gene was used to normalize expression across
assays and runs, and a quantification value (Cq) for each sample
was used to assess the expression level of the gene.

Western blot analysis. Cells were cultured in 10-cm dishes under
70% confluency. and after treatment with 50 mM D-allose for 20
min, 40 min, 6 h, and 24 h, they were scraped into SDS sample
buffer containing dithiothreitol (EzApply, ATTO Corp., Tokyo,
Japan). Samples were then heated at 95°C for 5 min.

In in vive experiments, proteins were extracted from the tumor
tissues of xenograft mice after the intraperitoneal administration of
0.2 ml of 100 mM D-allose. Tumor tissues were washed with PBS,
placed in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
0.5% Triton-X100, and 0.5% NP-40) containing protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA), and sonicated.
Samples were centrifuged at 20,000 x g at 4°C for 10 min, and the
supernatants were collected.

In western blot analyses, proteins were separated on 10% SDS-
PAGE gels, transferred to nitrocellulose membranes, blocked with
5% (w/v) nonfat dried milk in PBS, and incubated with antibodies
against TXNIP mouse mAb (K0205-3, MBL, Nagoya, Japan), f-
Actin mouse mAb (M177-3, MBL). P38 MAPK rabbit mAb (#9212,
Cell Signaling Technology, Inc., Tokyo, Japan), phospho-P38 MAPK
rabbit mAb (#9211, Cell Signaling), AMPKa rabbit mAb (#2532,
Cell Signaling), or phospho-AMPKa rabbit mAb (#2531, Cell
Signaling). Membranes were probed with horseradish peroxidase-
conjugated anti-mouse IgG (NA931, Amersham, Tokyo, Japan) or
anti-rabbit IgG (#7074, Cell Signaling), and signals were detected
using an enhanced chemiluminescence system (Amersham),

Glyeolytic stress test and real-time ATP rate assay. The cellular
glycolytic capacity and real-time ATP production rate were
evaluated using the Agilent Seahorse XF HS Mini Extracellular
Flux Analyzer (Seahorse Bioscience: Agilent Technologies, North
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Figare 1. Distribution of D-allose into blood and tumor tissues after its intraperitoneal administration. Error bars represent standard errors. (A)
Blood concentrations of D-glucose and D-allose were measured over time after the administration of D-allose. The Kruskal-Wallis test revealed
significant changes in blood concentrations of D-allose (p<0.05). (B) D-glucose and D-allose concentrations in tumor lissues were measured after
the administration of D-allose. D-allose was detected in tumors after 10 min and peaked at 30 min.

Billerica, MA, USA), according to the manufacturer’s instructions
included in the Agilent Seahorse XFp Glycolysis Stress Test kit and
XFp Real-Time ATP rate assay kit, respectively. HSC3 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with FBS (10%). Cells were plated into an XF HS
Mini cell culture plate at a density of 2.0x104 cells per well,
maintained for 24 h, and serum-starved at 37°C for the next 18 h
in a CO, incubator. Prior to starting the assay, compounds (2 mM
glutamine for the glycolysis stress test; 10 mM glucose, 1 mM
pyruvate, and 2 mM glutamine for the ATP rate assay) were diluted
to the appropriate concentrations in freshly prepared assay medium
(Scahorse XF DMEM Medium, pH 7.4). The medium in the plate
with cells was then changed to assay medium and maintained in a
non-CO, incubator at 37°C for 1 h prior to the assay. In both
assays, following the measurement of basal values, vehicle (assay
medium) or D-allose (50 mM) was injected from the first port and
incubated for 30 min. The glycolysis stress test was then conducted
by injecting glucose (10 mM), oligomycin (1 pM), and 2-DG (50
mM) at 18-min intervals; and the ATP rate assay by injecting
oligomycin (1.5 uM) and rotenone/antimycin A (0.5 pM) at 30-min
intervals. At the end of the assay, the solution in the wells was
removed, and 30 pl of lysis buffer was added and vortexed to lyse
cells. Total protein levels in each well were measured using the
Bradford assay. Results were analyzed with Seahorse Wave
software (Seahorse Bioscience) and normalized with protein
concentrations.

Statistical analysis. Statistical analyses were performed using
StatFlex V6.0 (Artec Co. Ltd., Osaka, Japan). The Kruskal-Wallis
test was used to compare changes in blood and tissue concentrations
over time. Comparisons of tumor volumes between the treatment
and control groups were conducted using the Newman—Keuls test.
mRNA expression levels were compared between the control and
D-allose treatment groups using the Student’s t-test. Changes in the
glycolytic system were compared using the Student’s f-test. A p-
value of <0.05 was considered to indicate a significant difference.
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Figure 2. Changes in tunor sizes in xenograft mice in various treatment
groups. Tumor volumes (mm') after the intraperitoneal administration
of 0.2 ml of 50 mM D-allose 5 times a week for three weeks. Points:
mean tumor volume, ervor bars: standard errors. Significant differences
are indicated by asterisks: *p<0.05 vs. the control group.

Results

Absorption of D-allose into blood and tumor tissues.
Intraperitoneally administered D-allose was quickly
transferred into the blood within 10 min. Thereafter, it
gradually decreased and almost disappeared after 90 min,
The Kruskal-Wallis test showed a significant change in the
blood concentration of D-allose (p<0.05). The blood
concentration  of  D-glucose maintained  at
approximately 700 pg/ml in the presence of D-allose. D-
allose was also detected in tumor tissues after 10 min,
peaked at 30 min, and then gradually decreased. D-Glucose

was
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Figure 3. Changes in TXNIP mRNA expression levels after the treatment with D-allose. Error bars represent standard errors. (A) Experiments on
cultured cells showed an approximately 10-fold increase in expression levels from the control group 24 k after treatment. *¥p<0.01 vs. the control
group. (B) An approximately 5-fold increase in expression levels from those in the control group was ebserved 48 h after the intraperitoneal

administration of D-allose. *p<0.05 vs. the control group.

concentrations in tumor tissues slightly decreased in the
presence of D-allose (Figure 1).

Effects of the intraperitoneal administration of D-allose and
irradiation. Tumor volumes were significantly smaller in the
group intraperitoneally administered D-allose than in the
control group from days 14 to 21 after administration (p<0.05).
Tumor volumes were significantly smaller in the irradiated
group than in the control group on day 21 (p<0.05), and
suppressive effects on growth were enhanced by the combined
use of D-allose on days 21 to 35 (p<0.05) (Figure 2).

Changes in TXNIP mRNA expression levels by the
intraperitoneal administration of D-allose. In the in vitro
experiment, TXNIP mRNA expression levels significantly
increased (p<0.01, 11-fold increase 24 h after the addition
of D-allose). In the in vivo experiment, TXNIP mRNA
expression levels in tumor tissues 48 h after the
intraperitoneal administration of D-allose also significantly
increased by more than 5-fold (p<0.05) (Figure 3).

Effects of D-allose on MAPK and AMPK kinase systems. To
elucidate the effects of D-allose treatment on intracellular
signaling pathways, we examined changes in the levels and
activation of proteins involved in the MAPK and AMPK
kinase pathways. In cultured cells, the phosphorylation of
p38-MAPK was observed early after the administration of
D-allose and was followed by the phosphorylation of AMPK
and the up-regulated expression of TXNIP (Figure 4).

The phosphorylation of p38-MAPK was also detected early
in tumor tissues, while the phosphorylation of AMPK and
expression of TXNIP were observed after 48 h (Figure 53).
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Effects of D-allose on the glycolytic system. Glucose
metabolism was examined by measuring the extracellular
acidification rate (ECAR). In comparisons with the control
group, glucose metabolism (p<0.05) and the glycolytic
capacity (p<0.01) were significantly suppressed 30 min after
the administration of 50 mM D-allose, reflecting a change in
the glycolytic system (Figure 6). No significant differences
were observed in glycoATP (production of glycolysis-
derived ATP) or mitoATP (mitochondrial production of ATP)
between the groups (Figure 7).

Discussion

In the present study, we initially demonstrated the distribution
of D-allose in blood and tumor tissues following its
intraperitoneal administration. Intraperitoneally administered
D-allose was rapidly transferred into blood and then gradually
decreased. In contrast, D-allose administered intraperitoneally
was rapidly transferred into tumor tissues and was maintained
at high concentrations. D-allose and D-glucose have been
suggested to compete in tumor tissues based on previous
findings showing that D-allose suppressed the cellular uptake
of D-glucose (19). A similar response may occur at the tissue
level.

Although D-allose inhibited the proliferation of several
types of cancer cells (1-3), it currently remains unclear
whether it has similar effects in vivo following its oral and
intravenous administration. The present study confirmed that
D-allose was transferred into blood and tumor tissues
following its intraperitoneal administration. Moreover, the
intraperitoneal administration of D-allose exerted antitumor
effects similar to those of a local injection (5). A previous
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Figure 4. Expression of p38-MAPK, p-p38-MAPK, AMPK, p-AMPK,
and TXNIP at ) min, 20 min, 40 min, 6 h, and 24 h after the treatment
with 50 mM D-allose, as analyzed using western blotting of protein
extracts from cultured cells.

study demonstrated that local injections of 500 mM D-allose
into tumors for 3 weeks continued to inhibit tumor growth
after the injections were discontinued (20). In the present
study, intraperitoneal administration of 50 mM D-allose for
three weeks did not inhibit tumor growth after its
discontinuation. Therefore, if anti-tumor effects are to be
expected by using D-allose alone, it may be necessary to
administer a higher dose or extend the duration of
administration. Synergistic effects with the intraperitoneal
administration of D-allose and irradiation were also confirmed
in in vivo experiments in the present study. The over-
expression of TXNIP at the mRNA and protein levels was
observed in tumor tissues after the intraperitoneal
administration of D-allose. The microarray analysis revealed
that D-allose significantly up-regulated TXNIP gene
expression in hepatocellular cancer cells (4). The over-
expression of TXNIP by the D-allose treatment was also
reported in several cancer types (1-3, 5, 20, 21). Our previous
study (5) revealed that the cell growth inhibition rate
correlated with the TXNIP expression rate. A recently
developed RNA sequencing analysis has the potential to yield
unknown mRNA isoforms and more RNA information than a
microarray analysis. Further investigations are needed to
clarify the involvement of novel genes other than TXNIP.
Noguchi er al. (22) showed that the over-expression of TXNIP
markedly reduced GLUT1 expression and the suppression of
GLUTI expression inhibited cell growth in three human
cancer cell lines: hepatocellular carcinoma (HuH-7),
Caucasian breast adenocarcinoma (MDA-MB-231), and

p38-MAPK *

R

p-p38-MAPK

B-actin

Oh

Figure 5. Western blot analysis in vivo. Proteins were obtained from the
tumors of xenograft mice treated with the intraperitoneal administration
of 0.2 ml of 100 mM D-allose. The expression levels of p38-MAPK and
p-p38-MAPK at 0, 30, and 60 min and AMPK, p-AMPK, and TXNIP
levels at 0 and 48 h were analyzed.

48 h

neuroblastoma (SH-SY5Y). D-allose-induced increases in
TXNIP and TXNIP over-expression-induced decreases in
GLUT1 were confirmed in all three cancer cell lines.
Furthermore, the knockdown of TXNIP using siRNA canceled
the D-allose-induced suppression of GLUT! expression in
HuH-7 cell lines. The knockout of TXNIP also promoted the
proliferation of breast cancer cells, which was accompanied
by the expression of p27 and increased GLUT] levels.

2DG has been shown to inhibit tumor growth as a glucose
inhibitor. Tt accumulates in cancer cells and may be
phosphorylated by hexokinase to 2-deoxyglucose-6-phosphate
(2-DG-6-P). 2-DG-6-P provides negative feedback on
hexokinase and inhibits glucose uptake. The inhibition of
glycolysis by 2-DG results in glycoATP depletion, which
activates AMPK. Previous studies reported that the activation
of AMPK signaling suppressed cancer cell proliferation (23-25).

AMPK has been shown to inhibit the activity of mTORCI
in the PI3K/Akt/mTORCI signaling system and suppress the
synthesis of proteins and fatty acids, thereby inhibiting the
growth of cancer cells (26).

In an in vitro study, the phosphorylation of MAPK and
AMPK occurred markedly earlier, approximately 20 min after
the administration of D-allose, while TXNIP expression was
observed after 6 hours and further increased after 24 h. We
hypothesized that phosphorylation and protein expression may
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Figure 6. Changes in ECAR in cultured cells after the administration of
D-allose. Error bars represent standard evvors. Thirty minutes after the
administration of 50 mM D-allose, increases in ECAR were significantly
smaller than those in the control group, reflecting changes in glycolysis
(*p<0.05) and the glycolytic capacity (*5p<0.01).

take longer than in in vitro studies; therefore, tissue was
harvested after 48 h in the in vivo study to examine protein
expression. After 48 h, the phosphorylation of AMPK and
TXNIP expression were promoted. suggesting that AMPK was
phosphorylated both in vitro and in vive after the administration
of D-allose, and cell proliferation was subsequently suppressed,
which indicated the involvement of AMPK activation in the
suppression of cancer cell proliferation. This is the first study
to show that D-allose activated AMPK signaling and inhibited
tumor growth, similar to 2DG.

A flux analysis revealed that glucose metabolism and
glycolytic activity were significantly suppressed in the HSC3
cell line 30 min after the administration of D-allose, while
no significant differences were observed in glycoATP or
mitoATP between the groups.

In the experiment using the pancreatic cancer cell line,
glycoATP markedly decreased, while mitoATP slightly increased
16 h after the administration of D-allose (data not shown). This
result suggests that changes in ATP production after the
administration of D-allose were affected by time and medium
composition. The glycolytic metabolism of cancer is considered
to shift to glycolysis. When glycolysis is suppressed, it may shift
to energy production by mitochondrial respiration. The oxygen
consumption rate (OCR) indicates oxygen consumption due to
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Figure 7. ATP production rate after the treatment with D-allose. Error
bars represent standard errors. No significant differences were observed
in the glycoATP or mitoATP production rate from the control group, as
analyzed using real-time ATP rate assays.

acrobic respiration, while ECAR measures acidification due to
glycolytic metabolism. The measurement of time-dependent
changes in OCR and ECAR may help to elucidate the shift in
energy production when glycolysis is suppressed.

In the present study, the effects of D-allose on the MAPK
pathway were also newly reported. The phosphorylation of p38-
MAPK occurred early after the administration of D-allose and
was followed by the phosphorylation of AMPK and the up-
regulated expression of TXNIP. The stress-responsive MAPK
pathway, p38-MAPK, is activated by environmental stress and
inflammatory cytokines, and plays a central role in the induction
of apoptosis and the regulation of immune responses.

In hepatocellular carcinoma cells, the over-expression of
TXNIP inhibited cell proliferation and induced apoptosis by
triggering mitochondrial-mediated ROS generation and
activating the MAPK pathway (27).

It currently remains unclear whether the phosphorylation of
p38-MAPK directly activates AMPK or up-regulates the
expression of TXNIP; nevertheless, the activation of the
MAPK pathway may have an impact on the antitumor effects
of D-allose. However, a previous study reported that the
addition of a MAPK inhibitor enhanced the anti-cell
proliferation effects of 2DG or D-allose and anticancer drugs
(28). Further studies are needed to clarify the possibility of
different responses to the activation of MAPK in various cells.
We intend to investigate whether MAPK inhibitors suppress
the activation of the AMPK pathway and the over-expression
of TXNIP in head and neck cancer cell lines in the future.

The findings of studies that combined 2DG with other
metabolic regulators, chemotherapeutic agents, and radiation
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therapy suggest the potential of 2DG to improve treatment
outcomes (29, 30). Metformin is a compound that is widely
used to treat type 2 diabetes because it attenuates
hyperglycemia by inhibiting hepatic lipogenesis and
gluconeogenesis and promotes insulin sensitivity (31). At the
cellular level, metformin is a mild mitochondrial complex 1
inhibitor that decreases ATP levels and AMPK activation.
Cheong et al. previously reported (32) that 2DG alone was
not sufficient to promote cell death. However, 2DG and
metformin led to significant cell death associated with
decreases in cellular ATP, the prolonged activation of AMPK,
and sustained autophagy. Recently, phase ITII randomized
clinical trials have been conducted in several cancer types to
clarify the antitumor effects of metformin. As a result,
metformin did not reduce the risk of new cancer
development in non-diabetic breast cancer patients (33). And
there was no significant impact of metformin use on
pembrolizumab efficacy in resected high-risk stage I
melanoma (34).

We also showed that D-allose enhanced the anti-cell
proliferation effects of anticancer drugs and irradiation (14,
20). Therefore, further studies are required to clarify the
combined effects of D-allose and other metabolic agents,
such as metformin. Although D-allose and 2DG have similar
functions, including competition with glucose uptake and the
inhibition of glycolysis, D-allose has also been reported to
have a different mechanism of action to 2DG, such as
stronger effects on TXNIP expression and the inhibition of
GLUT1 expression (22). Clinical trials have been performed
on 2DG (33-35). However, its effectiveness and safety have
not yet been proven.

D-allose is a naturally occurring monosaccharide that is
considered to have fewer adverse effects than 2DG.
Although the antitumor effects of D-allose as a single agent
are limited, its effects in combination with other drugs and
irradiation are sufficient for clinical applications. Further
studies are needed for the development of more effective
administration methods, the selection of optimal doses, and
combinations with appropriate drugs and therapies, such as
the use of D-allose as an infusion base drug to replace D-
glucose when administering anticancer drugs or pre-
medication as a radio-sensitizer.

This study has a potential limitation. The present study
does not directly confirm whether siRNA-mediated
knockdown of TXNIP in head and neck cancer cells cancels
effects, such as inhibition of cell proliferation, increase in
ROS, and cell cycle arrest. Further studies are needed to
clarify the knockdown effect of TXNIP on head and neck
cancer cells.

In conclusion, the present results suggest the anticancer
effects of the systemic administration of D-allose and a novel
mechanism for the activation of the MAPK and AMPK
kinase systems and inhibition of glycolysis.
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