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Abstract: D-allose is a rare sugar that has been reported to up-regulate thioredoxin-interacting
protein (TXNIP) expression and affect the production of intracellular reactive oxygen species (ROS).
However, the antitumor effect of D-allose is unknown. This study aimed to determine whether
orally administered D-allose could be a candidate drug against bladder cancer (BC). To this end, BC
cell lines were treated with varying concentrations of D-allose (10, 25, and 50 mM). Cell viability
and intracellular ROS levels were assessed using cell viability assay and flow cytometry. TXNIP
expression was evaluated using Western blotting. The antitumor effect of orally administered D-allose
was assessed using a xenograft mouse model. D-allose reduced cell viability and induced intracellular
ROS production in BC cells. Moreover, D-allose stimulated TXNIP expression in a dose-dependent
manner. Co-treatment of D-allose and the antioxidant L-glutathione canceled the D-allose-induced
reduction in cell viability and intracellular ROS elevation. Furthermore, oral administration of D-
allose inhibited tumor growth without adverse effects (p < 0.05). Histopathological findings in tumor
tissues showed that D-allose decreased the nuclear fission rate from 4.1 to 1.1% (p = 0.004). Oral
administration of D-allose suppressed BC growth in a preclinical mouse model, possibly through
up-regulation of TXNIP expression followed by an increase in intracellular ROS. Therefore, D-allose
is a potential therapeutic compound for the treatment of BC.

Keywords: bladder cancer; D-allose; rare sugar; reactive oxygen species; thioredoxin-interacting
protein

1. Introduction

Bladder cancer (BC) is the most common genitourinary cancer and the 10th most
common cancer worldwide, with an estimated 573,278 new cases reported in 2020 [1].
However, unlike other cancers, there has been no improvement in the survival rates of
patients with BC since the 1990s [2]. In clinical practice, nearly one-third of patients
diagnosed with BC cannot be cured, and over 200,000 patients die from this disease
each year worldwide [1]. Urothelial carcinoma is the most common type of BC. Despite
recent advances in treatment options, locally advanced and metastatic urothelial carcinoma
(mUC) has a poor prognosis [3]. Therefore, a novel class of drugs for patients with mUC is
urgently required.

According to the International Society of Rare Sugars, rare sugars are monosaccharides
found only in small amounts in nature and there are more than 50 types of rare sugars [4]. D-
allose, the C3 epimer of D-glucose, is a rare sugar that has been approved as a food product
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in Japan. To date, no adverse events related to D-allose consumption have been reported.
Recently, D-allose has attracted attention due to its various physiological functions, which
differ from those of D-glucose. One of these functions is the suppression of cancer growth
in various types of cancer [5–7]. However, the antitumor effects of orally administered
D-allose are unknown, and no antitumor activity against BC has been reported so far.

It has recently been reported that D-allose induces the expression of thioredoxin-
interacting protein (TXNIP) in several types of cancer [5–7]. TXNIP, also known as
thioredoxin-binding protein-2 or vitamin D3 up-regulated protein-1, interacts with thiore-
doxin [8]. Thioredoxin, a protein disulfide oxidoreductase, is a potent antioxidant [9].
TXNIP has been reported to induce the production of intracellular reactive oxygen species
(ROS) and arrest the cell cycle by decreasing the amount of active thioredoxin; hence, it has
attracted attention as a potential therapeutic target [10]. Thus, we aimed to investigate the
antitumor effect of the rare sugar, D-allose, on BC cells and its potential clinical efficacy as
an oral treatment for mUC patients, using a preclinical mouse model.

2. Results
2.1. D-Allose Inhibits Bladder Cancer Cell Viability

The MTT assay revealed that D-allose inhibited the viability of all three BC cell lines
(RT112, 253J, and J82) in a dose-dependent manner. Treatment with 50 mM D-allose for
24 h significantly decreased the viability rates of RT112, 253J, and J82 cells to 68.4 ± 1.9,
68.2± 2.2, and 60.9± 3.4%, respectively, compared to the control cells (p < 0.0001, p = 0.0003,
and p = 0.0012, respectively) (Figure 1A).

Figure 1. D-allose inhibits cell viability and induces intracellular reactive oxygen species (ROS) in
three bladder cancer cell lines. (A) An MTT assay reveals that treatment with varying concentrations of
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D-allose for 24 h inhibits the cell viability of RT112, 253J, and J82 bladder cancer cell lines. Statistically
significant (p < 0.05) decreases in cell viability rates compared with the control (set at 100%) are repre-
sented by asterisks (*). (B) The 2′,7′-dichlorofluorescindiacetate (DCF-DA) fluorescence-activated
cell sorting (FACS) analysis revealed that treatment with varying concentrations of D-allose for 1 h
induced intracellular ROS production in RT112, 253J, and J82 bladder cancer cell lines. Statistically
significant (p < 0.05) increases in intracellular ROS levels compared with the control (DCF-DA; set at
100%) are represented by asterisks (*).

2.2. D-Allose Induces Intracellular ROS and Stimulates the TXNIP Expression in Bladder
Cancer Cells

The fluorescence-activated cell sorting (FACS) analysis showed a significant dose-
dependent increase in intracellular ROS levels following D-allose treatment in all three
BC cell lines (Figure 1B). After 1 h of 50 mM D-allose treatment, the intracellular ROS
levels were increased by 360.2 ± 1.7, 203.8 ± 7.9, and 144 ± 1.8% in RT112, 253J, and J82,
respectively, compared with the controls (p < 0.0001, p = 0.0004, and p < 0.0001, respectively).
Western blotting revealed that D-allose stimulated TXNIP expression in all three BC cell
lines in a dose-dependent manner (Figure 2).

Figure 2. D-allose up-regulated thioredoxin binding protein (TXNIP) in three bladder cancer cell
lines at 48 h post-treatment with varying concentrations of D-allose (10, 25, and 50 mM). Western
blotting revealed that D-allose up-regulates TXNIP expression in RT112, 253J, and J82 bladder cancer
cell lines in a dose-dependent manner. β-actin served as the loading control.

2.3. Suppression of D-Allose-Induced Antitumor Effects by Antioxidant Glutathione

The FACS analysis showed that D-allose-induced intracellular ROS production was sig-
nificantly attenuated by co-treatment with the antioxidant glutathione (GSH) to−203.2± 4.8
(p < 0.0001), −116.1 ± 1.1 (p < 0.0001), and −53 ± 2.2% (p < 0.0001) in RT112, 253J, and
J82 cells, respectively (Figure 3A). As a result, intracellular ROS levels in cells that were
co-treated with D-allose and GSH were similar to or lower than those in the control cells. In
addition, the antioxidant GSH suppressed D-allose-induced cancer cell viability inhibition.
The MTT assay revealed that cell viability under co-treatment with D-allose and GSH was
98.5 ± 0.6 (p = 0.45), 99.4 ± 0.4 (p = 0.43), and 99.9% ± 1.3% (p = 0.98) for RT112, 253J, and
J82, respectively, compared to that of the controls (Figure 3B).
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Figure 3. Co-treatment of D-allose and antioxidant glutathione (GSH) suppressed the D-allose-
induced intracellular reactive oxygen species (ROS) elevation and cell viability inhibition in three
bladder cancer cell lines. (A) A fluorescence-activated cell sorting (FACS) analysis showed a signifi-
cant decrease in intracellular ROS at 1 h post-treatment of 50 mM D-allose with GSH in RT112, 253J,
and J82, respectively, compared with the control (2′,7′-dichlorofluorescindiacetate [DCF-DA]; A).
Statistically significant (p < 0.05) increases in intracellular ROS rates compared with the control (set at
100%) are represented by asterisks (*). (B) The MTT assay revealed that the antioxidant GSH reduced
the inhibition of RT112, 253J, and J82 bladder cancer cell viability by D-allose. Statistically significant
(p < 0.05) decreases in cell viability rates compared with the control (set at 100%) are represented by
asterisks (*). ns: not significant.

2.4. Tumor Growth Inhibition in a Preclinical Mouse Model by Oral Administration of D-Allose

Orally administered D-allose inhibited tumor growth in a preclinical mouse model.
There was a significant difference in tumor volumes between D-allose-treated mice and
normal saline-treated mice after a 15-day treatment period (Figure 4A; p < 0.05). Histological
findings in tumor tissues showed that D-allose decreased the number of cancer cells with
nuclear fission from 4.1 to 1.1% (p = 0.004). In addition, D-allose did not affect body weight
(Figure 4B). Furthermore, there were no differences in the histological findings of the kidney
and liver tissues between mice treated with oral D-allose and those treated with normal
saline (Figure 4C).
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Figure 4. In vivo experiment. (A) Oral administration of D-allose inhibited tumor growth in vivo
in mouse xenografts. RT112 tumors, treated with oral administration of D-allose or normal saline,
were enucleated 20 days after treatment initiation. Statistically significant (p < 0.05) decreases in
tumor volume compared with the control (set at 100%) are represented by asterisks (*). (B) Mouse
xenografts treated with oral D-allose showed no significant difference in body weight from that in
the control (normal saline). (C) There was no difference in the histological findings of the kidneys or
livers between mice treated with oral administration of D-allose and those treated with normal saline.

3. Discussion

The rare sugar D-allose may be a novel drug candidate for patients with mUC. This
study revealed the antitumor activity of D-allose in BC cells, which is in part due to the
up-regulation of TXNIP and the subsequent increase in intracellular ROS levels. In addition,
we demonstrated that orally administered D-allose suppressed BC growth without obvious
adverse effects in a preclinical xenograft mouse model.

TXNIP expression is down-regulated in several cancers [11–13]. Reportedly, in BC,
TXNIP is down-regulated in cancer cells according to grade and stage, and loss of TXNIP
expression promotes BC progression [14]. TXNIP plays a vital role in redox homeosta-
sis; it binds to the active cysteine residue of thioredoxin and inhibits its antioxidant
function [15,16], resulting in increased intracellular ROS production [8,17]. Several agents
have been reported to kill BC cells by inducing excessive intracellular ROS production [18,19].
In the present in vitro study, Western blotting analysis indicated that D-allose stimulated
TXNIP expression, consistent with previous studies on other cancer types [5–7], and the
FACS analysis revealed the up-regulation of intracellular ROS levels after treatment with
D-allose. In addition, co-treatment of D-allose and the antioxidant GSH suppressed D-
allose-induced intracellular ROS elevation and cell viability inhibition in BC cells. These
results suggest that the TXNIP production induced by D-allose is a key factor in its antitu-
mor effects through intracellular ROS production.

A key finding of this study was that the oral administration of D-allose inhibited BC
growth in a xenograft mouse model. Although previous in vivo studies on D-allose have
demonstrated its antitumor effect via injection around the tumor [5,7], this study is the
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first to reveal the antitumor effect of the oral administration of D-allose. Histologically,
orally administered D-allose significantly decreases the nuclear fission of BC cells. TXNIP
reduces cancer cell viability by arresting the cell cycle [10]. Therefore, the suppression of
nuclear fission may contribute to the reduction in BC cell viability by D-allose through
TXNIP. As D-allose is available as a powder, oral administration is a clinically relevant
method. Further studies need to be performed using orthotopic xenograft models with
tumor microenvironments, similar to those of the original tumor.

In this study, D-allose had no apparent adverse effects on the kidneys, liver, or body
weight in the mouse xenograft model, similar to the findings in a previous study of other
cancer types using a D-allose injection around the tumor [20]. Our safety data from
the oral administration of D-allose can promote its clinical application. In addition, a
pharmacokinetic study of D-allose, conducted at the time of approval for Japanese food
materials, showed that most D-allose was excreted in the urine in the short term. Therefore,
urinary excretion of D-allose has the potential to inhibit the progression of mUC and
prevent recurrence of non-muscle-invasive BC (NMIBC) in terms of clinical application.
The main current standard treatment for the prevention of NMIBC recurrence is intravesical
instillation of chemotherapeutic agents and bacillus Calmette–Guerin, but it is difficult
to continue treatment for an adequate duration due to their adverse effects [21]. In this
context, D-allose may be a solution for BC treatment.

This study had some limitations. Firstly, we investigated the antitumor effect of oral
administration of D-allose using a xenograft mouse model. However, since the metabolism
of D-allose and the growth environment of BC cells may differ between rodents and humans,
it is possible that the antitumor effect of orally administered D-allose may not be observed in
humans. However, the safety of D-allose consumption has already been confirmed. Further
studies are needed to determine whether oral administration of D-allose has clinical utility
for BC in humans. Secondly, this study did not elucidate the mechanism of D-allose-
induced TXNIP up-regulation, followed by intracellular ROS elevation. After D-allose-
induced TXNIP up-regulation in hepatocellular carcinoma was revealed by microarray
analysis [6], it was reported in various cancers, including in this study [5,7]. In addition, it
was reported that TXNIP binds to the active cysteine residue of thioredoxin and inhibits
its antioxidative function [22]. In this context, intracellular ROS elevation via inhibition
of thioredoxin by TXNIP is definitive according to a previous report [10]. However, the
mechanism of TXNIP induction through a 1-h D-allose treatment is poorly understood and
requires further investigation. Thirdly, in the in vivo xenograft experiment, D-allose was
orally administered at 400 mg/kg. We set this D-allose concentration because it provided a
favorable balance between the safety and effectiveness of the treatment, based on a previous
report [23]. The results of intraperitoneal administration of D-allose were used as evidence
due to the lack of data on the oral administration of D-allose. However, in our study, we
believe that the dose of 400 mg/kg D-allose was within the appropriate dosage range, as it
has led to successful antitumor effects in the xenograft mouse model.

4. Materials and Methods
4.1. Reagents and Cell Lines

D-allose was supplied by the International Institute of Rare Sugar Research and
Education of Kagawa University (Kagawa, Japan). β-actin (ab8227; Abcam, Cambridge,
UK) and anti-TXNIP (#14715; Cell Signaling Technology, Inc., Beverly, MA, USA) were
used as the primary antibodies, and horseradish peroxidase-conjugated anti-rabbit IgG
(ab6721; Abcam, Cambridge, UK) was used as the secondary antibody. DCF-DA (D6883)
and reduced GSH (G6013) were obtained from Sigma-Aldrich (St. Louis, MO, USA). In
addition, human BC cell lines (RT112: low grade urothelial carcinoma; 253J and J82: high
grade urothelial carcinoma) were obtained from the Japan Cancer Research Bank (Tokyo,
Japan) and cultured in RPMI-1640 (Wako, Osaka, Japan). They were supplemented with
a 10% fetal bovine serum (FBS) (Sigma-Aldrich), a HEPES solution (Sigma-Aldrich), and
penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). At the time of the
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study on ROS, E-MEM (Wako, Osaka, Japan) with 10% FBS and penicillin-streptomycin
were used. All cancer cells were incubated at 37 ◦C in a 5% CO2 atmosphere.

4.2. Cell Viability Assay

The in vitro cell viability inhibition test was performed using the 3-(4,5-demerthyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, RT112, 253J, and J82
cells were seeded in 96-well plates at a concentration of 3–5 × 103 cells/well, depending
on the proliferation rate of the cell line, and incubated for 24 h. The cells were treated
with different concentrations (10, 25, and 50 mM) of D-allose for 24 h. The control group
contained the same amount of RPMI-1640 instead of D-allose. Cell viability was assessed by
the MTT assay using a Cell Proliferation Kit I (Roche, Mannheim, Germany). Cell viability
in each well was measured in terms of optical density at a wavelength of 570 nm, with
750 nm as the reference wavelength. All measurements were repeated at least in triplicate.

4.3. Intracellular ROS Evaluation

We performed a FACS analysis to evaluate the effect of D-allose on intracellular
ROS levels in BC cell lines (RT112, 253J, and J82). Cells were plated in a 100-mm dish at
3–5 × 103 cells/dish, depending on the proliferation rate of the cell line. After 24 h of
incubation, cells were treated with methanol or varying concentrations of D-allose (10,
25, and 50 mM) for 1 h. D-allose-induced intracellular ROS production was estimated
by adding DCF-DA (10 µM). Intracellular ROS levels were measured by FACS using a
CytoFLEX S (Beckman Coulter, CA, USA). All measurements were repeated in triplicate,
and the data were analyzed using CytExpert software (Beckman Coulter, Brea, CA, USA).

4.4. Co-Treatment with D-Allose and GSH

A FACS analysis was performed to evaluate the effect of D-allose, with and without
GSH, on intracellular ROS levels in BC cells. After 24 h of incubation, the BC cells (RT112,
253J, and J82) were treated with 50 mM D-allose, with and without 5 mM GSH, for 1 h.
Intracellular ROS levels were analyzed as described above.

In addition, we evaluated the effects of D-allose, with and without the antioxidant
GSH, on cell viability using the MTT assay. After 24 h of incubation, the BC cells (RT112,
253J, and J82) were treated with 50 mM D-allose, with and without 5 mM GSH, for 24 h.
Cell viability was analyzed as described above.

4.5. Western Blotting

Western blotting was performed to evaluate the effects of D-allose on the expression in
BC cells. After 24 h of incubation, the cells (RT112, 253J, and J82) were treated with varying
concentrations of D-allose (10, 25, and 50 mM) for 48 h. Both attached and floating cells
were harvested and lysed. Samples were run on a 10% Mini-PROTEAN TGX Precast Gel
(Bio-Rad Laboratories Inc. Hercules, CA, USA), transferred onto polyvinylidene difluo-
ride membranes, and blocked in a SuperBlock Blocking Buffer (Thermo Fisher Scientific,
Waltham, MA, USA) for 1 h. Anti-TXNIP (1:1000) or β-actin (1:1000) were used as the
primary antibodies to react with the iBind Flex Western System (Thermo Fisher Scientific).
Signals were developed using an ECL (enhanced chemiluminescence) kit (Amersham
Biosciences, Buckinghamshire, UK).

4.6. In Vivo Xenograft Experiment

Xenografts were prepared by subcutaneously implanting tumors derived from RT112
cells into the backs of 5-week-old female nude mice (BALB/cA Jcl-nu/nu; CLEA, Japan).
A total of 17 nude mice with tumor volumes reaching 100 mm3 were randomly divided
into a control group of 8 mice and a D-allose treatment group of 9 mice. Mice in the control
and D-allose treatment groups were orally administered a daily dose of 0.2 mL normal
saline or 400 mg/kg D-allose dissolved in normal saline, using a disposable feeding needle
(FG5202K; Kenis, Osaka, Japan). Changes in mouse body weight and tumor volume were
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monitored every 3 or 4 days using a digital scale and caliper, respectively. Tumor volume
was calculated using the following formula: (length) × (width)2 × 0.5. After 20 days of
treatment, the tumor, kidneys, and liver were excised individually.

All tissues were fixed in 4% phosphate-buffered paraformaldehyde, embedded in
paraffin, and dissected into 4 µm-thick sections for hematoxylin-eosin staining. The stained
sections were used to evaluate the fission rate of cancer cells using a Nikon Eclipse 55i
microscope with a standard 22-mm-diameter eyepiece (Nikon, Konan, Tokyo, Japan).
A pathologist evaluated all measurements using 3 sections, and the mean value was
considered for analysis. Animal experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals of Kagawa University (No: 19637-1).

4.7. Statistical Analysis

A p-value of <0.05 was considered to indicate statistical significance. The Student’s
t-test was used to compare data between the two groups. Data are presented as mean± stan-
dard error (SE). All statistical analyses were performed using SPSS for Windows (version
25.0., IBM Corp., Armonk, NY, USA).

5. Conclusions

This study illustrated that oral administration of D-allose suppresses BC growth in
a preclinical mouse model. It also revealed that the up-regulation of TXNIP expression,
followed by an increase in intracellular ROS production, is a possible mechanism of the
antitumor effect of D-allose. Thus, D-allose is a potential therapeutic compound for the
treatment of BC, and further research on its efficacy and mode of action is warranted.

Author Contributions: Conceptualization, Y.T., R.T. and Y.K.; data curation, Y.T. and X.Z.; formal
analysis, Y.T.; funding acquisition, R.T.; investigation, Y.T., R.T., X.Z., Y.M., A.Y., E.I., R.H., K.A. and
K.I.; supervision, M.S.; visualization, Y.T.; writing—original draft, Y.T.; writing—review and editing,
R.T., X.Z., Y.M., A.Y., E.I., R.H., K.A., K.I. and Y.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Regional Innovation Ecosystems of the Ministry of
Education, Culture, Sports, Science, and Technology, Japan and JSPS KAKENHI (Grant Number:
JP20K09559).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Berdik, C. Unlocking bladder cancer. Nature 2017, 551, S34–S35. [CrossRef] [PubMed]
3. National Cancer Institute Surveillance. Epidemiology and End Results Program. SEER Cancer Statistics Factsheets: Bladder

Cancer. Available online: https://seer.cancer.gov/statfacts/html/urinb.html (accessed on 1 May 2021).
4. Izumori, K. Bioproduction strategies for rare hexose sugars. Naturwissenschaften 2002, 89, 120–124. [CrossRef] [PubMed]
5. Kanaji, N.; Kamitori, K.; Hossain, A.; Noguchi, C.; Katagi, A.; Kadowaki, N.; Tokuda, M. Additive antitumour effect of D-allose in

combination with cisplatin in non-small cell lung cancer cells. Oncol. Rep. 2018, 39, 1292–1298. [CrossRef]
6. Yamaguchi, F.; Takata, M.; Kamitori, K.; Nonaka, M.; Dong, Y.; Sui, L.; Tokuda, M. Rare sugar D-allose induces specific up-

regulation of TXNIP and subsequent G1 cell cycle arrest in hepatocellular carcinoma cells by stabilization of p27Kip1. Int. J. Oncol.
2008, 32, 377–385. [CrossRef]

7. Indo, K.; Hoshikawa, H.; Kamitori, K.; Yamaguchi, F.; Mori, T.; Tokuda, M.; Mori, N. Effects of D-allose in combination with
docetaxel in human head and neck cancer cells. Int. J. Oncol. 2014, 45, 2044–2050. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1038/551S34a
http://www.ncbi.nlm.nih.gov/pubmed/29117159
https://seer.cancer.gov/statfacts/html/urinb.html
http://doi.org/10.1007/s00114-002-0297-z
http://www.ncbi.nlm.nih.gov/pubmed/12046631
http://doi.org/10.3892/or.2018.6192
http://doi.org/10.3892/ijo.32.2.377
http://doi.org/10.3892/ijo.2014.2590


Int. J. Mol. Sci. 2022, 23, 6771 9 of 9

8. Nishiyama, A.; Matsui, M.; Iwata, S.; Hirota, K.; Masutani, H.; Nakamura, H.; Takagi, Y.; Sono, H.; Gon, Y.; Yodoi, J. Identification
of thioredoxin-binding protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of thioredoxin function and
expression. J. Biol. Chem. 1999, 274, 21645–21650. [CrossRef]

9. Nordberg, J.; Arnér, E.S. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system. Free Radic. Biol. Med.
2001, 31, 1287–1312. [CrossRef]

10. Han, S.H.; Jeon, J.H.; Ju, H.R.; Jung, U.; Kim, K.Y.; Yoo, H.S.; Lee, Y.H.; Song, K.S.; Hwang, H.M.; Na, Y.S.; et al. VDUP1
upregulated by TGF-beta1 and 1,25-dihydorxyvitamin D3 inhibits tumor cell growth by blocking cell-cycle progression. Oncogene
2003, 22, 4035–4046. [CrossRef]

11. Escrich, E.; Moral, R.; García, G.; Costa, I.; Sánchez, J.A.; Solanas, M. Identification of novel differentially expressed genes by the
effect of a high-fat n-6 diet in experimental breast cancer. Mol. Carcinog. 2004, 40, 73–78. [CrossRef]

12. Ikarashi, M.; Takahashi, Y.; Ishii, Y.; Nagata, T.; Asai, S.; Ishikawa, K. Vitamin D3 up-regulated protein 1 (VDUP1) expression in
gastrointestinal cancer and its relation to stage of disease. Anticancer Res. 2002, 22, 4045–4048.

13. Takahashi, Y.; Nagata, T.; Ishii, Y.; Ikarashi, M.; Ishikawa, K.; Asai, S. Up-regulation of vitamin D3 up-regulated protein 1 gene in
response to 5-fluorouracil in colon carcinoma SW620. Oncol. Rep. 2002, 9, 75–79. [CrossRef]

14. Nishizawa, K.; Nishiyama, H.; Matsui, Y.; Kobayashi, T.; Saito, R.; Kotani, H.; Masutani, H.; Oishi, S.; Toda, Y.; Fujii, N.; et al.
Thioredoxin-interacting protein suppresses bladder carcinogenesis. Carcinogenesis 2011, 32, 1459–1466. [CrossRef]

15. Junn, E.; Han, S.H.; Im, J.Y.; Yang, Y.; Cho, E.W.; Um, H.D.; Kim, D.K.; Lee, K.W.; Han, P.L.; Rhee, S.G.; et al. Vitamin D3
up-regulated protein 1 mediates oxidative stress via suppressing the thioredoxin function. J. Immunol. 2000, 164, 6287–6295.
[CrossRef]

16. Nishiyama, A.; Masutani, H.; Nakamura, H.; Nishinaka, Y.; Yodoi, J. Redox regulation by thioredoxin and thioredoxin-binding
proteins. IUBMB Life 2001, 52, 29–33. [CrossRef]

17. Zhou, J.; Bi, C.; Cheong, L.L.; Mahara, S.; Liu, S.C.; Tay, K.G.; Koh, T.L.; Yu, Q.; Chng, W.J. The histone methyltransferase inhibitor,
DZNep, up-regulates TXNIP, increases ROS production, and targets leukemia cells in AML. Blood 2011, 118, 2830–2839. [CrossRef]

18. Choudhary, S.; Rathore, K.; Wang, H.C. Differential induction of reactive oxygen species through ERK1/2 and Nox-1 by FK228
for selective apoptosis of oncogenic H-Ras-expressing human urinary bladder cancer J82 cells. J. Cancer Res. Clin. Oncol. 2011,
137, 471–480. [CrossRef]

19. Takeuchi, H.; Taoka, R.; Mmeje, C.O.; Jinesh, G.G.; Safe, S.; Kamat, A.M. CDODA-Me decreases specificity protein transcription
factors and induces apoptosis in bladder cancer cells through induction of reactive oxygen species. Urol. Oncol. 2016, 34,
337.e11–337.e18. [CrossRef]

20. Mitani, T.; Hoshikawa, H.; Mori, T.; Hosokawa, T.; Tsukamoto, I.; Yamaguchi, F.; Kamitori, K.; Tokuda, M.; Mori, N. Growth
inhibition of head and neck carcinomas by D-allose. Head Neck 2009, 31, 1049–1055. [CrossRef]

21. Babjuk, M.; Burger, M.; Compérat, E.M.; Gontero, P.; Mostafid, A.H.; Palou, J.; van Rhijn, B.W.G.; Rouprêt, M.; Shariat, S.F.;
Sylvester, R.; et al. European Association of Urology guidelines on non-muscle-invasive bladder cancer (TaT1 and carcinoma in
situ)—2019 update. Eur. Urol. 2019, 76, 639–657. [CrossRef]

22. Zhou, J.; Chng, W.J. Roles of thioredoxin binding protein (TXNIP) in oxidative stress, apoptosis and cancer. Mitochondrion 2013,
13, 163–169. [CrossRef] [PubMed]

23. Miyawaki, Y.; Ueki, M.; Ueno, M.; Asaga, T.; Tokuda, M.; Shirakami, G. D-allose ameliorates cisplatin-induced nephrotoxicity in
mice. Tohoku J. Exp. Med. 2012, 228, 215–221. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.274.31.21645
http://doi.org/10.1016/S0891-5849(01)00724-9
http://doi.org/10.1038/sj.onc.1206610
http://doi.org/10.1002/mc.20028
http://doi.org/10.3892/or.9.1.75
http://doi.org/10.1093/carcin/bgr137
http://doi.org/10.4049/jimmunol.164.12.6287
http://doi.org/10.1080/15216540252774739
http://doi.org/10.1182/blood-2010-07-294827
http://doi.org/10.1007/s00432-010-0910-z
http://doi.org/10.1016/j.urolonc.2016.02.025
http://doi.org/10.1002/hed.21070
http://doi.org/10.1016/j.eururo.2019.08.016
http://doi.org/10.1016/j.mito.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22750447
http://doi.org/10.1620/tjem.228.215
http://www.ncbi.nlm.nih.gov/pubmed/23064522

	Introduction 
	Results 
	D-Allose Inhibits Bladder Cancer Cell Viability 
	D-Allose Induces Intracellular ROS and Stimulates the TXNIP Expression in Bladder Cancer Cells 
	Suppression of D-Allose-Induced Antitumor Effects by Antioxidant Glutathione 
	Tumor Growth Inhibition in a Preclinical Mouse Model by Oral Administration of D-Allose 

	Discussion 
	Materials and Methods 
	Reagents and Cell Lines 
	Cell Viability Assay 
	Intracellular ROS Evaluation 
	Co-Treatment with D-Allose and GSH 
	Western Blotting 
	In Vivo Xenograft Experiment 
	Statistical Analysis 

	Conclusions 
	References

