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Abstract

Background: Ceramide and sphingosine-1-phosphate (S1P) play op-
posing roles in cell death and survival, and maintain a dynamic bal-
ance called the sphingolipid rheostat. Glucosylceramide is a substrate
to generate ceramide but its effect on breast cancer by oral admin-
istration was never tested. The purpose of this study was to reveal
the anticancer activity of glucosylceramide and its potential as a new
therapeutic agent in breast cancer.

Methods: E0771 cells were inoculated into the breast tissue of female
C57BL/6NJcl mice. Glucosylceramide was administered orally to the
mice for nine consecutive days. The concentrations of sphingolipid
mediators including ceramide, glucosylceramide, and SIP in tumor
tissues and serum were determined by mass spectrometry.

Results: Oral administration of glucosylceramide significantly sup-
pressed E0771 tumor growth compared with the control group (P =
0.006). There were no significant differences in the serum concentra-
tions of sphingolipid mediators including ceramide and S1P between
the mice treated with glucosylceramide and control-treated mice. The
ceramide concentration was significantly lower in tumor tissues (P =
0.026), and the S1P concentration was significantly higher than that in
paired non-tumor tissues (P = 0.009). The S1P concentration in tumor
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tissues was significantly lower in mice treated with glucosylceramide
than in control-treated mice (P = 0.001). The ceramide-to-S1P con-
centration ratio in tumor tissues was significantly higher in mice treat-
ed with glucosylceramide than in control-treated mice (P = 0.034).

Conclusions: Breast tumors could enhance their survival by increas-
ing S1P conversion from ceramide. Oral administration of glucosyl-
ceramide suppressed tumor growth by affecting the ceramide/S1P
balance. Oral administration of glucosylceramide is a promising basis
for a new therapeutic approach.

Keywords: Breast cancer; Ceramide; Glucosylceramide; Sphingolip-
id rheostat; Sphingosin-1-phosphate

Introduction

Breast cancer is one of the most common malignancies among
women worldwide, and the estimated numbers of new cases of
invasive breast cancer, ductal carcinoma in sifu, and deaths in
the USA in 2022 were 287,850, 51,400, and 43,250, respec-
tively [1]. Similarly, in Japan, 94,400 new cases and 15,700
deaths were estimated to occur in 2021 [2]. The strategies for
breast cancer treatment, including chemotherapy, radiation,
and immunotherapy, have improved in the last decade [3-5];
however, breast cancer mortality has not been sufficiently
improved [6]. In order to reduce breast cancer mortality, it
is imperative to attain a comprehensive understanding of the
mechanisms governing the progression of breast cancer, as
well as to discern therapeutic targets, thereby facilitating the
development of novel therapeutic agents.

Recently, sphingolipid mediators, including ceramide
(Cer), glucosylceramide (Glu-Cer), and sphingosine-1-phos-
phate (S1P), have become a focus in the progression of various
diseases, including breast cancer [7-13]. In particular, Cer and
S1P are considered important regulatory molecules that main-
tain a dynamic balance and play opposing roles in cell survival
and death. Cer is generated in response to some stressors, in-
cluding chemotherapy and radiotherapy, and intracellular ac-
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cumulation of Cer induces cell death, whereas S1P promotes
proliferation [14-16]. In our previous study, we demonstrated
that the Cer concentration was inversely associated with ag-
gressive phenotypes of breast cancer and suggested that Cer
generated from S1P induced apoptosis [17]. Glu-Cer, the back-
bone of many glycosphingolipids, is the substrate of gluco-
sylceramidase that generates Cer in the salvage pathway [16,
18] and is known to have anticancer activity [19]. However,
there are no in vivo studies evaluating the anticancer activity
of orally administered Glu-Cer in breast cancer.

We hypothesized that oral administration of Glu-Cer
could suppress tumor growth through the sphingolipid meta-
bolic pathway. The purpose of this study was to reveal the an-
ticancer activity of Glu-Cer, identifying it as a potential new
therapeutic agent in breast cancer.

Materials and Methods

Preparation of tumor cells and xenografts

Female C57BL/6NJcl mice (10 weeks of age, weighing ap-
proximately 20 g) were obtained from CLEA Japan Inc.
(Tokyo, Japan). The mice were kept in a high-efficiency,
particulate air-filtered, positive-pressure room at a suitable
temperature (24 + 2 °C). The E0771 cell line, an adenocarcino-
ma cell line derived from murine breast cancer, was cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Cell cultures were maintained in a humidi-
fied atmosphere of 5% CO,/95% air at 37 °C. E0771 tumor
cell xenografts were prepared by subcutaneous injection of 5
x 10* cells in Corning Matrigel matrix (Corning Incorporated
Life Sciences, Tewksbury, USA) into left breast tissue using
a 23-gauge needle. The condition of injected mice was moni-
tored daily after xenograft establishment, and the mice were
euthanized if judged to be moribund. The criteria for moribund
mice in this study included exhibition of any of the following
signs: inability to eat or drink, body weight reduction of 20%
or more, severe sluggishness, and gait disturbance. The pro-
tocols were approved by the Animal Research Committee of
Niigata University (SA00997).

Ethics approval

This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Institu-
tional Review Board of Niigata University Hospital (protocol
number: 2017-0207, date of approval: December 28, 2017).

Tissue and serum samples from mice

After confirmation of successful implantation, mice were
randomly split into two groups, a group of mice treated with
Glu-Cer (Glu-Cer group) (n = 10) and a group of mice with-
out Glu-Cer treatment (control group) (n = 10). The Glu-Cer
group was orally administered Glu-Cer (30 mg/kg) daily for
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nine consecutive days through a disposable feeding needle (1.3
x 65 mm) (Natsume, Tokyo, Japan). The control group was
similarly administered oral saline instead of Glu-Cer using a
disposable feeding needle. The implanted tumor size in both
groups was measured daily in three dimensions using calipers.
Tumor volume (in mm?) was calculated using the formula pi/6
x length x width x height every 2 - 3 days [20]. All mice in
both groups were sacrificed on day 10 by cardiac puncture us-
ing a 25-gauge needle, blood was immediately collected and
centrifuged at 3,500 rpm for 5 min, and the separated serum
samples were stored at -80 °C for mass spectrometry. Tissue
samples from tumor tissues or non-tumor mammary tissues
were homogenized, and liquid-liquid extraction was performed
for mass spectrometry, as reported previously [21]. In brief, li-
pids contained in the organic chloroform/methanol phase of a
ternary mixture of chloroform and methanol were extracted for
liquid chromatography.

Quantification of sphingolipid concentrations by mass
spectrometry

The sphingolipid concentrations in serum and tumor samples
obtained from mice were measured by liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-
MS/MS, 4000 QTRAP, ABI, Foster, CA) as described previ-
ously by our group [22-24]. The concentrations of sphingolipid
mediators, including Cer, Glu-Cer, and S1P, were measured
and are expressed as pmol/mL for plasma and serum samples
and pmol/mg for tissue samples.

Statistical analysis

Experiments were repeated at least three times with consist-
ent results. Continuous variables were compared between the
groups by the Mann-Whitney U test. Statistical evaluations
were performed using the Japanese version of the SPSS Sta-
tistics software package (version 24.0, IBM Japan, Tokyo, Ja-
pan). All tests were two-tailed, and P < 0.05 was considered
statistically significant.

Results

Suppression of tumor growth in xenograft mice by oral
administration of Glu-Cer

We first investigated the effect of orally administered Glu-Cer
on E0771 murine tumor growth. We found that oral Glu-Cer
significantly suppressed tumor growth in xenograft mice (Fig.
1). The mean volumes of tumors in the Glu-Cer group on days
1,3, 6 and 9 were 32 mm?, 96 mm?, 345 mm?, and 690 mm?,
respectively. The mean volumes of tumors in the control group
on days 1, 3, 6 and 9 were 33 mm?, 208 mm?, 836 mm?, and
2061 mm3, respectively. There was a significant difference in
tumor volume between the Glu-Cer and control groups on day
9 (P=0.000).
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Figure 1. Inhibition of tumor growth in xenograft mice by oral administration of glucosylceramide (Glu-Cer). Data are shown as
the mean (n = 10) on days 1, 3, 6, and 9. The Mann-Whitney U test was performed for statistical analysis, all tests were two-tailed,
and P < 0.05 was considered significant (shown in asterisk). Glu-Cer: the group treated with Glu-Cer; control: the control group.

Effects of oral administration of Glu-Cer on sphingolipid
concentrations in serum

Since orally administered Glu-Cer is absorbed from the gut
and presumably taken into circulation, it was of interest to in-
vestigate the sphingolipid concentrations in the serum between
the Glu-Cer group (n = 10) and the control group (n = 10).
Interestingly, there was no significant difference in the serum
concentrations of sphingolipid mediators; Glu-Cer, Cer, S1P
nor Cer/S1P ratio between the Glu-Cer group and the control
group (Fig. 2a-d).

The difference of sphingolipid concentrations between
tumor tissues and non-tumor tissues

We compared sphingolipid concentrations between breast tu-
mor tissues (n = 10) and paired non-tumor tissues (n = 10)
in the control group (Fig. 3a) and in the Glu-Cer group (Fig.
3b). In the control group, tumor tissues had significantly lower
concentrations of Glu-Cer (median, 19.2 pmol/mg vs. 37.0
pmol/mg, P =0.030) and Cer (median, 53.1 pmol/mg vs. 91.0
pmol/mg, P = 0.026) than paired non-tumor tissues (Fig. 3a).
The S1P concentration was significantly higher in tumor tis-
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Figure 2. Comparison of serum concentrations of sphingolipids between the glucosylceramide (Glu-Cer) group and the control
group. The sphingolipid concentrations in mouse serum (a-d) were determined by mass spectrometry. (a) The concentrations of
Glu-Cer, (b) ceramide (Cer), (c) sphingosine-1-phosphate (S1P), and (d) the ratio of the Cer concentration to that of S1P (Cer/
S1P) were compared between the Glu-Cer group and the control group. Mean values are shown as horizontal lines. The Mann-
Whitney U test was performed for statistical analysis, all tests were two-tailed, and P < 0.05 was considered significant. Glu-Cer:

the group treated with Glu-Cer; Cont: the control group.
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Figure 3. Comparison of sphingolipid concentrations between paired tumor and non-tumor tissues. The sphingolipids concentra-
tions of mice treated without glucosylceramide (Glu-Cer) (n = 10) (a) and mice treated with Glu-Cer (n = 10) (b) were determined
by mass spectrometry (n = 10 for each group). The concentrations of Glu-Cer, ceramide (Cer), and sphingosine-1-phosphate
(S1P) and the ratio of the Cer concentration to that of S1P (Cer/S1P) were compared between paired mouse breast cancer tis-
sue and normal breast tissue. Mean values are shown as horizontal lines. The Mann-Whitney U test was performed for statistical
analysis, all tests were two-tailed, and P < 0.05 was considered significant (shown as an asterisk). T: the tumor group; Non-T:

the non-tumor group.

sues than in non-tumor tissues (median, 0.19 pmol/mg vs. 0.13
pmol/mg, P =0.009) (Fig. 3a). The ratio of the Cer concentra-
tion to that of S1P in tumor tissues was significantly lower
than that in paired non-tumor tissues (median, 269 vs. 627,
P = 0.040) (Fig. 3a). In the Glu-Cer group, tumor tissues had
significantly lower concentration of Cer (median, 41.9 pmol/
mg vs. 66.5 pmol/mg, P=0.035). The ratio of the Cer concen-
tration to that of S1P in tumor tissues was significantly lower
than that in paired non-tumor tissues (median, 443 vs. 714, P
=0.034) (Fig. 3b).

Effects of oral administration of Glu-Cer on sphingolipid
concentrations in tumor tissues and non-tumor tissues

In order to clarify the effect of oral Glu-Cer in breast tumor
tissues, we compared the sphingolipid concentrations in tumor
tissues (Fig. 4a) and non-tumor tissues (Fig. 4b) between the
Glu-Cer group (n = 10) and the control group (n = 10). The
Glu-Cer concentration was significantly higher in the tumor
tissues of the Glu-Cer group than in those of the control group
(median, 35.5 pmol/mg vs. 18.3 pmol/mg, P =0.026). The S1P
concentration in the tumor tissues of the Glu-Cer group was
significantly lower than that in the tumor tissues of the control
group (median, 0.099 pmol/mg vs. 0.191 pmol/mg, P=0.001).
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The ratio of the Cer concentration to the S1P concentration
was significantly higher in the Glu-Cer group than in the con-
trol group (median, 455 vs. 269, P = 0.034) (Fig. 4a). The S1P
concentration in the non-tumor tissues of the Glu-Cer group
was significantly lower than that in the non-tumor tissues of
the control group (median, 0.104 pmol/mg vs. 0.132 pmol/mg,
P=10.047) (Fig. 4b). There was no significant difference in the
Glu-Cer and Cer concentrations, and the ratio of the Cer con-
centration to the S1P concentration. These results indicate that
orally administered Glu-Cer significantly increased Glu-Cer,
decreased S1P, and increased Cer/S1P ratio in EQ771 tumors,
which explains the suppression of tumor growth.

Discussion

Sphingolipid mediators, including Cer and S1P, are important
bioactive mediators that influence cancer cell fate. Cer induc-
es cell death, whereas S1P promotes cell survival. These two
opposing metabolites maintain a rheostat balance named the
sphingolipid rheostat (Fig. 5) [25]. Several reports have sup-
ported the roles of the sphingolipid rheostat in many important
biological processes, such as cell proliferation, apoptosis, pro-
motion of angiogenesis, stemness, and tumor drug sensitivity
[26, 27]. We previously reported that cancer cells could ac-
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Figure 4. Comparison of sphingolipid concentrations between the Glu-Cer group and the control group. The sphingolipid concen-
trations in tumor (a) and non-tumor tissues (b) were determined by mass spectrometry. The concentrations of glucosylceramide
(Glu-Cer), ceramide (Cer), and sphingosine-1-phosphate (S1P), and the ratio of the Cer concentration to that of S1P (Cer/S1P)
were compared between the Glu-Cer group and the control group Mean values are shown as horizontal lines. The Mann-Whitney
U test was performed for statistical analysis, all tests were two-tailed, and P < 0.05 was considered significant (indicated by an
asterisk). Glu-Cer: the group treated with Glu-Cer; Cont: the control group.

quire more aggressive phenotypes through high concentration
of SIP generated by conversion of Cer, resulting in a worse
prognosis [17]. This is the first study to focus on the associa-
tion of tumor growth with the sphingolipid rheostat in an in
vivo study on the oral administration of Glu-Cer.

In this study, we showed that oral administration of Glu-
Cer suppressed tumor growth in a mouse xenograft model of
breast cancer (Fig. 1), and that the ratio of the Cer concentra-
tion to that of S1P in tumor tissues was significantly elevated
in mice treated with Glu-Cer (Fig. 4a). Considering the sphin-
golipid rheostat, we hypothesized that tumors might become
less aggressive in the presence of high concentration of Cer
generated by conversion of S1P, resulting in suppression of
tumor growth (Fig. 5). Moreover, we demonstrated that the
ratio of the Cer concentration to that of S1P was significantly
lower in tumor tissues than in paired non-tumor tissues (Fig.
3a, b). This result also supported the sphingolipid rheostat, and
we supposed that tumor survival might be supported by the
high concentration of S1P achieved by conversion of Cer in
tumors, leading to tumor growth. Furthermore, the Cer con-
centration was significantly higher in human breast cancer tis-
sue than in paired normal breast tissue in our previous report
[17], whereas the Cer concentration was significantly lower in
tumor tissues than in paired non-tumor tissues in this study of

434

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™

a mouse xenograft model (Fig. 3a, b). This inconsistent result
may be explained by differences in the malignant phenotypes
of the tumors examined in each study. Human samples were
collected from resectable breast cancer tissues, including hor-
mone receptor-positive and human epidermal growth factor re-
ceptor 2 (HER2)-positive breast cancer, in the previous study
[17], whereas mouse samples were collected from expanded
tumors derived from triple-negative breast cancer cells in this
study. Therefore, the tumors in the mouse xenograft model had
more aggressive phenotypes than the human breast cancer tis-
sues studied. This result also supported our hypothesis that the
more aggressive tumor survived by increasing S1P conversion
from Cer. Taken together, these results indicate that Glu-Cer
could convert S1P into Cer, resulting in suppression of tumor
growth, and that tumors develop more aggressive phenotypes
under the influence of high concentration of S1P derived from
conversion of Cer.

In this theory, it remains one important question. Why
was the Cer concentration in tumor tissues not elevated in the
Glu-Cer group (Fig. 4a)? Cer is membrane lipid in regulating
membrane fluidity and subdomain structures and generated in
response to several stressors including treatment [28]. Consid-
ering that the tumor tissues in the Glu-Cer group were sup-
pressed by biological reactions including immune response,
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Figure 5. Scheme highlighting the importance of the sphingolipid rheostat in breast tumors. Ceramide (Cer) induces cell death,
whereas sphingosine-1-phosphate (S1P) promotes cell survival. Tumor cell survival was supported by S1P generation from Cer,
leading to tumor growth. Tumor growth could be suppressed by Cer conversion from S1P. There were no significant differences

in serum.

it logically follows that both Cer and Glu-Cer were required
from both host and tumors with high proliferation to create
cells very much (Fig. 3a). Although it would be expected the
high concentration of Cer caused by orally administered Glu-
Cer and Cer converted from S1P in the Glu-Cer group, it is rea-
sonable to suggest that the Cer concentration was not elevated
apparently because of Cer consumption. Moreover, the ratio of
the Cer concentration to that of S1P is connected with cancer
cell survival and tumor progression [29, 30]. Given that we
found significant difference in the ratio of the Cer concentra-
tion to that of S1P only in tumor tissues (Fig. 4a), it logically
follows that the sphingolipid rheostat in tumor tissues might
affect the tumor growth.

This study also revealed that Cer and Glu-Cer could act
differently from S1P. We found a meaningful difference in the
concentrations of Cer and Glu-Cer in tumor samples (Fig. 4a)
but not in serum samples (Fig. 2). SIP acts as mediator in-
side and outside of cancer cells to promote cancer progres-
sion [25], and we previously demonstrated that plasma S1P
concentration was associated with progression in estrogen
receptor-positive breast cancer [8]. On the other hands, given
that Cer inhibits angiogenesis, which is associated with tumor
growth and outcome in a number of malignancies, and that Cer
is responsible for the inhibition of vascular endothelial growth
factor [31], Cer might suppress tumor growth without being
released into the systemic circulation. Yazama et al reported
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that dietary Glu-Cer suppressed the growth of head and neck
squamous cell carcinoma by inhibiting angiogenesis, and that
there were no significant differences in serum sphingolipid
concentrations [32]. Considering that S1P is an important bio-
active lipid mediator, S1P might be released to blood to make
up for increasing Cer. Moreover, Glu-Cer plays a crucial role
in the immune system. Glu-Cer is an endogenous ligand for
the macrophage inducible C-type lectin called mincle, which
senses damaged cells and possesses immunostimulatory activ-
ity [33, 34]. Thus, Cer and Glu-Cer might mainly act not in the
systemic circulation but rather in the tumor microenvironment.

Recently, the association between gene expression of
sphingolipid kinase and prognosis have been investigated.
Overexpression of the gene of Cer kinase (CERK) was associ-
ated with nodal metastasis, late tumor stage, high proliferation
potency, and poor patient survival [35]. In the study of sphin-
gosine kinase 1 (SPHK ) expression, the risk of metastasis at 5
years was higher in patients with high SPHK expression than
patients with low SPHK 1 expression [36]. Given that the gene
expression of sphingolipid kinase is associated with prognosis,
it might be meaningful to focus on the affecting the Cer/S1P
balance including orally administered Glu-Cer.

We acknowledge that there were limitations to the cur-
rent study. First, the molecular mechanisms by which orally
administered Glu-Cer acted on the sphingolipid rheostat with
anticancer activity remain unclear. Considering that Glu-Cer is
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a precursor of Cer, we suggested that Glu-Cer was metabolized
into Cer through the sphingolipid metabolic pathway to affect
sphingolipid rheostat; however, we did not show the details
of the biosynthesis of Cer or its impact on the sphingolipid
rheostat in breast cancer. Second, there is room for considera-
tion of the effect of Glu-Cer on the sphingolipid rheostat and
anticancer activity in clinical samples. Further experimental
and clinical studies are necessary to elucidate the molecular
mechanisms and clinical significance of oral administration of
Glu-Cer and the sphingolipid rheostat in breast cancer. None-
theless, we believe that our findings are informative for the
discovery of new therapeutic agents to reduce breast cancer
mortality.

Oral administration of Glu-Cer might suppress breast tu-
mor growth by affecting the Cer/S1P balance in a mouse xeno-
graft model. Glu-Cer is a promising basis for a new therapeutic
agent for breast cancer.
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