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Abstract: Objectives: Ovarian cancer is a frequent malignancy among women. Fucoxanthin has been discovered to
exert anti-tumor impacts on numerous tumors. Herein, the current work was carried out to identify the biological
function of fucoxanthin on the malignant progression of ovarian cancer and to explore the underlying molecular
mechanisms. Methods: In this study, cell counting kit-8 (CCK-8), 5-ethynyl-2’-deoxyuridine (EdU) staining, wound
healing, as well as transwell assays were employed to assess the malignant cell phenotypes, including cell prolif-
eration, migration and invasion in ovarian cancer. The expression of related proteins was evaluated using western
blot. Additionally, the glucose uptake, intracellular adenosine triphosphate (ATP), extracellular acidifications rates
(ECAR) and glycolysis-associated enzymes were measured to evaluate glycolysis level. Results: It was demonstrated
that fucoxanthin restrained the proliferative, migratory and invasive capabilities in both A2780 and OVCAR3 cells.
Fucoxanthin could inhibit glycolysis and inactivate signal transducers and activators of transcription 3 (STAT3)/c-
Myc signaling. In addition, Colivelin, a STAT3 activator, greatly weakened the suppressive effects of fucoxanthin
on ovarian cancer cell proliferation, migration, invasion and glycolysis. Conclusion: Fucoxanthin exerts anti-tumor
activity in ovarian cancer, possibly via inactivation of the STAT3/c-Myc signaling pathway, and thus provides a novel
therapeutic strategy for the treatment of ovarian cancer.
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Introduction

Ovarian cancer is one of the most common and
deadliest cancers in women worldwide [1].
Metastasis accounts for the lethality of ovarian
cancer [2]. Because of the insidious onset and
atypical symptoms of ovarian cancer in early
stages, the patients are usually diagnosed at
advanced stages [3]. Despite the fact that
great progresses have been achieved in com-
mon therapeutic strategies such as surgery
and adjuvant chemotherapy, more than 70% of
ovarian cancer patients develop relapse within
three years [4, 5]. Therefore, searching for nat-
ural, safe, and effective therapeutic drugs has
become an urgent and important task in the
study of ovarian cancer.

Fucoxanthin is an oxygenated carotenoid abun-
dant in brown algae and certain diatoms [6].
Fucoxanthin possesses a variety of biological
activities such as anti-tumor, anti-inflammation

and anti-obesity dependeing on its special
chemical structure [7, 8]. Fucoxanthin can re-
press the proliferation ability of cervical cancer
cells [9]. Also, fucoxanthin can suppress cell
proliferation, migration, invasion and lymph-
angiogenesis in breast cancer [10]. Eid et al
[11] reported that fucoxanthin could sensitize
multidrug-resistant ovarian cancer cells to do-
xorubicin by inducing apoptosis. Nevertheless,
the impacts of fucoxanthin on ovarian cancer
metastasis still need to be elucidated.

Signal transducers and activators of transcrip-
tion 3 (STAT3) is a transcription factor involved
in a variety of biological functions, which trans-
fers extracellular signals to the nucleus, thus
activating the transcription of downstream
oncogenes, such as MYC [12, 13]. Abnormal
activation of STAT3 is critical for the occurren-
ce and development of cancers through pro-
moting malignant cell proliferation, migration
and metastasis [14]. Emerging studies pro-
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posed that high STAT3 activity or phosphorylat-
ed (p)-STAT3 expression was markedly associ-
ated with poor overall survival (OS) and unfa-
vorable progression free survival (PFS) in ovari-
an cancer patients [15]. In addition, persistent
STAT3 activation could promote tumor progres-
sion and metastasis in various cancers [16,
17]. As an oncogene, c-Myc is known to contrib-
ute to cell proliferation, migration and invasion
capabilities of ovarian cancer [18]. Furthermore,
Wang et al [19] proved that fucoxanthin could
suppress the STAT3/epidermal growth factor
receptor (EGFR) signaling in sarcoma 180.
However, the effect of fucoxanthin on STAT3/c-
Myc signaling in ovarian cancer cells is still
unclear.

This study aimed to investigate the potential
function as well as the possible mechanism of
fucoxanthin in ovarian cancer metastasis and
glycolysis. Understanding the anti-tumor activi-
ty of fucoxanthin in ovarian cancer is anticipat-
ed to provide a novel therapeutic strategy for
the treatment of ovarian cancer.

Materials and methods
Cell culture

The ovarian cancer cell lines OVCAR-3 and
A2780 were provided by BeNa Culture Col-
lection (Beijing, China). A2780 cells were culti-
vated in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Inc., USA) while OVCAR-3 cells
were cultivated in Roswell Park Memorial
Institute (RPMI)-1640 medium with 15% FBS
and 0.01 mg/ml insulin. All cells were placed at
37°Cin a humidified incubator with 5% CO..

Cell counting kit-8 (CCK-8) assay

The OVCAR-3 and A2780 cells were seeded in a
96-well plate at a density of 1 x 10* cells/well.
Thereafter, varying concentrations (0, 25, 50,
75, 100 uM) of fucoxanthin were adopted for
cell treatment for 48 h. CCK-8 solution (Beijing
Solarbio Science & Technology Co., Ltd.) was
then added to each well and the cells were cul-
tured for another 2 h. With the application of a
microplate reader, the absorbance at 450 nm
was assessed.

5-ethynyl-2’-deoxyuridine (EdU) staining assay

Following 48 h of administration with different
concentrations of fucoxanthin (50, 75, 100

2529

puM), OVCAR-3 and A2780 cells were exposed to
EdU solution (Thermo Fisher Scientific, Inc.).
Then, cells were subjected to 4% paraformalde-
hyde and then 0.5% Triton X-100. Finally, cells
were incubated with reaction mix for 20 min
and DAPI was applied for nuclear staining for
30 min in the darkness. The images were
observed under a fluorescence microscope
(Olympus Corporation, Tokyo, Japan).

Wound healing assay

The OVCAR-3 and A2780 cells were inoculated
into 6-well plates. When 95% cell fusion was
achieved, a straight scratch was made using a
100 pl pipette tip. Then, the phosphate buffer
saline (PBS)-rinsed cells were subjected to
serum-free medium for 48 h of cultivation.
Finally, the wounds at O and 48 h were cap-
tured under an optical microscope (Olympus
Corporation).

Transwell invasion assay

The OVCAR-3 and A2780 cells (2 x 10%
were resuspended in serum-free medium and
seeded onto the upper transwell chambers
(Corning, NY, USA) precoated with Matrigel (BD
Biosciences, CA, USA). The complete culture
medium supplemented with 10% FBS was
added to the lower chamber. Following 48 h of
cultivation, cotton swabs were utilized for the
removal of non-invaded cells and the cells on
the lower surface were exposed to 4% parafor-
maldehyde, and then stained with 0.2% crystal
violet. Finally, the invaded cells were observed
under an optical microscope (Olympus Cor-
poration).

Western blot analysis

After treatment, the cells were lysed using
radioimmunoprecipitation (RIPA) lysis buffer
(Beyotime, Shanghai, China), followed by the
quantification of protein concentrations by a
BCA protein assay kit (Beyotime, Shanghai,
China). A total of 30 ug of protein were sepa-
rated using sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride (PVDF)
membranes (Solarbio, Beijing, China). Subse-
quently, the membranes were blocked at room
temperature using 5% skimmed milk powder
for 1 h at room temperature and then incu-
bated with primary antibodies against matrix-
metalloproteinase (MMP)2 (ab92536, 1:1000,
Abcam), MMP9 (ab283575, 1:1000, Abcam),
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lactate dehydrogenase A (LDHA; ab52488,
1:5000; Abcam), hexokinase Il (HK2, ab20-
9847, 1:1000; Abcam), 3-Phosphoinositide-
dependent protein kinase 1 (PDK1; ab202468,
1:2000, Abcam), STAT3 (ab68153, 1:1000,
Abcam), phosphorylated (p)-STAT3 (ab267373,
1:1000, Abcam), c-Myc (ab185656, 1:2000,
Abcam) and reduced glyceraldehyde-phospha-
te dehydrogenase (GAPDH; ab9485, 1:2500,
Abcam) at 4°C overnight. After rinsing with Tris
Buffered Saline with Tween-20 (TBST) for 5
min (3 times), membranes were exposed to a
horseradish peroxidase (HRP)-labeled second-
ary antibody (ab6721, 1:2000, Abcam) at room
temperature for 1 h. Immunoblot bands were
developed with an enhanced chemilumines-
cence (ECL) detection kit (Beyotime, Shanghai,
China). Protein expression was analyzed using
Image J software with GAPDH as an internal
reference.

Glucose uptake measurement

To indicate the intracellular glucose uptake lev-
els, the OVCAR-3 and A2780 cells were incu-
bated at 37°C for 30 min with 100 kBq of fluo-
rodeoxyglucose (FDG). After washing twice with
cold PBS, the cells were lysed with 0.5 mol/L
NaOH. The lysates were then measured for
radioactivity on a y-counter (Waltham, MA,
USA). Next, each parallel plate was measured
for protein content by a modified Bradford
assay (Bio-Rad, CA, USA). Glucose uptake lev-
els were expressed as protein content-correct-
ed counts relative to those of the control cells.

Measurement of adenosine triphosphate (ATP)

After treatment, OVCAR-3 and A2780 cells were
seeded in a 6-well plate (4 x 10* cell/well) for
24 h. The cellular ATP content were determined
by ATP Assay Kit (Sigma-Aldrich, MO, USA)
according to the manufacturer’s instruction.

Extracellular acidifications rates (ECAR) analy-
Sis

Basal ECAR were determined using an XF24
Seahorse Bioanalyzer (Seahorse Bioscience,
MA, USA). In brief, the OVCAR-3 and A2780
cells were seeded in a 6-well plate (4 x 10*
cell/well) overnight. Next, the culture medium
was replaced by the medium without glucose
and pyruvate. The ECAR components were
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measured, and then 5 mM glucose, 1 uM oligo-
mycin, and 100 mM 2-Deoxyglucose (2-DG)
were injected sequentially, with two measure-
ments after each injection. The fold-changes of
glucose-induced ECAR for the OVCAR-3 and
A2780 cells were normalized to the control
group (no treatment).

Statistical analysis

All data that collected form independent ex-
periments were analyzed by GraphPad Prism
8.0 (GraphPad software, Inc.) and displayed in
the form of mean + standard deviation (SD).
Comparisons among multiple groups were car-
ried out by employing one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test.
P value <0.05 indicated a statistically signifi-
cant difference.

Results

Fucoxanthin treatment restrained the prolifera-
tion of ovarian cancer cells

The OVCAR-3 and A2780 cells were treated
with different concentrations of fucoxanthin for
48 h. Results of CCK8 assays revealed that
fucoxanthin treatment significantly suppressed
the viability of ovarian cancer cells in a concen-
tration-dependent manner (Figure 1A, 1B).
Additionally, the results of EdU staining assays
proved that the proliferation of OVCAR-3 and
A2780 cells was reduced following treatment
with different concentrations (50, 75, 100 pM)
of fucoxanthin (Figure 1C, 1D).

Fucoxanthin treatment suppressed ovarian
cancer cell migration and invasion

In addition, we also evaluated the effects of
fucoxanthin on ovarian cancer cell migration
and invasion. The results from wound healing
assay showed that fucoxanthin at 50, 75 or
100 uM could significantly inhibit OVCAR-3 and
A2780 cell migration (Figure 2A, 2C). Then,
data from transwell invasion assay clearly
showed that fucoxanthin could markedly de-
crease the number of invaded cells in a dose-
dependent manner (Figure 2B, 2D). Meanwhile,
the reduced expression of MMP2 and MMP9
following fucoxanthin treatment also demon-
strated that fucoxanthin repressed the migra-
tion and invasion of ovarian cancer cells (Figure
2E, 2F).
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Figure 1. Fucoxanthin treatment restrained the proliferation of ovarian cancer cells. A, B. The viability of fucoxanthin-treated OVACR3 and A2780 cells was detected
by cell counting kit-8 (CCK-8) assay. C, D. The proliferation capacity of fucoxanthin-treated OVACR3 and A2780 cells was measured by 5-ethynyl-2’-deoxyuridine
(EdU) staining assays. Magnification x 200. "P<0.05, *"P<0.01 and ""P<0.001.
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Figure 2. Fucoxanthin treatment suppressed ovarian cancer cell migration and invasion. A, C. The wound healing as-
say was used to detect the effect of fucoxanthin on the migration abilities of OVACR3 and A2780 cells. Magnification
x 100. B, D. The transwell assay was used to detect the effect of fucoxanthin on the invasive abilities of OVACR3 and
A2780 cells. Magnification x 100. E, F. Western blot assay was performed to detect the protein expression levels of
matrixmetalloproteinase (MMP)2 and MMP9. "P<0.05, ""P<0.01 and ""*P<0.001.
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Figure 3. Fucoxanthin treatment inhibited glucose metabolism in ovarian cancer cells. A. The 18F-fludeoxyglucose
(F-FDG) uptake was detected in OVACR3 and A2780 cells after fucoxanthin treatment. B. Adenosine triphosphate
(ATP) levels were measured using the ATP Assay Kit in OVCAR-3 and A2780 cells. C. Extracellular acidifications
rates (ECAR) of OVCAR-3 and A2780 cells was measured with a seahorse Bioanalyzer. D, E. Western blot assay was
performed to detect the protein expression levels of glycolysis-related rate limiting enzymes lactate dehydrogenase
A (LDHA), hexokinase Il (HK2), 3-Phosphoinositide-dependent protein kinase 1 (PDK1). "P<0.05, ""P<0.01 and

“*P<0.001 vs control.

Fucoxanthin treatment inhibited glucose me-
tabolism in ovarian cancer cells

18F-fludeoxyglucose (F-FDG) uptake experi-
ment was used to indicate the intracellular glu-
cose uptake levels of OVCAR-3 and A2780
cells. The FDG uptake in OVCAR-3 and A2780
cells was markedly reduced with the increasing
concentrations of fucoxanthin (Figure 3A).
Besides, fucoxanthin treatment inhibited ATP
levels in OVCAR-3 and A2780 cells, and ATP lev-
els fluctuate based on the fucoxanthin concen-
tration (Figure 3B). ECAR is an indicator of gly-
colysis. Therefore, the effects of fucoxanthin on
ECAR were detected in OVCAR-3 and A2780
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cells treated with glucose, oligomycin, or 2-DG.
The results showed that fucoxanthin treatment
inhibited glycolysis (Figure 3C). Moreover, the
expression of glycolysis-related enzymes and
proteins such as LDHA, HK2 and PDK1 were
discovered to be greatly down-regulated in
fucoxanthin-treated OVCAR-3 and A2780 cells
(Figure 3D, 3E).

Fucoxanthin treatment inhibited STAT3/c-Myc
signaling in ovarian cancer cells

To gain mechanistic insights into the effects of

fucoxanthin on inhibiting metastasis, the pro-
teins involved in STAT3/c-Myc signaling were

Am J Transl Res 2023;15(4):2528-2540
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Figure 4. Fucoxanthin treatment inhibited signal transducers and activators of transcription 3 (STAT3)/c-Myc signal-
ing in ovarian cancer cells. A, B. Expression of STAT3, STAT3 and p-STAT3 were detected by western blot in OVACR3
and A2780 cells after fucoxanthin treatment. “"P<0.01 and **"P<0.001.

measured. The results indicated that fucoxan-
thin treatment could inhibit the protein expres-
sion of p-STAT3 and c-Myc in OVCAR-3 and
A2780 cells. In addition, colivelin, a STAT3 acti-
vator, could reverse the inhibitory effect of
fucoxanthin on STAT3/c-Myc signaling (Figure
4A, 4B).

Fucoxanthin treatment restrained the prolifera-
tion, migration and invasion of ovarian cancer
cells by inactivating STAT3/c-Myc signaling

In order to confirm the proposed mechanisms
of fucoxanthin on cell proliferation, migration
and invasion in ovarian cancer through the
STAT3/c-Myc signaling, OVCAR-3 and A2780
cells were treated with 100 uM of fucoxanthin,
with or without colivelin treatment. The CCK8
and EDU staining assays revealed that the pro-
liferation of OVCAR-3 and A2780 cells was sup-
pressed by fucoxanthin treatment, which was
restored by colivelin treatment (Figure 5A-C).
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The results of wound healing assay and tran-
swell invasion assay proved that fucoxanthin
greatly inhibited the migration and invasion of
OVCAR-3 and A2780 cells, which was partly
abolished by additional treatment of colivelin
(Figure 6A-F). Furthermore, the downregulated
protein expression of MMP2 and MMP9 by
fucoxanthin treatment was upregulated by the
additional treatment of colivelin (Figure 6G,
6H). The above results suggested that fucoxan-
thin might repress ovarian cancer cell prolifera-
tion, migration and invasion through inactivat-
ing STAT3/c-Myc signaling.

Fucoxanthin treatment inhibited glucose me-
tabolism in ovarian cancer cells by inactivating
STAT3/c-Myc signaling

Subsequently, it was observed that the sup-
pressive effects of fucoxanthin on the glucose
consumption, ATP levels and ECAR of ovarian
cancer cells were counteracted by colivelin

Am J Transl Res 2023;15(4):2528-2540
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(Figure 7A-C). Besides, fucoxanthin treatment
reduced the expression levels of the glycolysis-
associated enzymes LDHA, HK2 and PDK1 in
ovarian cancer cells, and colivelin recovered
the expression of LDHA, HK2 and PDK1 (Figure
7D, TE). Collectively, these results demonstrat-
ed that activation of STAT3 could partially abro-
gate the suppressive effects of fucoxanthin on
glucose metabolism in ovarian cancer cells.
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Figure 5. Fucoxanthin treatment restrained the
proliferation of ovarian cancer cells by inactivating
signal transducers and activators of transcription 3
(STAT3)/c-Myc signaling. A. The viability of OVACR3
and A2780 cells was detected by cell counting kit
8 (CCK8) assay. B, C. The proliferation capacity of
OVACR3 and A2780 cells was measured by 5-ethy-
nyl-2’-deoxyuridine (EdU) staining assays. Magnifi-
cation x 200. "P<0.05 and """P<0.001.
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Discussion

Due to the asymptomatic development of ovar-
ian cancer and the lack of early diagnostic
markers, most patients are diagnosed at
advanced stages [3]. Metastasis is the most
frequent clinical problem during the treatment
of ovarian cancer, making it a deadly gyneco-
logical tumor [2]. Li et al [20] have suggested
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Figure 6. Fucoxanthin treatment suppressed ovarian cancer cell migration and invasion by inactivating signal trans-
ducers and activators of transcription 3 (STAT3)/c-Myc signaling. A, C. The wound healing assay was used to detect
the effects of fucoxanthin and STAT3 on the migration abilities of OVACR3 and A2780 cells. Magnification x 100. B,
D. The transwell assay was used to detect the effects of fucoxanthin and STAT3 on the invasive abilities of OVACR3
and A2780 cells. Magnification x 100. E. The quantification of cell migration rate and invasion rate in A2780 cells. F.
The quantification of cell migration rate and invasion rate in OVCARS3 cells. G, H. Western blot assay was performed
to detect the protein expression levels of matrixmetalloproteinase (MMP)2 and MMP9. ***P<0.001.

that fucoxanthin could repress allergic rhinitis
via STAT3 signaling. Fucoxanthin could also
downregulate the levels of STAT3 and p-STAT3
in gastric cancer cell lines [21]. In the present
study, the potential function of fucoxanthin in
ovarian cancer was characterized and it was
determined that fucoxanthin treatment could
mitigate metastasis and glycolysis via the

2536

STAT3/c-Myc signaling, and thus affected ovar-
ian cancer progression.

Recently, fucoxanthin exhibits a wide range of
anti-tumor biological activities [22]. For exam-
ple, fucoxanthin could suppress cell prolifera-
tion and induce cell apoptosis in endometrial
cancer [23]. Long et al [24] also proved that

Am J Transl Res 2023;15(4):2528-2540
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Figure 7. Fucoxanthin treatment inhibited glucose metabolism in ovarian cancer cells by inactivating signal trans-
ducers and activators of transcription 3 (STAT3)/c-Myc signaling. A. The 18F-fludeoxyglucose (F-FDG) uptake was de-
tected in OVACR3 and A2780 cells after fucoxanthin and STAT3 activator treatment. B. Adenosine triphosphate (ATP)
levels were measured using the ATP Assay Kit in OVCAR-3 and A2780 cells. "P<0.05, **P<0.01 and "*P<0.001. C.
Extracellular acidifications rates (ECAR) of OVCAR-3 and A2780 cells was measured with a seahorse Bioanalyzer.
“P<0.05 and ""P<0.001 vs Control; #P<0.05 and #**P<0.01 vs fucoxanthin. D, E. Western blot assay was performed
to detect the protein expression levels of glycolysis-related rate limiting enzymes lactate dehydrogenase A (LDHA),
hexokinase Il (HK2), 3-Phosphoinositide-dependent protein kinase 1 (PDK1). **P<0.001.

fucoxanthin inhibited nasopharyngeal carcino-
ma cell growth by inducing autophagy and
apoptosis. Furthermore, fucoxanthin could
inhibit the invasion and migration of glioblasto-
ma cells by suppressing the p38-MMP2/9
pathway [25]. Consistent with previous re-
searches, our results demonstrated that fuco-
xanthin exhibited inhibitory effects on cell pro-
liferation, migration and invasion capabilities of
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ovarian cancer. One of the most prominent
characteristics of malignant tumors is aerobic
glycolysis, also known as glycolysis or War-
burg effect [26]. The tumor microenvironment
causes activation of a large number of signal-
ing pathways, key proteins, glycolysis-related
enzymes and various genes that may initiate
and regulate aerobic glycolysis, and ultimately
promote activation of aerobic glycolysis [27].

Am J Transl Res 2023;15(4):2528-2540
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Aerobic glycolysis could directly or indirectly
promote various malignant phenotypes of
tumor tissues [28, 29]. For instance, Pimozide
could suppress the growth of breast cancer
cells by alleviating the aerobic glycolysis [30]. In
this study, fucoxanthin treatment inhibited ATP
and the protein levels of important enzymes
relating to glycolysis such as LDHA, HK2 and
PDK1 in ovarian cancer cell lines. FDG uptake
was treated as a marker of tumor aggressive-
ness as the activation of glucose uptake is a
presentation of cancers [31]. Our results indi-
cated that fucoxanthin treatment markedly
reduced the FDG uptake in OVCAR-3 and A2780
cells. Therefore, it was suggested that fucoxan-
thin could inhibit the development of ovarian
cancer.

Being a critical member of STAT protein family,
STAT3 has been widely recognized to be able to
regulate various cellular processes, including
cell proliferation, differentiation and apoptosis
[12]. Inhibition of STAT3 signaling can effective-
ly reduce the activity of cancer cells, promote
their apoptosis process, and provide a thera-
peutic strategy to improve the anti-tumor effect
[14]. C-Myc is a downstream oncogenic gene of
STAT3. A study has demonstrated that c-Myc
could enhance Warburg effect and promote the
occurrence and progression of colorectal can-
cer [32]. Besides, Li et al [33] reported that
STAT3/c-Myc signaling axis could promote cell
proliferation, metastasis, and chemoresistance
in ovarian cancer. Sun et al [34] proved that
Ginsenoside Rh2 could inhibit glycolysis th-
rough controlling STAT3/c-Myc signaling in non-
small cell lung cancer. In the present study,
STAT3 activator could eliminate the impacts of
fucoxanthin on cell proliferation, migration and
invasion as well as glycolysis in ovarian cancer.

However, there are still some limitations in the
present study. This study was conducted only in
cells, while these findings are needed to be
confirmed in further animal and clinical studies.
In addition, the further in-depth regulatory
mechanism of fucoxanthin in ovarian cancer is
needed to be explored in our future work.

Conclusion

In conclusion, our results confirmed that fuco-
xanthin suppressed cell proliferation, metasta-
sis and glycolysis in ovarian cancer by inhibiting
the STAT3/c-Myc signaling. Fucoxanthin might
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be a promising therapeutic approach for
patients with ovarian cancer.
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