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Abstract: Astaxanthin is a natural product gaining increasing attention due to its safety and anti-cancer
properties. In this study, we investigated the mechanisms of the anti-cancer effects of astaxanthin on
prostate cancer (PCa) cell lines using aggressive PCa DU145 cells. Also an instantaneous silenced cell
line (si-STAT3) derived from DU145 and a control cell line (si-NK) were used for the MTT and colony
formation assays to determine the role of astaxanthin in proliferation and colony formation abilities.
Flow cytometry assays were used to detect the apoptosis of tumor cells. Migration and invasion
assays detected the weakening of the respective abilities. Western blot and RT-PCR tests detected the
levels of STAT3 protein and mRNA. Astaxanthin resulted in suppression of the proliferation of DU145
cells and the level of STAT3. The treatment of DU145 cells with astaxanthin decreased the cloning
ability, increased the apoptosis percentage and weakened the abilities of migration and invasion of
the cells. Furthermore, astaxanthin reduced the expression of STAT3 at protein and mRNA levels.
The effects were enhanced when astaxanthin and si-STAT3 were combined. The results of animal
experiments were consistent with the results in cells. Thus, astaxanthin inhibits the proliferation of
DU145 cells by reducing the expression of STAT3.

Keywords: prostate cancer; astaxanthin; STAT3; proliferation; colony formation; apoptosis;
migration; invasion

1. Introduction

Prostate cancer is one of the most frequently diagnosed malignancies in men, with increasing
incidence in China [1,2]. Surgery, radiotherapy, chemotherapy and endocrine therapy are curative
treatment options for prostate cancer [3]. However, after receiving endocrine therapy or surgery,
80–90% of patients develop hormone resistance within 3–4 years. In patients tolerant to endocrine
therapy, increasing the doses of radiotherapy and chemotherapy can, rarely, improve the treatment
effect, and severe toxicity and side effects cannot be avoided [4]. In addition, whether radiotherapy or
chemotherapy resistance appeared after a period of treatment was elucidated using aggressive prostate
cancer cells [5]. Thus, finding a drug that effectively inhibits prostate cancer is clinically significant.

Signal transducer and activator of transcription 3 (STAT3) is one of the critical members of the
signal transducer and activator of transcription family and is composed of about 770 amino acids [6,7].
STAT3 activation plays a major role in mediating cell proliferation, differentiation, invasion, metastasis,
inflammation, apoptosis and other biological cell processes [8–12]. Some studies have shown that
compared to normal cells, the 705 site of the C-amino terminal tyrosine in STAT3 is continuously and
abnormally activated in about 70% of tumor cells [8,12,13]. This protein is aberrantly activated in
prostate cancer and contributes to the promotion of metastatic progression [14,15]. Therefore, STAT3
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plays a major role in the occurrence and development of prostate cancer by effectively blocking the
activation of related pathways, which is a novel method of cancer treatment.

About 67% of anti-cancer drugs are derived from natural products or natural product derivatives [16].
Astaxanthin is a natural product that is safe and possesses anti-cancer properties. It is primarily found
in marine organisms such as algae, phytoplankton and shrimp. It is the final form of carotenoid
synthesis with a strong ability to quench singlet oxygen and clear free radicals [17–19]. Recently, many
in vivo and in vitro studies have confirmed that astaxanthin inhibits the growth of various tumor cells,
such as neuroblastoma, lung cancer, gastric cancer, oral cancer, colon cancer, breast cancer, bladder
cancer, liver cancer and leukemia [20–26]. Anti-cancer effects include anti-proliferation [27], enhancing
apoptosis [27], anti-oxidation [28,29], anti-inflammation [28,30], preventing migration and invasion, and
so on [31]. Although the mechanisms of astaxanthin mediating anti-cancer action have not yet been
fully clarified, a number of molecular targets of astaxanthin have been proposed, which may explain the
anti-tumor effects of this drug, such as NF-κB, STAT3, PI3K/AKT, MAPKs, PPARγ, and so on [31–34].
However, whether astaxanthin suppresses prostate cancer through STAT3 is yet to be elucidated.

Herein, whether astaxanthin can effectively inhibit the proliferation, cloning ability, invasion and
migration ability and increase the apoptosis of DU145 cells by inhibiting the expression of STAT3 and
its related proteins at protein and mRNA levels is evaluated.

2. Results

2.1. Astaxanthin Inhibits the Proliferation of DU145 Cells and Reduces the Expression of STAT3

To explore the effects of astaxanthin on the proliferation of DU145, we conducted the MTT assay.
DU145 cells were cultured in the presence of different concentrations of astaxanthin. The results
showed that astaxanthin significantly suppressed the proliferation of DU145 cells, and the inhibition of
proliferation was dose-dependent. Astaxanthin suppressed cell proliferation at 50, 100 and 200% as
compared to the control at the rates of 27, 38 and 50%, respectively (Figure 1A). These results indicate
that astaxanthin inhibits DU145 cells, and the IC50 (half-inhibitory concentration) was <200 µM.Mar. Drugs 2020, 18, x 3 of 14 

 

 
Figure 1. Cell proliferation assay and Western blotting using prostate cancer DU145 cells. (A) Cells 
were pretreated with 0, 50, 100 and 200 μM astaxanthin for 48 h. Proliferation was measured by MTT 
assay. Data are presented as the average of three experiments (±SD), * p < 0.05, ** p < 0.01, and *** p < 
0.001. (B) DU145 cells were pretreated with 200 μM astaxanthin for 24 h. Western blotting results 
show that 200 μM astaxanthin reduces the level of STAT3. (C) Relative protein expression analysis. * 
p < 0.05, ** p < 0.01, and *** p < 0.001. (D) Relative mRNA expression analysis. ** p < 0.01, and *** p < 
0.001. 

2.2. Astaxanthin Reduces the Colony Formation Ability of DU145 Cells 

CK was the blank control. The expression of STAT3 in DU145 was lowered by siRNA-STAT3, 
and siRNA-NC was the blank control to si-STAT3. After 48 h post-transfection, 200 μM was 
administered for 24 h. 

The colony formation assay revealed that astaxanthin, siRNA-STAT3 and astaxanthin+siRNA-
STAT3 reduced the number of colonies of DU145 cells (Figure 2A,B). The colony inhibition rates of 
astaxanthin, siRNA-STAT3 and astaxanthin+siRNA-STAT3 treatments were 48, 46 and 83%, 
respectively. Therefore, the results suggest that astaxanthin effectively inhibits the cloning ability of 
DU145 cells, while the effect of astaxanthin+si-STAT3 was as high as 83% (Figure 2C). 

Figure 1. Cell proliferation assay and Western blotting using prostate cancer DU145 cells. (A) Cells were
pretreated with 0, 50, 100 and 200 µM astaxanthin for 48 h. Proliferation was measured by MTT assay.
Data are presented as the average of three experiments (±SD), * p < 0.05, ** p < 0.01, and *** p < 0.001.
(B) DU145 cells were pretreated with 200 µM astaxanthin for 24 h. Western blotting results show that
200 µM astaxanthin reduces the level of STAT3. (C) Relative protein expression analysis. * p < 0.05,
** p < 0.01, and *** p < 0.001. (D) Relative mRNA expression analysis. ** p < 0.01, and *** p < 0.001.
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To explore whether astaxanthin was a potential inhibitor, we examined the expression of STAT3
in protein (Figure 1B,C) and mRNA levels (Figure 1D). The results indicated that astaxanthin is a
potential inhibitor of STAT3 and downregulates its expression at both protein and mRNA levels.

2.2. Astaxanthin Reduces the Colony Formation Ability of DU145 Cells

CK was the blank control. The expression of STAT3 in DU145 was lowered by siRNA-STAT3,
and siRNA-NC was the blank control to si-STAT3. After 48 h post-transfection, 200µM was administered
for 24 h.

The colony formation assay revealed that astaxanthin, siRNA-STAT3 and astaxanthin+siRNA-STAT3
reduced the number of colonies of DU145 cells (Figure 2A,B). The colony inhibition rates of astaxanthin,
siRNA-STAT3 and astaxanthin+siRNA-STAT3 treatments were 48, 46 and 83%, respectively. Therefore,
the results suggest that astaxanthin effectively inhibits the cloning ability of DU145 cells, while the effect of
astaxanthin+si-STAT3 was as high as 83% (Figure 2C).Mar. Drugs 2020, 18, x 4 of 14 

 

 
Figure 2. Colony inhibition rate analysis. The experiments were conducted on five groups. CK was 
the blank control group. The astaxanthin group was pretreated with astaxanthin for 24 h. The si-
STAT3 group was transfected with siRNA-STAT3 for 48 h, and the siRNA-NC group was the blank 
control to si-STAT3. Astaxanthin+si-STAT3 group was transfected with a si-STAT3 plasmid for 48 h 
and treated with astaxanthin for 24 h. (A) Clone formation experiments were carried out. (B,C) Colony 
numbers were measured, and colony inhibition rates were calculated. The results show that 
astaxanthin inhibits the cloning ability of DU145 cells, while the effect of astaxanthin combined with 
si-STAT3 is superior. Data are presented as the average of three experiments (±SD), * p < 0.05, ** p < 
0.01, *** p < 0.001. 

2.3. Astaxanthin Induces Apoptosis on DU145 Cells 

To determine whether astaxanthin induces apoptosis, we used Annexin V-Fluorescein and a PI 
double staining assay. The experiments were divided into five groups: CK (blank control), 
astaxanthin, siRNA-NC (blank control to si-STAT3), si-STAT3 and astaxanthin+siRNA-STA3 (Figure 
3A). 

As shown in Figure 3B, compared to the CK group, treatment of DU145 cells with 200μM 
astaxanthin for 24 h increased the percentage of apoptotic cells from 8.5% to 13.1%. The group 
containing si-STAT3 increased the percentage of apoptosis to 12.7%. However, the percentage of 
apoptosis was highest at 18.5% when combining astaxanthin with si-STAT3. 

Figure 2. Colony inhibition rate analysis. The experiments were conducted on five groups. CK was the
blank control group. The astaxanthin group was pretreated with astaxanthin for 24 h. The si-STAT3
group was transfected with siRNA-STAT3 for 48 h, and the siRNA-NC group was the blank control to
si-STAT3. Astaxanthin+si-STAT3 group was transfected with a si-STAT3 plasmid for 48 h and treated
with astaxanthin for 24 h. (A) Clone formation experiments were carried out. (B,C) Colony numbers
were measured, and colony inhibition rates were calculated. The results show that astaxanthin inhibits
the cloning ability of DU145 cells, while the effect of astaxanthin combined with si-STAT3 is superior.
Data are presented as the average of three experiments (±SD), * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. Astaxanthin Induces Apoptosis on DU145 Cells

To determine whether astaxanthin induces apoptosis, we used Annexin V-Fluorescein and a PI
double staining assay. The experiments were divided into five groups: CK (blank control), astaxanthin,
siRNA-NC (blank control to si-STAT3), si-STAT3 and astaxanthin+siRNA-STA3 (Figure 3A).



Mar. Drugs 2020, 18, 415 4 of 13

Mar. Drugs 2020, 18, x 2 of 2 

 

 
Figure 3. Effects of astaxanthin on apoptosis in DU145 cells. The experiments were divided into five 
groups. CK was the blank control group. The astaxanthin group was pretreated with astaxanthin for 
24 h. The si-STAT3 group was transfected with siRNA-STAT3 for 48 h, and the siRNA-NC group was 
the blank control to si-STAT3. The astaxanthin+si-STAT3 group was transfected with a si-STAT3 
plasmid for 48 h and then treated with astaxanthin for 24 h. (A) The progression of the apoptotic cells 
and the respective phase were analyzed with Annexin V-FITC assay. (B) The apoptosis rate was 
analyzed. The results show that both astaxanthin and si-STAT3 promote the apoptosis of DU145 cells, 
while the effect of astaxanthin combined with si-STAT3 is enhanced. Data are presented as the 
average of three experiments (±SD), ** p < 0.01 and *** p < 0.001. 

4.6. Western blot. 

Protein expression in DU145 cells treated with either CK (control) or si-NK, astaxanthin or si-
STAT3, or astaxanthin and si-STAT3 was evaluated using Western blotting. DU145 cells were seeded 
in 6-well plates and cultured to 80% confluency. The cells were then treated with CK (control) or si-
NK, astaxanthin or si-STAT3, or astaxanthin and si-STAT3 for 24 h, followed by protein extraction. 
An equivalent of 30 μg protein was subjected to SDS-PAGE and Western blotting. The primary 
antibodies were diluted as follows: Bcl-2(26 kDa)1:1000 (ab692, Abcam, Cambrige, MA, USA), Bax 
(21 kDa) 1:1000 (ab7977, Abcam, Cambrige, MA, USA), Caspase3 (32 kDa) 1:1000 (ab32351, Abcam, 
Cambrige, MA, USA), Caspase9 (46 kDa) 1:1000 (ab32539, Abcam, Cambrige, MA, USA), NF-κB p65 
(65 kDa) 1:1000 (ab76302, Abcam, Cambrige, MA, USA), JAK2 (131 kDa) 1:1000 (ab92552, Abcam 
Cambrige, MA, USA) and Stat3 (88 kDa) 1:1000 (ab119352, Abcam, Cambrige, MA, USA). Each 
Western blotting assay was repeated at least two times. 
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Figure 3. Effects of astaxanthin on apoptosis in DU145 cells. The experiments were divided into five
groups. CK was the blank control group. The astaxanthin group was pretreated with astaxanthin
for 24 h. The si-STAT3 group was transfected with siRNA-STAT3 for 48 h, and the siRNA-NC group
was the blank control to si-STAT3. The astaxanthin+si-STAT3 group was transfected with a si-STAT3
plasmid for 48 h and then treated with astaxanthin for 24 h. (A) The progression of the apoptotic
cells and the respective phase were analyzed with Annexin V-FITC assay. (B) The apoptosis rate was
analyzed. The results show that both astaxanthin and si-STAT3 promote the apoptosis of DU145 cells,
while the effect of astaxanthin combined with si-STAT3 is enhanced. Data are presented as the average
of three experiments (±SD), ** p < 0.01 and *** p < 0.001.

As shown in Figure 3B, compared to the CK group, treatment of DU145 cells with 200 µM astaxanthin
for 24 h increased the percentage of apoptotic cells from 8.5% to 13.1%. The group containing si-STAT3
increased the percentage of apoptosis to 12.7%. However, the percentage of apoptosis was highest at
18.5% when combining astaxanthin with si-STAT3.

2.4. Astaxanthin Decreases the Migration and Invasion of DU145 Cells

Excessive migration and invasion are critical characteristics of tumor cells. We analyzed changes
in the migration and invasion of DU145 cells with astaxanthin, si-STAT3 and astaxanthin combined
with si-STAT3. As shown in Figure 4, astaxanthin and si-STAT3 decreased the migration and invasion
of DU145 cells. When cells were treated with astaxanthin, about 41% of cells could not pass from
one chamber to another (p < 0.01), and 36% cells could not pass through the transwell membrane as
compared to the control group. When cells were treated with si-STAT3, the migration inhibition rate
was 40%, and the invasion inhibition rate was 34%. In addition, the combination of astaxanthin and
si-STAT3 increased the migration and invasion rates to 71% and 56% respectively.
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Figure 4. Astaxanthin influences the migration and invasion of DU145 cells. The groups are as 
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suppress the migration of DU145 cells, while the effect of astaxanthin combined with si-STAT3 is 
superior. Data are presented as the average of three experiments (±SD), ** p < 0.01 and *** p < 0.001. 
(C) Image of the invasive transwell assay. (D) Both astaxanthin and si-STAT3 suppress the invasion 
of DU145 cells, while the effect of astaxanthin combined with si-STAT3 is enhanced. Data are 
presented as the average of three experiments (±SD), ** p < 0.01 and *** p < 0.001. 
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Increases the Reducing Effects 

To explore whether the inhibitory effects produced by astaxanthin were due to the STAT3-
related pathway, we examined the expression of JAK2, Caspase3, Caspase9, NF-κB, BAX and BCL-2. 
As shown in Figure 5A, astaxanthin downregulates the protein expression of JAK2, BCL-2 and NF-
κB and upregulates the protein expression of BAX, Caspase3 and Caspase9. These results indicate 
that the effects of inhibiting proliferation, increasing apoptosis and weakening migration and 
invasion of astaxanthin could reduce the expression of STAT3 and the related pathway proteins. 
Thus, the combination of astaxanthin and si-STAT3 improved the anti-tumor effects. 

RT-PCR (Figure 5B) analyses also confirmed that anti-tumor effects by astaxanthin were due to 
the suppression function of STAT3 and the related pathway gene. Astaxanthin downregulates the 
gene expression of JAK2, BCL-2 and NF-κB and upregulates the gene expression of BAX, Caspase3 
and Caspase9. 

This profile revealed that the lower expression of STAT3 caused by astaxanthin effectuated anti-
tumor functions. 

Figure 4. Astaxanthin influences the migration and invasion of DU145 cells. The groups are as
described in Figure 2. (A) Image of the migratory transwell assay. (B) Both astaxanthin and si-STAT3
suppress the migration of DU145 cells, while the effect of astaxanthin combined with si-STAT3 is
superior. Data are presented as the average of three experiments (±SD), ** p < 0.01 and *** p < 0.001.
(C) Image of the invasive transwell assay. (D) Both astaxanthin and si-STAT3 suppress the invasion of
DU145 cells, while the effect of astaxanthin combined with si-STAT3 is enhanced. Data are presented as
the average of three experiments (±SD), ** p < 0.01 and *** p < 0.001.

2.5. Astaxanthin Reduces the Expression of STAT3 and the Combination of Astaxanthin and Silent STAT3
Increases the Reducing Effects

To explore whether the inhibitory effects produced by astaxanthin were due to the STAT3-related
pathway, we examined the expression of JAK2, Caspase3, Caspase9, NF-κB, BAX and BCL-2. As shown in
Figure 5A, astaxanthin downregulates the protein expression of JAK2, BCL-2 and NF-κB and upregulates
the protein expression of BAX, Caspase3 and Caspase9. These results indicate that the effects of inhibiting
proliferation, increasing apoptosis and weakening migration and invasion of astaxanthin could reduce the
expression of STAT3 and the related pathway proteins. Thus, the combination of astaxanthin and si-STAT3
improved the anti-tumor effects.

RT-PCR (Figure 5B) analyses also confirmed that anti-tumor effects by astaxanthin were due to
the suppression function of STAT3 and the related pathway gene. Astaxanthin downregulates the
gene expression of JAK2, BCL-2 and NF-κB and upregulates the gene expression of BAX, Caspase3
and Caspase9.

This profile revealed that the lower expression of STAT3 caused by astaxanthin effectuated
anti-tumor functions.

2.6. Impact of Astaxanthin on the Growth of Xenograft Tumors

Next, we explored whether the inhibitory effects of astaxanthin were operative in xenograft tumors.
Five xenograft models were established in nude mice. Both astaxanthin and si-STAT3 suppressed the
growth of tumors. These suppression effects were enhanced when astaxanthin and si-STAT3 were
combined (Figure 6A,B), supporting the cell-based observation that astaxanthin exerts a significant
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inhibitory effect on tumor growth. These results described the effect of astaxanthin by suppressing
the expression of STAT3, thereby resulting in the inhibition of xenograft tumors and confirming the
hypothesis derived from cell-based experiments.Mar. Drugs 2020, 18, x 7 of 14 
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Representative observations of the growth of the five groups. (B) Both astaxanthin and si-STAT3 
effectively compress the tumor growth, while the effect of astaxanthin combined with si-STAT3 is 
superior. Data are presented as the average of three experiments (±SD), *** p < 0.001. 

  

Figure 5. Astaxanthin influences the expression of STAT3. mRNA expression was consistent with
that of the protein. (A) Western blotting results showed that astaxanthin suppresses the expression
of STAT3 and the related proteins JAK2, NF-Kβp65 and Bcl-2, and it increases the levels of Caspase9,
Bax and Caspase3. (B) Relative protein expression analysis. * p < 0.05, ** p < 0.01, and *** p < 0.001.
(C) RT-PCR also confirmed that astaxanthin suppresses the expression of STAT3 and the related genes
JAK2, NF-κBp65 and Bcl-2, and it increases the expression of Bax, Caspase3 and Caspase9. * p < 0.05
and ** p < 0.01.
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Figure 6. Astaxanthin inhibits the growth of DU145 tumor xenografts in nude mice. (A) Representative
observations of the growth of the five groups. (B) Both astaxanthin and si-STAT3 effectively compress
the tumor growth, while the effect of astaxanthin combined with si-STAT3 is superior. Data are
presented as the average of three experiments (±SD), *** p < 0.001.

3. Discussion

Herein, we used aggressive prostate cancer DU145 cells and found that astaxanthin inhibits their
proliferation and suppresses the expression of STAT3. In addition, the cloning ability of the cells
can be reduced. Interestingly, astaxanthin promotes apoptosis of DU145 cells, while the ability of
migration and invasion is reduced. The combination of astaxanthin and si-STAT3 exhibits a pronounced
reduction effect.
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Prostate cancer is a malignant tumor of the urogenital system in elderly men, and the incidence and
death rate of the disease are rising. In the USA and European countries, prostate cancer is the highest
incidence of malignant tumors and the second leading cause of mortality. In China, the incidence of
prostate cancer also shows a clear upward trend [1,2]. Primary treatments for prostate cancer include
radical surgery, hormone therapy, radiotherapy and chemotherapy. However, resistance to these
treatments remains a poorly elucidated phenomenon rendering the tumor excessively aggressive [3–5].
Therefore, finding a drug that can effectively suppress aggressive tumor cells is clinically crucial.

Accumulating evidence demonstrates that STATs play a major role in the process of tumor
formation, especially STAT3 [35,36]. Activated STAT3 is involved in tumorigenesis by regulating
multiple pathways, such as apoptosis suppressor genes (Mcl-l, Bcl-x L and Survivin), cell cycle
regulators (Cyclin Dl/D2 and C-myc), angiogenesis factors (vascular endothelial growth factor (VEGF))
and tumor metastasis-related genes (matrix metalloproteinases (MMPs)) [37,38]. STAT3 is an oncogene
with functional activation closely related to the occurrence of prostate cancer. In addition, it shows
abnormal expression or increased activity in human leukemia, multiple myeloma, squamous cell
carcinoma of the head and neck, breast cancer and prostate cancer. This signaling pathway has been
confirmed as an effective molecular target for various human tumor interventions [39,40]. Several
molecules of the STAT3 pathway, especially the genes regulated by STAT3, are related to the occurrence
and development of tumors. Hence, treating cancer by targeting STAT3 via inhibition of the activation
or expression of the molecule, to block the signal transmission pathways of the tumor cells, seems an
optimal approach.

About 67% of anti-cancer drugs are derived from natural products or natural product
derivatives [16], while >200 natural product-derived drugs are in the preclinical or clinical development
stage [41]. In recent years, several studies have reported that natural products and their derivatives,
such as alantolactone and 6,7-dimethoxycoumarin, affect the progress of tumors or inflammation by
regulating the protein activity or transcription level of the STAT3 signaling pathway. These findings
provide new directions for the discovery of new drugs [42–45]. Although it has been shown that
many STAT3 inhibitors have anti-tumor effects in vitro, screening out inhibitors with high efficiency,
low toxicity and fewer side effects is rather challenging, and further animal experiments have studied
less in relation to the pharmacology and toxicology of related inhibitors. Currently, only a few inhibitors
are under clinical evaluation [46–48]. Therefore, inhibitors with high efficiency, low toxicity and fewer
side effects need to be developed urgently.

Astaxanthin is a natural product that is safe for use and has anti-cancer properties. However,
whether it can suppress prostate cancer through STAT3 is not yet elucidated. In the current study,
we found that astaxanthin inhibits the proliferation of DU145 prostate cancer cells by reducing the
level of STAT3.

Nevertheless, the present study has several limitations. First, in addition to inhibiting levels
of STAT3, there may be other mechanisms of the inhibiting effects of astaxanthin on tumor cells.
In this study, we explored only STAT3 and the related pathways, thereby necessitating the analysis
of other participating genes. Second, we explored the inhibiting effects of astaxanthin on aggressive
prostate cancer cells. However, whether it can reduce the resistance to radiotherapy or chemotherapy
necessitates further studies.

Furthermore, astaxanthin was found to inhibit proliferation and cloning formation, promote
apoptosis and weaken the invasion and migration ability of DU145 cells. Western blotting and RT-PCR
confirmed that astaxanthin not only reduces the expression of STAT3, but also that of the related
molecules at protein and mRNA levels. Together, the effects described above were significant when
astaxanthin was combined with si-STAT3. The results of animal experiments were consistent with
those of cell experiments (Figure 7).



Mar. Drugs 2020, 18, 415 8 of 13

Mar. Drugs 2020, 18, x 9 of 14 

 

astaxanthin was combined with si-STAT3. The results of animal experiments were consistent with 
those of cell experiments (Figure 7). 

 
Figure 7. Schematic representation of the mechanism of action of astaxanthin on prostate cancer 
DU145. Astaxanthin inhibits DU145 tumor cells by reducing the levels of STAT3 and its related 
proteins. When astaxanthin and si-STAT3 are combined, the effects are better. 

4. Materials and Methods 

4.1. Cell culture and reagents. 

The DU145 prostate cancer cell line was provided by the Urinary Surgery Department of the 
First Affiliated Hospital of Peking University and cultured in RPMI 1640 medium (M&C Gene 
Technology, Beijing, China) supplemented with 10% fetal bovine serum (FBS, Gibco, Auckland, New 
Zealand). The cells were maintained in a humidified incubator with 5% CO2 at 37 °C. Astaxanthin 
was purchased from Sigma–Aldrich (St. Louis, MO, USA). 

4.2. MTT assay. 

A density of 103–104 DU145 cells/well were seeded into 96-well plates. A volume of 100 μL fresh 
culture medium containing different concentrations of drugs was added and incubated for 48 h, 
following which 20 μL of MTT solution (5 mg/mL in phosphate-buffered saline (PBS), pH = 7.4) was 
added to each well, and incubation continued for an additional 4 h. Finally, 150 μL DMSO was added 
to each well, and the absorbance was measured at 490 nm on the ELISA reader (Cayman Chemical, 
Ann Arbor, MI, USA). 

4.3. Colony assay. 

Drug treatment: The corresponding groups were transfected with siRNA-STAT3 and siRNA-
NC, respectively, and 48 h post-transfection, 200 μM astaxanthin drug was administered for 24 h. 

Figure 7. Schematic representation of the mechanism of action of astaxanthin on prostate cancer
DU145. Astaxanthin inhibits DU145 tumor cells by reducing the levels of STAT3 and its related proteins.
When astaxanthin and si-STAT3 are combined, the effects are better.

4. Materials and Methods

4.1. Cell culture and Reagents

The DU145 prostate cancer cell line was provided by the Urinary Surgery Department of the First
Affiliated Hospital of Peking University and cultured in RPMI 1640 medium (M&C Gene Technology,
Beijing, China) supplemented with 10% fetal bovine serum (FBS, Gibco, Auckland, New Zealand).
The cells were maintained in a humidified incubator with 5% CO2 at 37 ◦C. Astaxanthin was purchased
from Sigma–Aldrich (St. Louis, MO, USA).

4.2. MTT Assay

A density of 103–104 DU145 cells/well were seeded into 96-well plates. A volume of 100 µL
fresh culture medium containing different concentrations of drugs was added and incubated for 48 h,
following which 20 µL of MTT solution (5 mg/mL in phosphate-buffered saline (PBS), pH = 7.4) was
added to each well, and incubation continued for an additional 4 h. Finally, 150 µL DMSO was added
to each well, and the absorbance was measured at 490 nm on the ELISA reader (Cayman Chemical,
Ann Arbor, MI, USA).

4.3. Colony Assay

Drug treatment: The corresponding groups were transfected with siRNA-STAT3 and siRNA-NC,
respectively, and 48 h post-transfection, 200 µM astaxanthin drug was administered for 24 h.

Clone formation: The culture was continued for 10–14 days. The cells were then harvested in PBS,
fixed with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet for 20 min.
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4.4. Flow Cytometry Assay

Annexin V-FITC/PI assay was used. The cells from each group were harvested and stained with
5 µL Annexin V-FITC/PI staining solution in the dark for 5 min. The rate of apoptosis was detected by
flow cytometry (Columbus 2.4, PerkinElmer, Waltham, MA, USA).

4.5. Cell Migration and Cell Invasion Assay

Detection of cell migration: The cells of each group were collected, resuspended in 2% serum
medium and inoculated in the upper transwell chamber, while 10% serum was added to the lower
chamber. The cells were fixed with 4% paraformaldehyde after 16 h of incubation. Subsequently,
the cells in the upper layer of the chamber membrane were wiped with a cotton swab, stained with
crystal violet for 20 min, washed twice with PBS, dried, and images were then captured.

Detection of cell invasion: The cells of each group were collected, resuspended in 2% serum
medium and inoculated in the upper transwell chamber (the upper chamber pretreated with Matrigel),
while the lower chamber was supplemented with 10% serum medium. After 16 h of culture, 4%
paraformaldehyde was used to fix the cells, the upper cell membrane was wiped with a cotton swab,
stained with crystal violet for 20 min, washed twice with PBS, and images were acquired after drying.

4.6. Western Blot

Protein expression in DU145 cells treated with either CK (control) or si-NK, astaxanthin or
si-STAT3, or astaxanthin and si-STAT3 was evaluated using Western blotting. DU145 cells were seeded
in 6-well plates and cultured to 80% confluency. The cells were then treated with CK (control) or
si-NK, astaxanthin or si-STAT3, or astaxanthin and si-STAT3 for 24 h, followed by protein extraction.
An equivalent of 30 µg protein was subjected to SDS-PAGE and Western blotting. The primary
antibodies were diluted as follows: Bcl-2(26 kDa) 1:1000 (ab692, Abcam, Cambrige, MA, USA),
Bax (21 kDa) 1:1000 (ab7977, Abcam, Cambrige, MA, USA), Caspase3 (32 kDa) 1:1000 (ab32351, Abcam,
Cambrige, MA, USA), Caspase9 (46 kDa) 1:1000 (ab32539, Abcam, Cambrige, MA, USA), NF-κB p65
(65 kDa) 1:1000 (ab76302, Abcam, Cambrige, MA, USA), JAK2 (131 kDa) 1:1000 (ab92552, Abcam,
Cambrige, MA, USA) and Stat3 (88 kDa) 1:1000 (ab119352, Abcam, Cambrige, MA, USA). Each Western
blotting assay was repeated at least two times.

4.7. RT-PCR

Total RNA was extracted using Baosai lysis reagent (Baosai, Hangzhou, China;
RE02050), and 1 µg was reverse-transcribed using the RevertAid First Strand cDNA
synthesis kit (Baosai; RT02020), according to the manufacturer’s instructions. For qRT-PCR,
25–50 ng of cDNA was used as the template for PCR amplification using the fluorescence
quantification kit (Baosai; PM10003). Primers for PCR amplification were as follows: Bcl2-F:
CCCCGTTGCTTTTCCTCTG; Bcl2-R: CATCACTATCTCCCGGTTATCG; Bax-F: TTTCCGAGTGGCAGCTG;
Bax-R: CAAAGTAGAAAAGGGCGACAAC; Casp3-F: CCCATTTCCTACAGAACGACC;
Casp3-R: CATCAATGAATCTAAAGTGCGGG; Casp9-F: CCTAGAAAACCTTACCCCAGTG;
Casp9-R: TCAAGAGCACCGACATCAC; NF-κB-F: ACCCTGACCTTGCCTATTTG;
NF-κB-R: GCTTGGCGGATTAGCTCTTT; JAK2-F: AGTAAAGATGCCTTCTGGTGAA;
JAK2-R: TCCATTTCCAAGTTCTCCACT; STAT3-F: GGGACACTGGGTGAGAGTTA;
STAT3-R: CACACACACACAAGCCATC; actin-F: GGTGGTCTCCTCTGACTTCAACA;
actin-R: GTTGCTGTAGCCAAATTCGTTGT.

4.8. Construction of DU145 Tumor Model

In the first group, DU145 cells were cultured up to the logarithmic phase, and 2 × 107 cells were
inoculated in the left armpit of each of 20 nude mice. In the second group, 10 inoculated nude mice
were transfected with blank vector for 24 h, while the third group of cells was transfected with the
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interference vector si-STAT3. At 24 h post-interference, 20 nude mice were inoculated. After 2 weeks
of inoculation and culture, 12 tumor-bearing nude mice were randomly selected from the first group
and divided into two groups. Six were given saline and the other six were given astaxanthin solution.
In the second group, six tumor-bearing nude mice were selected for continuous culture. In the third
group, 12 tumor-bearing nude mice were randomly selected and divided into two groups: six were
given intragastric astaxanthin solution and the other six were continued in culture.

Group A: Blank control group, intragastric administration of normal saline; Group B: Blank
transfection group; Group C: Astaxanthin at a dose of 200 mg/kg administered intragastrically once
a day. Nude mice weighed approximately 20 g, the drug concentration was 40 mg/mL, and 100 µL
suspension was administered by gastric perfusion; Group D: Interference group; Group E: Interfered
with the astaxanthin gavage group. Nursing mice were sacrificed after continuous gavage for 3 weeks,
tumor tissues were removed and weighed and images captured.

4.9. Ethics Statement

All experiment procedures were conducted in strict accordance with the appropriate institutional
guidelines for animal research. The protocol was approved by the Committee on the Ethics of Animal
Experiments of Beijing Union University. The approval number is: CIHFBUU-ZYZDS-B01-15-01.

4.10. Statistical Analysis

The Student’s t-test was used to determine the statistical difference between the means of two
groups and data. A p-value < 0.05 indicated statistical significance.

5. Conclusions

Astaxanthin can effectively inhibit the proliferation and cloning formation of DU145, promote the
apoptosis of the DU145 cells and weaken the invasion and migration ability of DU145. In addition,
astaxanthin can not only reduce the expression of STAT3 but also the expression of the related proteins
of STAT3 in protein and mRNA levels. When astaxanthin and si-STAT3 were combined, all the effects
were improved. The results of animal experiments are consistent with the results of cell experiments.

Thus, we concluded that astaxanthin inhibits DU145 tumor cells by reducing the level of STAT3.
It may be a prospective drug that can effectively suppress aggressive tumor cells.

Author Contributions: Conceived and designed the experiments: Y.-Z.J. Performed the experiments: S.-Q.S.
Analyzed the data: Y.-Z.J.; Y.-X.Z.; S.-Y.L. and J.-W.Q. Wrote the paper: S.-Q.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by grants from Scientific Research Common Program of Beijing Municipal
Commission of Education (No. KM201911417013) and Premium Funding Project for Academic Human Resources
Development in Beijing Union University (No. BPHR2019DZ04).

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

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA A Cancer J. Clin. 2016, 66, 7–30. [CrossRef]
[PubMed]

2. Chen, W.; Zheng, R.; Baade, P.D.; Zhang, S.; Zeng, H.; Bray, F.; Jemal, A.; Yu, X.Q.; He, J. Cancer statistics in
China, 2015. CA A Cancer J. Clin. 2016, 66, 115–132. [CrossRef] [PubMed]

3. Attard, G.; Parker, C.; Eeles, R.A.; Schroder, F.; Tomlins, S.A.; Tannock, I.; Drake, C.G.; de Bono, J.S. Prostate
cancer. Lancet 2016, 387, 70–82. [CrossRef]

4. Fu, W.; Madan, E.; Yee, M.; Zhang, H. Progress of molecular targeted therapies for prostate cancers.
Biochim. Biophys. Acta 2012, 1825, 140–152. [CrossRef] [PubMed]

5. Wong, Y.N.; Ferraldeschi, R.; Attard, G.; de Bono, J. Evolution of androgen receptor targeted therapy for
advanced prostate cancer. Nat. Rev. Clin. Oncol. 2014, 11, 365–376. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://dx.doi.org/10.3322/caac.21338
http://www.ncbi.nlm.nih.gov/pubmed/26808342
http://dx.doi.org/10.1016/S0140-6736(14)61947-4
http://dx.doi.org/10.1016/j.bbcan.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22146293
http://dx.doi.org/10.1038/nrclinonc.2014.72
http://www.ncbi.nlm.nih.gov/pubmed/24840076


Mar. Drugs 2020, 18, 415 11 of 13

6. Luwor, R.B.; Stylli, S.S.; Kaye, A.H. The role of Stat3 in glioblastoma multiforme. J. Clin. Neurosci. 2013, 20,
907–911. [CrossRef]

7. Zammarchi, F.; de Stanchina, E.; Bournazou, E.; Supakorndej, T.; Martires, K.; Riedel, E.; Corben, A.D.;
Bromberg, J.F.; Cartegni, L. Antitumorigenic potential of STAT3 alternative splicing modulation. Proc. Natl.
Acad. Sci. USA 2011, 108, 17779–17784. [CrossRef]

8. Yue, P.; Turkson, J. Targeting STAT3 in cancer: How successful are we? Expert Opin. Investig. Drugs 2009, 18,
45–56. [CrossRef]

9. Lu, K.; Fang, X.S.; Feng, L.L.; Jiang, Y.J.; Zhou, X.X.; Liu, X.; Li, P.P.; Chen, N.; Ding, M.; Wang, N.; et al.
The STAT3 inhibitor WP1066 reverses the resistance of chronic lymphocytic leukemia cells to histone
deacetylase inhibitors induced by interleukin-6. Cancer Lett. 2015, 359, 250–258. [CrossRef]

10. Liu, Y.F.; Lu, Y.M.; Qu, G.Q.; Liu, Y.; Chen, W.X.; Liao, X.H.; Kong, W.M. Ponicidin induces apoptosis via
JAK2 and STAT3 signaling pathways in gastric carcinoma. Int. J. Mol. Sci. 2015, 16, 1576–1589. [CrossRef]

11. McCann, G.A.; Naidu, S.; Rath, K.S.; Bid, H.K.; Tierney, B.J.; Suarez, A.; Varadharaj, S.; Zhang, J.; Hideg, K.;
Houghton, P.; et al. Targeting constitutively-activated STAT3 in hypoxic ovarian cancer, using a novel STAT3
inhibitor. Oncoscience 2014, 1, 216–228. [CrossRef] [PubMed]

12. Tai, W.T.; Chu, P.Y.; Shiau, C.W.; Chen, Y.L.; Li, Y.S.; Hung, M.H.; Chen, L.J.; Chen, P.L.; Su, J.C.; Lin, P.Y.;
et al. STAT3 mediates regorafenib-induced apoptosis in hepatocellular carcinoma. Clin. Cancer Res. 2014, 20,
5768–5776. [CrossRef] [PubMed]

13. Gao, L.; Li, F.; Dong, B.; Zhang, J.; Rao, Y.; Cong, Y.; Mao, B.; Chen, X. Inhibition of STAT3 and ErbB2
suppresses tumor growth, enhances radiosensitivity, and induces mitochondria-dependent apoptosis in
glioma cells. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 1223–1231. [CrossRef]

14. Mora, L.B.; Buettner, R.; Seigne, J.; Diaz, J.; Ahmad, N.; Garcia, R.; Bowman, T.; Falcone, R.; Fairclough, R.;
Cantor, A.; et al. Constitutive activation of Stat3 in human prostate tumors and cell lines: Direct inhibition of
Stat3 signaling induces apoptosis of prostate cancer cells. Cancer Res. 2002, 62, 6659–6666. [PubMed]

15. Abdulghani, J.; Gu, L.; Dagvadorj, A.; Lutz, J.; Leiby, B.; Bonuccelli, G.; Lisanti, M.P.; Zellweger, T.; Alanen, K.;
Mirtti, T.; et al. Stat3 promotes metastatic progression of prostate cancer. Am. J. Pathol. 2008, 172, 1717–1728.
[CrossRef] [PubMed]

16. Ghantous, A.; Gali-Muhtasib, H.; Vuorela, H.; Saliba, N.A.; Darwiche, N. What made sesquiterpene lactones
reach cancer clinical trials? Drug Discov. Today 2010, 15, 668–678. [CrossRef]

17. Ge, X.X.; Xing, M.Y.; Yu, L.F.; Shen, P. Carotenoid intake and esophageal cancer risk: A meta-analysis.
Asian Pac. J. Cancer Prev. 2013, 14, 1911–1918. [CrossRef]

18. Larsson, S.C.; Bergkvist, L.; Naslund, I.; Rutegard, J.; Wolk, A. Vitamin A, retinol, and carotenoids and the
risk of gastric cancer: A prospective cohort study. Am. J. Clin. Nutr. 2007, 85, 497–503. [CrossRef]

19. Cui, L.; Liu, X.; Tian, Y.; Xie, C.; Li, Q.; Cui, H.; Sun, C. Flavonoids, flavonoid subclasses, and esophageal
cancer risk: A meta-analysis of epidemiologic studies. Nutrients 2016, 8, 350. [CrossRef]

20. Naguib, Y.M. Antioxidant activities of astaxanthin and related carotenoids. J. Agric. Food Chem. 2000, 48,
1150–1154. [CrossRef]

21. Wakabayashi, K.; Hamada, C.; Kanda, R.; Nakano, T.; Io, H.; Horikoshi, S.; Tomino, Y. Oral astaxanthin
supplementation prevents peritoneal fibrosis in rats. Perit. Dial. Int. 2015, 35, 506–516. [CrossRef] [PubMed]

22. Salehi, M.; Moradi-Lakeh, M.; Salehi, M.H.; Nojomi, M.; Kolahdooz, F. Meat, fish, and esophageal cancer risk:
A systematic review and dose-response meta-analysis. Nutr. Rev. 2013, 71, 257–267. [CrossRef] [PubMed]

23. Qu, X.; Ben, Q.; Jiang, Y. Consumption of red and processed meat and risk for esophageal squamous cell
carcinoma based on a meta-analysis. Ann. Epidemiol. 2013, 23, 762–770. [CrossRef] [PubMed]

24. Jiang, G.; Li, B.; Liao, X.; Zhong, C. Poultry and fish intake and risk of esophageal cancer: A meta-analysis of
observational studies. Asia Pac. J. Clin. Oncol. 2016, 12, e82–e91. [CrossRef] [PubMed]

25. Roerecke, M.; Shield, K.D.; Higuchi, S.; Yoshimura, A.; Larsen, E.; Rehm, M.X.; Rehm, J. Estimates of
alcohol-related oesophageal cancer burden in Japan: Systematic review and meta-analyses. Bull. World
Health Organ. 2015, 93, 329–338. [CrossRef] [PubMed]

26. Singh, S.; Sharma, A.N.; Murad, M.H.; Buttar, N.S.; El-Serag, H.B.; Katzka, D.A.; Iyer, P.G. Central adiposity
is associated with increased risk of esophageal inflammation, metaplasia, and adenocarcinoma: A systematic
review and meta-analysis. Clin. Gastroenterol. Hepatol. 2013, 11, 1399–1412. [CrossRef]

27. Song, X.D.; Zhang, J.J.; Wang, M.R.; Liu, W.B.; Gu, X.B.; Lv, C.J. Astaxanthin induces mitochondria-mediated
apoptosis in rat hepatocellular carcinoma CBRH-7919 cells. Biol. Pharm. Bull. 2011, 34, 839–844. [CrossRef]

http://dx.doi.org/10.1016/j.jocn.2013.03.006
http://dx.doi.org/10.1073/pnas.1108482108
http://dx.doi.org/10.1517/13543780802565791
http://dx.doi.org/10.1016/j.canlet.2015.01.021
http://dx.doi.org/10.3390/ijms16011576
http://dx.doi.org/10.18632/oncoscience.26
http://www.ncbi.nlm.nih.gov/pubmed/25594014
http://dx.doi.org/10.1158/1078-0432.CCR-14-0725
http://www.ncbi.nlm.nih.gov/pubmed/25248379
http://dx.doi.org/10.1016/j.ijrobp.2009.12.036
http://www.ncbi.nlm.nih.gov/pubmed/12438264
http://dx.doi.org/10.2353/ajpath.2008.071054
http://www.ncbi.nlm.nih.gov/pubmed/18483213
http://dx.doi.org/10.1016/j.drudis.2010.06.002
http://dx.doi.org/10.7314/APJCP.2013.14.3.1911
http://dx.doi.org/10.1093/ajcn/85.2.497
http://dx.doi.org/10.3390/nu8060350
http://dx.doi.org/10.1021/jf991106k
http://dx.doi.org/10.3747/pdi.2013.00317
http://www.ncbi.nlm.nih.gov/pubmed/25292409
http://dx.doi.org/10.1111/nure.12028
http://www.ncbi.nlm.nih.gov/pubmed/23590703
http://dx.doi.org/10.1016/j.annepidem.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24176821
http://dx.doi.org/10.1111/ajco.12114
http://www.ncbi.nlm.nih.gov/pubmed/23910094
http://dx.doi.org/10.2471/BLT.14.142141
http://www.ncbi.nlm.nih.gov/pubmed/26229204
http://dx.doi.org/10.1016/j.cgh.2013.05.009
http://dx.doi.org/10.1248/bpb.34.839


Mar. Drugs 2020, 18, 415 12 of 13

28. Franceschelli, S.; Pesce, M.; Ferrone, A.; De Lutiis, M.A.; Patruno, A.; Grilli, A.; Felaco, M.;
Speranza, L. Astaxanthin treatment confers protection against oxidative stress in U937 cells stimulated with
lipopolysaccharide reducing O2- production. PLoS ONE 2014, 9, e88359. [CrossRef]

29. Kim, K.N.; Heo, S.J.; Kang, S.M.; Ahn, G.; Jeon, Y.J. Fucoxanthin induces apoptosis in human leukemia HL-60
cells through a ROS-mediated Bcl-xL pathway. Toxicol. In Vitro 2010, 24, 1648–1654. [CrossRef]

30. Speranza, L.; Pesce, M.; Patruno, A.; Franceschelli, S.; de Lutiis, M.A.; Grilli, A.; Felaco, M. Astaxanthin
treatment reduced oxidative induced pro-inflammatory cytokines secretion in U937: SHP-1 as a novel
biological target. Mar. Drugs 2012, 10, 890–899. [CrossRef]

31. Nagendraprabhu, P.; Sudhandiran, G. Astaxanthin inhibits tumor invasion by decreasing extracellular matrix
production and induces apoptosis in experimental rat colon carcinogenesis by modulating the expressions of
ERK-2, NFkB and COX-2. Investig. New Drugs 2011, 29, 207–224. [CrossRef] [PubMed]

32. Kowshik, J.; Baba, A.B.; Giri, H.; Deepak Reddy, G.; Dixit, M.; Nagini, S. Astaxanthin inhibits JAK/STAT-3
signaling to abrogate cell proliferation, invasion and angiogenesis in a hamster model of oral cancer.
PLoS ONE 2014, 9, e109114. [CrossRef] [PubMed]

33. Palozza, P.; Torelli, C.; Boninsegna, A.; Simone, R.; Catalano, A.; Mele, M.C.; Picci, N. Growth-inhibitory
effects of the astaxanthin-rich alga Haematococcus pluvialis in human colon cancer cells. Cancer Lett. 2009,
283, 108–117. [CrossRef] [PubMed]

34. Zhang, X.; Zhao, W.E.; Hu, L.; Zhao, L.; Huang, J. Carotenoids inhibit proliferation and regulate expression of
peroxisome proliferators-activated receptor gamma (PPARgamma) in K562 cancer cells. Arch. Biochem. Biophys.
2011, 512, 96–106. [CrossRef] [PubMed]

35. Ni, Z.; Lou, W.; Leman, E.S.; Gao, A.C. Inhibition of constitutively activated Stat3 signaling pathway
suppresses growth of prostate cancer cells. Cancer Res. 2000, 60, 1225–1228.

36. Song, J.I.; Grandis, J.R. STAT signaling in head and neck cancer. Oncogene 2000, 19, 2489–2495. [CrossRef]
37. Kanda, N.; Seno, H.; Konda, Y.; Marusawa, H.; Kanai, M.; Nakajima, T.; Kawashima, T.; Nanakin, A.;

Sawabu, T.; Uenoyama, Y.; et al. STAT3 is constitutively activated and supports cell survival in association
with survivin expression in gastric cancer cells. Oncogene 2004, 23, 4921–4929. [CrossRef]

38. Itoh, M.; Murata, T.; Suzuki, T.; Shindoh, M.; Nakajima, K.; Imai, K.; Yoshida, K. Requirement of STAT3
activation for maximal collagenase-1 (MMP-1) induction by epidermal growth factor and malignant
characteristics in T24 bladder cancer cells. Oncogene 2006, 25, 1195–1204. [CrossRef]

39. Buettner, R.; Mora, L.B.; Jove, R. Activated STAT signaling in human tumors provides novel molecular
targets for therapeutic intervention. Clin. Cancer Res. 2002, 8, 945–954.

40. Nam, S.; Buettner, R.; Turkson, J.; Kim, D.; Cheng, J.Q.; Muehlbeyer, S.; Hippe, F.; Vatter, S.; Merz, K.H.;
Eisenbrand, G.; et al. Indirubin derivatives inhibit Stat3 signaling and induce apoptosis in human cancer
cells. Proc. Natl. Acad. Sci. USA 2005, 102, 5998–6003. [CrossRef]

41. Lin, Y.; Wang, F.; Zhang, G.L. Natural products and their derivatives regulating the janus kinase/signal
transducer and activator of transcription pathway. J. Asian Nat. Prod. Res. 2014, 16, 800–812. [CrossRef]
[PubMed]

42. Chun, J.; Li, R.J.; Cheng, M.S.; Kim, Y.S. Alantolactone selectively suppresses STAT3 activation and exhibits
potent anticancer activity in MDA-MB-231 cells. Cancer Lett. 2015, 357, 393–403. [CrossRef] [PubMed]

43. Park, S.; Kim, J.K.; Oh, C.J.; Choi, S.H.; Jeon, J.H.; Lee, I.K. Scoparone interferes with STAT3-induced
proliferation of vascular smooth muscle cells. Exp. Mol. Med. 2015, 47, e145. [CrossRef] [PubMed]

44. Chen, X.; Du, Y.; Nan, J.; Zhang, X.; Qin, X.; Wang, Y.; Hou, J.; Wang, Q.; Yang, J. Brevilin A, a novel natural
product, inhibits janus kinase activity and blocks STAT3 signaling in cancer cells. PLoS ONE 2013, 8, e63697.
[CrossRef]

45. Zhang, T.; Li, S.; Li, J.; Yin, F.; Hua, Y.; Wang, Z.; Lin, B.; Wang, H.; Zou, D.; Zhou, Z.; et al. Natural
product pectolinarigenin inhibits osteosarcoma growth and metastasis via SHP-1-mediated STAT3 signaling
inhibition. Cell Death Dis. 2016, 7, e2421. [CrossRef]

46. Lin, L.; Benson, D.M., Jr.; DeAngelis, S.; Bakan, C.E.; Li, P.K.; Li, C.; Lin, J. A small molecule, LLL12 inhibits
constitutive STAT3 and IL-6-induced STAT3 signaling and exhibits potent growth suppressive activity in
human multiple myeloma cells. Int. J. Cancer 2012, 130, 1459–1469. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0088359
http://dx.doi.org/10.1016/j.tiv.2010.05.023
http://dx.doi.org/10.3390/md10040890
http://dx.doi.org/10.1007/s10637-009-9342-5
http://www.ncbi.nlm.nih.gov/pubmed/19876598
http://dx.doi.org/10.1371/journal.pone.0109114
http://www.ncbi.nlm.nih.gov/pubmed/25296162
http://dx.doi.org/10.1016/j.canlet.2009.03.031
http://www.ncbi.nlm.nih.gov/pubmed/19423215
http://dx.doi.org/10.1016/j.abb.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21620794
http://dx.doi.org/10.1038/sj.onc.1203483
http://dx.doi.org/10.1038/sj.onc.1207606
http://dx.doi.org/10.1038/sj.onc.1209149
http://dx.doi.org/10.1073/pnas.0409467102
http://dx.doi.org/10.1080/10286020.2014.929573
http://www.ncbi.nlm.nih.gov/pubmed/25076196
http://dx.doi.org/10.1016/j.canlet.2014.11.049
http://www.ncbi.nlm.nih.gov/pubmed/25434800
http://dx.doi.org/10.1038/emm.2014.113
http://www.ncbi.nlm.nih.gov/pubmed/25744297
http://dx.doi.org/10.1371/journal.pone.0063697
http://dx.doi.org/10.1038/cddis.2016.305
http://dx.doi.org/10.1002/ijc.26152


Mar. Drugs 2020, 18, 415 13 of 13

47. Ball, D.P.; Lewis, A.M.; Williams, D.; Resetca, D.; Wilson, D.J.; Gunning, P.T. Signal transducer and activator
of transcription 3 (STAT3) inhibitor, S3I-201, acts as a potent and non-selective alkylating agent. Oncotarget
2016, 7, 20669–20679. [CrossRef]

48. Okusaka, T.; Ueno, H.; Ikeda, M.; Mitsunaga, S.; Ozaka, M.; Ishii, H.; Yokosuka, O.; Ooka, Y.; Yoshimoto, R.;
Yanagihara, Y.; et al. Phase 1 and pharmacological trial of OPB-31121, a signal transducer and activator
of transcription-3 inhibitor, in patients with advanced hepatocellular carcinoma. Hepatol. Res. 2015, 45,
1283–1291. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.18632/oncotarget.7838
http://dx.doi.org/10.1111/hepr.12504
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Astaxanthin Inhibits the Proliferation of DU145 Cells and Reduces the Expression of STAT3 
	Astaxanthin Reduces the Colony Formation Ability of DU145 Cells 
	Astaxanthin Induces Apoptosis on DU145 Cells 
	Astaxanthin Decreases the Migration and Invasion of DU145 Cells 
	Astaxanthin Reduces the Expression of STAT3 and the Combination of Astaxanthin and Silent STAT3 Increases the Reducing Effects 
	Impact of Astaxanthin on the Growth of Xenograft Tumors 

	Discussion 
	Materials and Methods 
	Cell culture and Reagents 
	MTT Assay 
	Colony Assay 
	Flow Cytometry Assay 
	Cell Migration and Cell Invasion Assay 
	Western Blot 
	RT-PCR 
	Construction of DU145 Tumor Model 
	Ethics Statement 
	Statistical Analysis 

	Conclusions 
	References

