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Introduction

Prostate cancer is a relatively common malignant cancer 
and the second leading cause of cancer-related deaths 
among male patients [1]. Several effective therapies are 
applied for the clinical treatment of prostate cancer; 

including surgery and radiotherapy for patients with 
early-stage disease and adjuvant systemic treatments, 
which are effective for advanced-stage disease [2]. 
However, the therapies all have different side-effect pro-
files and are challenged by the emergence of resistance 
in tumor cells [3, 4]. Therefore, it is of particularly 
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Abstract

Solanine, a naturally steroidal glycoalkaloid in nightshade (Solanum nigrum 
Linn.), can inhibit proliferation and induce apoptosis of tumor cells. However, 
the mechanism of solanine-suppressing prostate cancer cell growth remains to 
be elucidated. This study investigates the inhibition mechanism of solanine on 
cancer development in vivo and in cultured human prostate cancer cell DU145 
in vitro. Results show that solanine injection significantly suppresses the tumor 
cell growth in xenograft athymic nude mice. Solanine regulates the protein 
levels of cell cycle proteins, including Cyclin D1, Cyclin E1, CDK2, CDK4, 
CDK6, and P21 in vivo and in vitro. Also, in cultured DU145 cell, solanine 
significantly inhibits cell growth. Moreover, the administration of NAC, an ac-
tive oxygen scavenger, markedly reduces solanine-induced cell death. Blockade 
of P38 MAPK kinase cannot suppress reactive oxygen species (ROS), but can 
suppress solanine-induced cell apoptosis. Also, inhibition of ROS by NAC in-
activates P38 pathway. Taken together, the data suggest that inhibition of prostate 
cancer growth by solanine may be through blocking the expression of cell cycle 
proteins and inducing apoptosis via ROS and activation of P38 pathway. These 
findings indicate an attractive therapeutic potential of solanine for suppression 
of prostate cancer.
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importance to develop novel therapeutic strategies to 
overcome these challenges.

Solanine, molecular formula C45H73NO15, a trisaccharide 
glycoalkaloid, is one of the main steroidal glycoalkaloids 
in Solanaceae family species such as nightshade and potato 
(Solanum tuberosum L.) [5, 6]. The structure of solanine 
(Fig.  1A) is similar to human steroid hormones such as 
androgen, estrogen, progesterone, and other sex hormones. 
Solanine, like other alkaloids steroid, has a variety of bio-
activities, such as anti-inflammatory, preventing asthma, 
antiallergic, regulate metabolism, and endocrine effects 
[7]. Studies have demonstrated that solanine inhibits the 
growth of many human cancers, including human colon, 
liver, cervical, lymphoma, and stomach cancer [8–10]. 
Solanine also exerts chemoprotective and chemotherapeutic 
effects in an animal model of breast cancer by induction 
of apoptosis, and inhibition of cell proliferation and angio-
genesis [11]. Moreover, solanine inhibits the migration 
and invasion of human melanoma cells, by reducing matrix 
metalloproteinase activities [12]. Thus, solanine possesses 
the potential for cancer chemotherapeutic action.

Solanine has been shown anticarcinogenic potential 
against various cancer cell lines, but the underlying mecha-
nism involved in inhibition of tumor growth by solanine 
remains to be further elucidated. This work determines 
the inhibitory effect and the molecular mechanisms of 
solanine on tumor inhibition in vivo and in vitro. Solanine 
can inhibit cancer growth in vivo and can induce the 
apoptosis of prostate cancer cell line DU145, via the sup-
pression of cell cycle protein expression, induction of 
reactive oxygen species (ROS) and activation of P38 MAPK 
pathway.

Methods and Materials

Ethics statement

All human and animal experiments were approved by 
the Jinan University. All experiments using human speci-
mens were performed in accordance with the Declaration 
of Helsinki. Informed consent was received from all par-
ticipated subjects prior to the study. Human tissue samples 
were obtained from osteosarcoma patients in the First 
Affiliated Hospital of Jinan University. All animal proce-
dures followed the humane care guidelines of the Chinese 
National Institute of Health, and the protocols were 
approved by the Committee on Animal Research of Jinan 
University.

Cell culture

Cell lines human prostate cancer DU145 was purchased 
from Cell Bank of Shanghai Institute of Cell Biology, 
Chinese Academy of Sciences. Cells were maintained in 
Dulbecco’s minimal essential medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), penicillin 
(100  U/mL), and streptomycin (100  μg/mL) at 37°C in 
a humidified atmosphere with 5% CO2.

ROS detection

The intracellular ROS level was detected using an oxida-
tion sensitive fluorescent probe (DCFH-DA) (Beyotime, 
China). DCFH-DA can be deacetylated by nonspecific 
esterase to form DCFH that can be oxidized by hydrogen 
peroxide or low-molecular-weight peroxides to produce 
the fluorescent compound 2′,7′-dichlorofluorescein (DCF) 
and it is a stable fluorescent ROS-sensitive compound 
and can readily diffuse into cells. In this study, DU145 
cells were incubated with solanine. The cells were harvested 
and washed with serum-free medium for three times. 
Aliquots of cells were resuspended in fresh medium with-
out serum and loaded with DCFH-DA (30  μmol/L) for 
20  min at 37°C, according to the manufacturer’s 

Figure 1. Attenuation of the tumors formed by the inoculation of DU145 
cells into nude mice after the treatment with solanine. (A) Chemical 
formula of solanine. (B) Tumors from the two groups were shown. The 
statistical data of tumor weight were shown in (C) and the tumor inhibition 
rate were shown in (D). ** denotes P < 0.01 versus control group.
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instruction. Green fluorescence density of 10,000 events 
was detected by flow cytometry for each sample.

MTS assay

In vitro DU145 cell proliferation assay was performed 
using CellTiter 96® AQueous One Solution Cell 
Proliferation Assay Kit (Promega, Madison, WI), according 
to the manufacturer’s instructions. In brief, 2500 cells 
per well were seeded into a 96-well plate. After respective 
treatments, cells were allowed to grow for 24  h. After 
24 h, 20 μL of CellTiter 96 AQueous One Solution reagent 
was added to each well in 100  μL of total volume of 
media. Cells were incubated for 3–4  h, and absorbance 
was recorded at 490  nm using an ELISA plate reader. 
The absorbance is directly proportional to the number 
of living cells and is expressed as a relative percentage 
to vehicle-treated cells.

Western blotting

As described previously [13], cells were lysed in sample 
buffer and subjected to sodium dodecyl sulfate–polyacryla-
mide gel (SDS-PAGE), with the antibodies Cyclin D1, 
Cyclin E1, CDK2, CDK4, CDK6, P21, P38, p-P38, ATF2, 
p-ATF2, Bcl-2, Bax, and GAPDH (all were from Abcam, 
Cambridge, UK). GAPDH was used as loading control. 
After washing with phosphate-buffered saline (PBS) con-
taining 0.1% Tween 20 for five times, the membrane was 
incubated the appropriate horseradish peroxidase conju-
gated secondary antibodies (Amersham Biosciences, 
Uppsala, Sweden) for 1  h and bands were detected by 
enhanced chemiluminescence (Amersham, Bucks, UK). In 
all cases, the average intensity of the pixels in a background-
selected region was calculated and subtracted from each 
pixel in the sample. To correct for deviation, the densi-
tometry values obtained in the linear range of detection 
were normalized to those obtained for GAPDH. Statistical 
analysis was performed using a one-way analysis of vari-
ance (ANOVA), followed by the Bonferroni correction.

Total RNA extraction and real-time PCR

Total RNA was isolated using Trizol reagent (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s protocol. 
For real-time quantative PCR, equal amount of cDNA 
was added to SYBR premix EX Taq II (Takara, Japan) 
and run in Stepone real-time PCR system (AB Applied 
Biosystems, Foster City, CA). The cycling program was 
95°C for 5  sec and 60°C for 30  sec. Each sample was 
assayed in triplicates, and GAPDH was used as an endog-
enous control. Results were normalization to the expression 
of GAPDH.

Apoptosis detection by flow cytometry

Cell death via apoptosis was determined using Annexin 
V-APC/7-AAD Apoptosis Kit (BD Biosciences, San Diego, 
CA) and quantified by flow cytometry as described previ-
ously [14, 15]. Briefly, at the end of the treatment time, 
DU145 cells were washed once with PBS and harvested 
in a 0.5% trypsin/EDTA solution at 37°C, centrifuged at 
220g for 5  min and then immediately resuspended in the 
physiological buffer provided in the kit. Cells (1  ×  105 
cells/500 μL) were then maintained in the dark for 15 min 
at room temperature with both Annexin V, allophyco-
cyanin conjugate (APC) and 7-amino-actinomycin D (7-
AAD) accordingly, after which the samples were analyzed 
immediately by BD Biosciences FACSCalibur flow cytom-
eter (San Jose, CA). The results were quantified using 
the CellQuest software (BD Biosciences, San Jose, CA). 
Q2 plus Q4 area were calculated as apoptosis ratio.

Prostate tumor xenograft model

Six- to eight-week-old male nude mice were kept on a 
12  h light–dark cycle with access to food and water ad 
libitum. Nude mice with subcutaneous DU145 prostate 
cancer cell xenografts (1  ×  106 DU145 cells) were sub-
jected to daily i.p. injections of solanine (5  mg/kg) [16] 
or vehicle for 4  weeks. After 30  days the mice were killed 
by ketamin injection (50  mg/kg) followed by cervical 
dislocation and the xenografts were dissected out and 
immediately snap frozen in liquid nitrogen and stored at 
−80°C until further processing.

Statistical analysis

All experiments were repeated at least three times, and 
the results are presented as the mean  ±  SEM. Analyses 
of significance were performed using Student’s t-tests or 
one-way ANOVAs, followed by Bonferroni corrections. 
P  <  0.05 was considered statistically significant.

Results

Solanine inhibits prostate cancer growth in 
vivo

To confirm the antitumor effect of solanine in vivo, we 
performed a xenograft assay of DU145 cell in athymic nude 
mice. After inoculated human prostate cancer DU145 cells 
into nude mice subcutaneously, solanine was simultaneously 
injected into the mice. Afterward, the same amount of 
solanine was injected to mice every 3  days. One month 
later, mice-bearing tumors were killed and the tumors were 
separated. As shown in Figure  1B, tumors in solanine-
treated mice were much smaller than that in the control 
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mice. The tumor weight was shown in Figure  1C, and the 
inhibition rate was shown in Figure 1D. These data indicate 
that solanine significantly inhibit the tumor growth in vivo.

Solanine regulates the expression of cell 
cycle proteins in vivo

To investigate the mechanisms of solanine regulated tumor 
inhibition, we detected the mRNA and protein expression 
levels of cell cycle proteins from the tumor tissues of 
xenograft mice injected with DU145 cells. As shown in 
Figure  2, by the performance of QPCR, we found that 
compared to control group, the mRNA levels of CyclinD1, 
CyclinE1, CDK2, CDK4, and CDK6 were significantly 
inhibited and the level of P21 was markedly increased. 
Furthermore, we performed western blotting and found 
the same trend as the mRNA. Compared to control group, 
the protein levels of CyclinD1, CyclinE1, CDK2, CDK4, 

and CDK6 were significantly decreased and that of P21 
was increased (Fig.  3).

Solanine inhibits the cell growth of prostate 
cancer cell DU145

To explore the detailed mechanisms and signaling pathways 
of solanine-induced cell growth, we moved our study to 
cultured DU145 cells in vitro. First, we need to confirm 
the appropriate concentration of solanine on DU145 cells, 
by MTS assay. Concentrations of 10–160  μmol/L solanine 
were used on DU145 cells. At 24  h, the calculated IC50 
of solanine was 32.18  μmol/L, so the concentration of 
40  μmol/L solanine can significantly inhibit the cell growth. 
We chose this concentration for our further study. Meanwhile, 
we used an active oxygen scavenger NAC (5 mM) to inhibit 
ROS and found that the usage of NAC significantly reversed 
the inhibition effect of solanine, leading to the increased 

Figure 2. The mRNA levels in xenograft mice injected with DU145 cells. After taken the photos of these tumors in figure 1, the tissues were subjected 
to QPCR. The mRNA levels of Cyclin D1 (A), Cyclin E1 (B), CDK2 (C), CDK4 (D), CDK6 (E) and P21 (F) in control group were normalized to 1 (100%), 
the levels in solanine group were reset to relative mRNA expression to control (fold changes). * denotes P < 0.05 versus control group; ** denotes 
P < 0.01 versus control group.
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use of concentration of solanine to suppress the cell growth. 
Concentrations lower than 80  μmol/L showed remarkable 
effect (Fig. 4A). These data indicated that solanine inhibited 
prostate cancer DU145 cell via ROS. Moreover, we deter-
mined the protein levels of CyclinD1, CyclinE1, CDK2, 
CDK4, CDK6, and p21 in DU145 cells. And found the 
same trend as that in tumor tissues of xenograft mice 
(Fig.  4B), indicating the consistence of mechanisms of 
solanine-induced cell death in vivo and in vitro.

Solanine induces ROS in prostate cancer cell 
DU145

To further confirm the relationship of solanine and ROS, 
we applied flow cytometry assay to detect the ROS level 
under different treatment, using an oxidation-sensitive fluo-
rescent probe (DCFH-DA) [17]. As shown in Figure  5, 
the treatment of solanine significantly induced ROS, and 
the usage of NAC markedly erased solanine-induced ROS 
level. Meanwhile, we used SB203580, an inhibitor of P38 
MAPK kinase pathway, together with solanine. We found 
that SB203580 cannot suppress the ROS level induced by 
solanine. These data confirmed that solanine-induced DU145 
ROS and this cannot be inhibited by P38 inhibitor.

Solanine induces apoptosis in DU145 cells 
via P38 pathway downstream of ROS

After demonstrated solanine can inhibit prostate cancer 
growth and induce ROS in cultured DU145, we further 

need to know which signaling pathway was responsible. So 
we performed flow cytometry to detect the cell apoptosis. 
By the staining of Annexin V-APC and 7-AAD with flow 
cytometry, we found that solanine significantly induced the 
apoptosis of DU145 cells, the administration of NAC and 
SB203580 can markedly decrease solanine-induced cell apop-
tosis (Fig. 6). Furthermore, we need to explore the signaling 
mechanisms underlying. By western blot, we detected the 
protein expression and activation of P38 pathway. As shown 
in Fig. 7, solanine induced the expression of phosphorylated 
P38, not the total level of P38, indicating the activation of 
P38 pathway. ATF2 is a downstream target of P38 [18]. 
We found the protein level of phosphorylated ATF2 was 
also increased, but not the total level. The administration 
of NAC and SB203580 both can suppress solanine-induced 
P38/ATF2 activation. Furthermore, we determined the levels 
of pro and antiapoptotic proteins. As shown in Fig.  7, the 
level of antiapoptotic protein Bcl-2 was decreased and the 
level of proapoptotic protein Bax was increased, and these 
proteins responded with NAC and P38 inhibitor. These 
data suggest that solanine induces cell apoptosis via P38 
pathway, downstream of ROS induction.

Figure 3. The protein levels in xenograft mice injected with DU145 cells. 
One month after DU145 cell injection, the tumor were separated and 
subjected to western blot with the indicated antibodies. C denotes the 
control group; S denotes the solanine group.

Figure  4. Solanine inhibit DU145 cell growth via ROS. (A) Different 
concentrations (10–160  μmol/L) of solanine with or without NAC 
(5 mmol/L), were applied on cultured DU145. After the treatment, cells 
were harvested and subjected to MTS. The cell viability was calculated 
under different treatment group. ** denotes P  <  0.01 versus NC 
(control for NAC) group. (B) Cultured DU145 treated with solanine or 
control were subjected to western blot with the indicated antibodies. 
ROS, reactive oxygen species.



3219© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 

Solanine Inhibits Prostate Cancer GrowthBin Pan et al.

Discussion

In recent years, the incidence of prostate cancer was sig-
nificantly increased. Advanced primary treatment of pros-
tate cancer is endocrine therapy, which would lead to 
hormonal resistance [19, 20]. Thus, researches on new 
treatments and new drugs for prostate cancer have impor-
tant significance. Solanine, an important glycoalkaloid in 
nightshade, exhibits anticarcinogenic potentials, inhibiting 
cell growth of various cancer cell lines and inducing 
apoptosis of human cancer cells [8–10]. The present find-
ings demonstrate that solanine suppresses tumor growth 

of DU145 in xenograft athymic nude mice in vivo and 
in cultured DU145 cell in vitro. Solanine regulates the 
mRNA and protein levels of many cell cycle proteins, 
induces cell apoptosis via the induction of ROS and the 
activation of P38 MAPK pathway, downstream of ROS.

The activation of CDKs (cyclin-dependent kinases) is 
critical for cells entering S phase from G1, which are regu-
lated by the periodic expression of cyclins. Cyclin D/E forms 
complexes with and activates CDK 2, 4, or 6, promoting 
cell transition from G1 to S phase [21, 22]. P21, a CDK 
inhibitor (CKDI), regulates the negative feedback of G1/S 
transition, and increased expression of P21 blocks the pro-
gress of G1/S transition [23, 24]. Our study of qPCR and 
western blots show that solanine administration can 

Figure  5. Solanine induces reactive oxygen species (ROS) in DU145 
cells. (A) Cells were treated solanine with or without NAC (5 mmol/L) or 
SB203580 (40  μmol/L) for 24  h. Then cells were subjected to DCFH 
staining for the detection of ROS by flow cytometry. (B) The statistical 
data were shown. * denotes P < 0.05 versus control group; ** denotes 
P  <  0.01 versus control group; # denotes P  <  0.05 versus solanine 
group.

Figure  6. Cell apoptosis of DU145 detected by flow cytometry. (A) 
DU145 cells treated as the same as in Figure  5 were stained with 
Annexin V and 7-AAD, then cells were subjected to flow cytometry to 
detect cell apoptosis. The representative scatter plots were shown in (A) 
and the statistical data were shown in (B). ** denotes P < 0.01 versus 
control group; ## denotes P < 0.01 versus solanine group.



3220 © 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 

Bin Pan et al.Solanine Inhibits Prostate Cancer Growth

significantly downregulate the expression of Cyclin D1/E1, 
CDK 4 and 6, upregulate P21, indicating that solanine affects 
the G1/S transition signal, blocks the progress of G1/S tran-
sition, inhibits cell growth of cancer cell and tumor growth 
in vivo. The detailed mechanisms of how solanine influences 
the signal of cell cycle G1/S transition needs to be further 
explored. Staurosporine can cause the increasing of Ca2+ 
and accumulation of ROS, and induce cell apoptosis [25]. 
So, solanine may induce ROS accumulation to damage DNA, 
upregulate the expression of P21, restrain the expression of 
c-Myc, thus block cell G1/S progress.

ROS is important for the development and metastasis 
[26]. Recent studies show that regulating ROS can reach 
the therapeutic purposes by accelerating tumor cell death 

[27, 28]. The level of ROS in cancer cells is high, so 
cancer cells are always under oxidative stress, leading to 
the higher sensitivity than healthy cells. This provides 
theoretical basis for the application of pro-oxidant drugs, 
such as trioxide, gemcitabine, for curing cancers [29–32]. 
ROS suppresses cancer development mainly through the 
following aspects: (1) promoting cell apoptosis, (2) induc-
ing the necrosis and (3) regulating autophagic cell death 
[33, 34]. Our data show the solanine induces ROS. Once 
the active oxygen scavenger NAC is used, solanine-induced 
cell growth inhibition and apoptosis are all suppressed, 
indicating ROS plays an important role solanine-regulated 
apoptosis.

P38, a MAPK kinase protein, is an important regulator 
of inflammation, which can be activated by physiological 
stress, lipopolysaccharide, osmotic stress, and UV irradia-
tion [35–37]. Lipopolysaccharide, tumor necrosis factor, 
platelet-activating factor, IL-1, and other inflammatory 
stimuli can induce the activation of P38 in endogenous 
immune cells such as monocytes, endothelial cells, and 
neutrophils [38, 39]. P38 activation is closely related to 
apoptosis and P38 can increase the expression of c-Myc, 
phosphorylation of P53 and activation of c-Jun, to regulate 
apoptosis [40, 41]. ATF2 is a commonly recognized down-
stream target of P38 MAPK kinase [18]. P38 phosphorylates 
Thr-69 and Thr-71 of ATF2, leading to the activation of 
ATF2. Activated ATF2 forms dimer with c-Jun to activate 
caspase-3, thus leading the mitochondrial-dependent apop-
tosis [42]. We found the downregulation of Bcl-2 and 
upregulation of Bax when treated with solanine. The unbal-
ance of Bcl-2/Bax leads to the mitochondrial membrane 
permeabilization of mitochondria, leading to the release 
of cytochrome C, and finally irreversible apoptosis [43]. 
Moreover, our results show that after the treatment of 
solanine in DU145 cells, the expression level of phospho-
rylated P38/ATF2 is significantly upregulated, which can 
be blocked by the administration of P38 inhibitor SB203580 
and the active oxygen scavenger NAC, indicating the P38 
pathway is downstream of ROS induction in solanine-
induced apoptosis and tumor inhibition.

In summary, the data in this study demonstrates the 
solanine, through the suppression of cell cyclin proteins 
to inhibit cancer development and through the induction 
of ROS, promotes P38 activation to induce DU145 cell 
apoptosis. This data elucidates the mechanisms of solanine-
induced prostate cancer cell inhibition, providing theoreti-
cal and experimental foundation for the clinical application 
of solanine.
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