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Abstract: Because conventional chemotherapy is not sufficiently effective against prostate cancer,
various examinations have been performed to identify anticancer activity of naturally occurring
components and their mechanisms of action. The (+)-brevipolide H, an α-pyrone-based natural
compound, induced potent and long-term anticancer effects in human castration-resistant prostate
cancer (CRPC) PC-3 cells. Flow cytofluorometric analysis with propidium iodide staining showed
(+)-brevipolide H-induced G1 arrest of cell cycle and subsequent apoptosis through induction
of caspase cascades. Since Akt/mTOR pathway has been well substantiated in participating
in cell cycle progression in G1 phase, its signaling and downstream regulators were examined.
Consequently, (+)-brevipolide H inhibited the signaling pathway of Akt/mTOR/p70S6K. The c-Myc
inhibition and downregulation of G1 phase cyclins were also attributed to (+)-brevipolide H action.
Overexpression of myristoylated Akt significantly rescued mTOR/p70S6K and downstream signaling
under (+)-brevipolide H treatment. ROS and Ca2+, two key mediators in regulating intracellular
signaling, were determined, showing that (+)-brevipolide H interactively induced ROS production
and an increase of intracellular Ca2+ levels. The (+)-Brevipolide H also induced the downregulation of
anti-apoptotic Bcl-2 family proteins (Bcl-2 and Bcl-xL) and loss of mitochondrial membrane potential,
indicating the contribution of mitochondrial dysfunction to apoptosis. In conclusion, the data suggest
that (+)-brevipolide H displays anticancer activity through crosstalk between ROS production and
intracellular Ca2+ mobilization. In addition, suppression of Akt/mTOR/p70S6K pathway associated
with downregulation of G1 phase cyclins contributes to (+)-brevipolide H-mediated anticancer
activity, which ultimately causes mitochondrial dysfunction and cell apoptosis. The data also support
the biological significance and, possibly, clinically important development of natural product-based
anticancer approaches.
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1. Introduction

Prostate cancer is one of the most common malignancies in elderly men and is a leading cause of
cancer deaths globally. Death occurs in the later stages of prostate cancer progression in metastatic
hormone-sensitive and majorly in castration-resistant prostate cancer (CRPC) [1]. Management of CRPC
usually involves treatments targeting the androgen receptor pathway, chemotherapy, radiotherapy,
and other approaches (i.e., immunotherapy). Nevertheless, most patients with CRPC eventually
surrender to the disease. Better treatments are, therefore, required. The phosphoinositide 3-kinase
(PI3K)/Akt (protein kinase B)/mammalian target of rapamycin (mTOR) signaling axis is a crucial
signaling pathway in both physiological and pathological conditions, and has been evidenced to interact
with a variety of pathways, such as mitogen-activated protein kinases (MAPKs), hypoxia-inducible
factor, Ras, Notch and Wnt/β-catenin, which are responsible for cell proliferation, survival, and drug
resistance [2–5]. Accordingly, PI3K/Akt/mTOR signaling is a core pathway responsible for tumor
progression and drug resistance and appears to be a potential target in various cancer treatments,
including CRPC [6–9].

Natural product-based drug research and development have drawn considerable interest,
particularly in the area of cancer. It has been reported that about 50% of the approved anticancer
small molecules in recent decades are either natural products or directly derived therefrom [10].
The utilization of natural products and their structures in the research and development of cancer
drug entities continues to gain substantial attention. Brevipolides, a series of 5,6-dihydro-α-pyrone
derivatives from Hyptis brevipes, have been found to exhibit anticancer activities against colon cancer,
breast cancer, nasopharyngeal cancer, laryngeal cancer, and prostate cancer [11–13]. However,
the anticancer mechanism of brevipolides has not been clearly identified, although several studies have
reported that they display inhibitory activity on chemokine receptor CCR5 [14] and nuclear factor-κB
(NF-κB) [11] using calcium mobilization and enzyme-based NF-κB assays. We successfully synthesized
(+)-brevipolide H, one of the active components in brevipolides, and the bioactive examination
showed potent anti-proliferative effects in CRPC cell lines [13]. The results prompted the elucidation
of the anti-CRPC mechanism of (+)-brevipolide H in this study using the PC-3 cell model, a bone
metastasis-derived CRPC cell line. Furthermore, PC-3 is a phosphatase and tensin homologue (PTEN)
null cell line in which the tumor suppressor PTEN expression is absent. Because PTEN is specifically
identified as a negative regulator of the PI3K signaling, the absence of PTEN expression enables high
activity of PI3K/Akt signaling in PC-3 cells [15].

In this study, (+)-brevipolide H-mediated anti-CRPC mechanism was elucidated in light of
the crosstalk between intracellular calcium mobilization and oxidative stress in the regulation of
PI3K/Akt/mTOR signaling and cellular events, including cell cycle perturbation, anti-proliferation,
mitochondrial stress, and cell apoptosis. To the best of our knowledge, this is the first report studying
ROS and calcium interactively regulating PI3K/Akt/mTOR signaling pathways to brevipolide action.

2. Results

2.1. The (+)-Brevipolide H Induces Anti-Proliferative Effect in PC-3 Cells with Long-Term Efficacy

The sulforhodamine B (SRB) assay, which relies on the detection of SRB binding to protein basic
amino acid residues of trichloroacetic acid-fixed cells, is one of the most widely used methods for
anti-proliferative examination. As a result, (+)-brevipolide H displayed concentration-dependent
inhibition of PC-3 cell proliferation with the half maximal inhibitory concentration (IC50) of 2.72 µM
(Figure 1A). Flow cytometric analysis of CFSE staining was used to substantiate anti-proliferative
effects, since CFSE fluorescence in daughter cells is half that of the parent when cells divide.
The data demonstrated that the proliferation index in the 48-h control group was 6.25 ± 0.20,
but decreased to 4.38 ± 0.53, 2.94 ± 0.36, and 1.97 ± 0.08 when exposed to (+)-brevipolide H at 3.75, 7.5,
and 15 µM, respectively (Figure 1B). The data verified the anti-proliferative effect of (+)-brevipolide H
action. Moreover, the long-term (seven days) effects of (+)-brevipolide H on anchorage-dependent
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growth of PC-3 cells were examined using clonogenic assay. The (+)-brevipolide H resulted in a
concentration-dependent inhibition of colony formation with an IC50 of 0.37 ± 0.06 µM (Supplementary
Figure S1), suggesting long-term efficacy of (+)-brevipolide H.

1 
 

 Figure 1. Effect of (+)-brevipolide H on cell proliferation in PC-3 cells. (A) PC-3 cells were incubated
in the absence or presence of (+)-brevipolide H for 96 h. After treatment, the cells were fixed
and stained for SRB assay. (B) The cells were stained with CFSE and incubated in the absence or
presence of (+)-brevipolide H for 24 or 48 h. Cell proliferation was detected using FACScan flow
cytometer. Proliferation index was calculated by using ModFit LTTM 3.3 to quantify the inhibition of
cell proliferation. Data are expressed as mean ± SEM of three independent experiments; * p < 0.05,
** p < 0.01, and *** p < 0.001 compared with the respective control.
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2.2. The (+)-Brevipolide H Induces G1 Arrest of the Cell Cycle and Downregulates G1 Cyclins

The G1 checkpoint, also known as the restriction point, is the phase at which the cell is committed
to entering the cell cycle and is vulnerable to various cellular stresses to arrest [16]. The (+)-brevipolide
H in 24-h treatment induced a concentration-dependent increase of G1 phase population and a
subsequent increase of apoptosis after a 48-h exposure (Figure 2), suggesting an induction of an
apoptotic G1 arrest effect. Cell apoptosis was further substantiated by the activation of caspase
cascades (Supplementary Figure S2). Cyclin D1/cyclin-dependent kinase (CDK) 4 and cyclin E/CDK2
complexes are key kinase complexes in the G1 phase. Both complexes promote G1 phase progression
by inhibiting retinoblastoma protein (Rb) through phosphorylation. Hyper-phosphorylated Rb will
no longer interact with E2F transcription factor, allowing it to transcribe genes necessary for S phase
entry [17,18]. The c-Myc, a critical oncoprotein which collaborates with various growth factors, Ras,
and PI3K/Akt through coordination in regulating both cyclin D1 and cyclin E expressions, is implicated
in enhancing tumor formation and driving aggressiveness of tumors [19,20]. The data in Figure 3A
showed that (+)-brevipolide H induced a significant downregulation of protein expressions of both
cyclin D1 and cyclin E, and their upstream regulator c-Myc. The data were correlated with the induction
of the G1 arrest of the cell cycle. Cyclin D1 is synthesized rapidly and accumulates in the nucleus
during early G1 phase and is degraded when entering the S phase; in contrast, cyclin E is required for
the G1/S transition [21,22]. The confocal imaging in Figure 3B demonstrates a greater level of cyclin E
in the nucleus than that of cyclin D1; furthermore, (+)-brevipolide H displayed profound inhibition
of both protein expressions. The data suggested the inhibitory effect of (+)-brevipolide H on the late
G1 phase.
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Figure 2. Effect of (+)-brevipolide H on cell cycle distribution in PC-3 cells. The cells were incubated 
in the absence or presence of (+)-brevipolide H for 24 or 48 h and then stained with propidium iodide. 
The distribution of cell population was examined using FACScan flow cytometric analysis. 
Quantitative data of cell population at both apoptotic sub-G1 and G0/G1 were analyzed with BD 
CellQuestTM Pro Software. Data are expressed as mean ± SEM of three independent experiments; * p < 
0.05 compared with the respective control. 

Figure 2. Effect of (+)-brevipolide H on cell cycle distribution in PC-3 cells. The cells were incubated in
the absence or presence of (+)-brevipolide H for 24 or 48 h and then stained with propidium iodide.
The distribution of cell population was examined using FACScan flow cytometric analysis. Quantitative
data of cell population at both apoptotic sub-G1 and G0/G1 were analyzed with BD CellQuestTM Pro
Software. Data are expressed as mean ± SEM of three independent experiments; * p < 0.05 compared
with the respective control.
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Figure 3. Effect of (+)-brevipolide H on the expression of cell cycle related proteins. (A) PC-3 cells 
were incubated in the absence or presence of (+)-brevipolide H for the indicated concentrations and 
times. The cells were then collected and lysed for the detection of protein expression by Western blot 
analysis. Quantitative data of the relative expression under 9-h treatment are expressed as mean ± 
SEM of three independent experiments using Bio-Rad Image LabTM Software (Bio-Rad, Hercules, CA, 
USA). The * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the control. (B) PC-3 cells were starved 
at fetal bovine serum (FBS)-free medium for 24 h and then incubated in FBS-containing (10%) medium 
in the absence or presence of (+)-brevipolide H (15 µM) for 3 h. The confocal immunofluorescence 
microscopic examination was performed. Bar, 20 µm. 

2.3. The (+)-Brevipolide H Inhibits Akt/mTOR/p70S6K Signaling Pathways 

During the G1 phase, the cell synthesizes mRNA and proteins necessary for DNA synthesis. 
Once the required cellular processes are complete, the cell enters the S phase. PI3K/Akt signaling 
activity is required for cell growth and cell cycle entry. Moreover, it was evident that PI3K activity is 
essential at the late G1 phase for the entry into the S phase [23]. The mTOR, which belongs to the 
PI3K kinase-related kinase superfamily, plays a key role in translational control, which is crucial in 
regulating cell proliferation, cell growth, and survival. The eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1), a translation repressor protein, interacts with eukaryotic translation 
initiation factor 4E (eIF4E), which recruits 40S ribosomal subunits to the 5′ end of mRNAs. The 
interaction between 4E-BP1 and eIF4E blocks complex association and suppresses translation [24,25]. 
Hyper-phosphorylation of 4E-BP1 disturbs this interaction, resulting in the activation of cap-
dependent translation [25]. Notably, the phosphorylation of 4E-BP1 at threonine (Thr)37/Thr46 does 

Figure 3. Effect of (+)-brevipolide H on the expression of cell cycle related proteins. (A) PC-3 cells
were incubated in the absence or presence of (+)-brevipolide H for the indicated concentrations and
times. The cells were then collected and lysed for the detection of protein expression by Western blot
analysis. Quantitative data of the relative expression under 9-h treatment are expressed as mean ± SEM
of three independent experiments using Bio-Rad Image LabTM Software (Bio-Rad, Hercules, CA, USA).
The * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the control. (B) PC-3 cells were starved at
fetal bovine serum (FBS)-free medium for 24 h and then incubated in FBS-containing (10%) medium
in the absence or presence of (+)-brevipolide H (15 µM) for 3 h. The confocal immunofluorescence
microscopic examination was performed. Bar, 20 µm.

2.3. The (+)-Brevipolide H Inhibits Akt/mTOR/p70S6K Signaling Pathways

During the G1 phase, the cell synthesizes mRNA and proteins necessary for DNA synthesis.
Once the required cellular processes are complete, the cell enters the S phase. PI3K/Akt signaling activity
is required for cell growth and cell cycle entry. Moreover, it was evident that PI3K activity is essential at
the late G1 phase for the entry into the S phase [23]. The mTOR, which belongs to the PI3K kinase-related
kinase superfamily, plays a key role in translational control, which is crucial in regulating cell
proliferation, cell growth, and survival. The eukaryotic translation initiation factor 4E-binding protein
1 (4E-BP1), a translation repressor protein, interacts with eukaryotic translation initiation factor 4E
(eIF4E), which recruits 40S ribosomal subunits to the 5′ end of mRNAs. The interaction between 4E-BP1
and eIF4E blocks complex association and suppresses translation [24,25]. Hyper-phosphorylation of
4E-BP1 disturbs this interaction, resulting in the activation of cap-dependent translation [25]. Notably,
the phosphorylation of 4E-BP1 at threonine (Thr)37/Thr46 does not inhibit this interaction but primes
4E-BP1 for subsequent phosphorylation at serine (Ser) 65 and Thr70 [26]. The (+)-brevipolide H
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induced an inhibitory effect on p-Akt at both Thr308 and Ser473 residues, p-mTOR at Ser2448, p-p70S6K
at Thr389, and p-4E-BP1 at Thr70, indicating the inhibition of the Akt/mTOR/p70S6K signaling pathway
(Figure 4A).
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Figure 4. Effect of (+)-brevipolide H on the expressions of Akt/mTOR/p70S6K pathway proteins.
(A) PC-3 cells were incubated in the absence or presence of (+)-brevipolide H for the indicated
concentrations and times. The cells were then collected and lysed for the detection of protein expression
by Western blot analysis. Quantitative data under the 9-h treatment are expressed as mean ± SEM
of three independent experiments using Bio-Rad Image LabTM Software; * p < 0.05, ** p < 0.01,
and *** p < 0.001 compared with the control. (B) PC-3 cells were transfected with control vector
or Myr-Akt and treated without or with 15 µM (+)-brevipolide H for 9 h. The protein expression
was examined using Western blot analysis. Quantitative data of the relative protein expression were
analyzed using Bio-Rad Image LabTM Software.

Although activation of the Akt-dependent mTOR pathway is usually present in prostate cancer,
it has been reported that mTOR activation is also dependent on kinases other than Akt [27]. To examine
these possibilities, we tested the ability of myristoylated Akt (Myr-Akt), a constitutively active form of
Akt, on the effect of several cellular targets. The data demonstrated that overexpression of Myr-Akt
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significantly rescued the (+)-brevipolide H-suppressed mTOR and p70S6K activities (Figure 4B),
indicating an Akt-dependent mTOR/p70S6K signaling pathway. Notably, overexpression of Myr-Akt
also profoundly prevented the downregulation of both cyclin D1 and cyclin E expressions (Figure 4B).
The data supported a crucial role of Akt-dependent control of (+)-brevipolide H action in both cyclin
D1 and cyclin E expressions.

2.4. Crosstalk between ROS and Calcium Plays a Key Role in (+)-Brevipolide H-Mediated Signaling Pathways

ROS, in particular hydrogen peroxide, functions as a second messenger in signaling cascades which
orchestrate cell survival, proliferation, and cell death [28,29]. Most importantly, ROS-sensitive signaling
pathways, including MAPK, PI3K/Akt, and NF-κB pathways, are continually high in many types of
cancers [30]. The data showed that (+)-brevipolide H induced a dramatic increase of NAC-inhibitable
ROS production. (Figure 5). Moreover, NAC almost completely abolished (+)-brevipolide H-induced
increase of G1 population and apoptosis (Supplementary Figure S3).
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Figure 5. Effect of (+)-brevipolide H on ROS production in PC-3 cells. The cells were treated in the
absence or presence of (+)-brevipolide H (5 to 15 µM), NAC (1 mM), and BAPTA (5 µM) for 1 h.
ROS production was detected using FACScan flow cytometric analysis. Quantitative data of ROS
generation were analyzed using BD CellQuestTM Pro Software. Data are expressed as mean ± SEM
of three independent experiments; * p < 0.05 and *** p < 0.001 compared with (+)-brevipolide H-free
control and # p < 0.05, ## p < 0.01 and ### p < 0.001 compared with respective (+)-brevipolide H group.
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Ca2+ is another ubiquitous second messenger involved in a variety of cellular functions, including
cell cycle progression, cell survival, migration, and apoptosis [31]. It is noteworthy that the nature of
the calcium signal is changed in cancer and with tumor progression and, therefore, various studies
have suggested specific Ca2+ channels and pumps as drug targets for numerous cancer types, including
prostate [32,33]. In this study, (+)-brevipolide H caused a substantial increase of intracellular Ca2+

levels, which was partly but significantly inhibited by NAC (Figure 6). Together with data showing that
the intracellular calcium chelator BAPTA significantly diminished ROS generation to (+)-brevipolide
H action (Figure 5), it revealed that ROS, in concert with intracellular Ca2+, served as a key messenger
in regulating (+)-brevipolide H action on G1 arrest and apoptosis function. Notably, the regulation of
intracellular Ca2+ content involves both Ca2+ entry from extracellular spaces and Ca2+ release from
intracellular stores. Therefore, the (+)-brevipolide H-induced effect was examined in the presence
(0.4 mM Ca2+ solution) or absence [Ca2+-free/ethylene glycol tetraacetic acid (EGTA) solution] of
extracellular Ca2+. As a consequence, both conditions allowed a concentration-dependent increase of
cytosolic Ca2+ levels under (+)-brevipolide H treatment (Supplementary Figure S4), suggesting the
involvement of both extracellular Ca2+ entry and intracellular Ca2+ release.
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Figure 6. Effect of (+)-brevipolide H and NAC on the intracellular Ca2+ levels in PC-3 cells. The cells
were incubated in the absence or presence of (+)-brevipolide H (5 to 15 µM) and NAC (1 mM) for
1 h. Intracellular Ca2+ levels were detected using FACScan flow cytometric analysis. Quantitative
data were analyzed using BD CellQuestTM Pro Software. Data are expressed as mean ± SEM of three
independent experiments; ** p < 0.01 and *** p < 0.001 compared with (+)-brevipolide H-free control
and # p < 0.05 compared with respective (+)-brevipolide H group.
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2.5. The (+)-Brevipolide H Induced Downregulation of Anti-Apoptotic Bcl-2 Family Proteins and Loss of
Mitochondrial Membrane Potential

Mitochondria are at the center of the cellular energy metabolism, being the major source for ATP
production. The mitochondrial function is critically regulated by Ca2+. Overload of mitochondrial
matrix Ca2+ leads to augmented production of ROS, inducing the permeability transition pore and
cytochrome c release, which ultimately result in apoptosis [34,35]. The effect of (+)-brevipolide H on
mitochondrial function was determined. The (+)-brevipolide H induced a profound downregulation of
B-cell lymphoma 2 (Bcl-2) and Bcl-extra large (Bcl-xL), two pro-survival Bcl-2 families of proteins, but not
the other family members (Figure 7A). Furthermore, (+)-brevipolide H resulted in a profound loss of
mitochondrial membrane potential (Figure 7B). The data suggested the mitochondrial dysfunction in
cells in response to (+)-brevipolide H.
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Figure 7. Effect of (+)-brevipolide H on the expressions of Bcl-2 family of proteins and mitochondrial
membrane potential in PC-3 cells. (A) The cells were incubated in the absence or presence of
(+)-brevipolide H for the indicated concentrations and times. The cells were then collected and lysed
for the detection of protein expression by Western blot analysis. Quantitative data under the 9-h
treatment are expressed as mean ± SEM of three independent experiments using Bio-Rad Image
LabTM Software; * p < 0.05 and *** p < 0.001 compared with the respective control. (B) The cells
were incubated in the absence or presence of (+)-brevipolide H for 24 h and then stained with JC-1 to
monitor mitochondrial membrane potential. Quantitative data were analyzed using BD CellQuestTM

Pro Software and expressed as mean ± SEM of three independent experiments; *** p < 0.001 compared
with the control.
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3. Discussion

Discovery and development of new drugs, in particular anticancer drugs, from natural products,
has been the focus of much research. The α-pyrone is one of the most abundant scaffolds in
naturally occurring molecules, in which many are cytotoxic agents with anticancer potentials,
such as bufadienolides, gibepyrones, higginsianins, and pironetin [36–40]. The (+)-brevipolide H,
which belongs to the naturally occurring 5,6-dihydro-α-pyrone derivatives, displayed anti-proliferative
and apoptotic activities against CRPCs in the present work. The (+)-brevipolide H is structurally related
to pironectin, which is a crystallographically verified compound targeting α-tubulin and inducing
apoptosis in cancer cells through the induction of microtubule disassembly and mitotic arrest of the cell
cycle [41]. To elucidate the mechanism in PC-3 cells under (+)-brevipolide H exposure, the distribution
of cell cycle phases was examined showing the arrest of G1 other than the mitotic phase. Further
substantiation also demonstrated the downregulation of protein expressions in G1 cyclins—cyclin D1
and cyclin E—and suppression of their nuclear localization. The result was distinguishable from that
of cyclin B1 upregulation under mitotic arrest stress induced by anti-tubulin agents [42,43].

The mitochondrion is a critical gatekeeper of life and death in the cell and is one of the most
susceptible organelles responsive to apoptotic stimuli through the disruption of ATP synthesis,
generation of ROS, and release of proapoptotic proteins [34]. We demonstrated that the mitochondrion
was damaged under (+)-brevipolide H exposure by detecting the downregulation of Bcl-2 and Bcl-xL,
and the loss of mitochondrial membrane potential; the mitochondrial dysfunction would impair ATP
synthesis. Cell proliferation has a high reliance on energy consumption that regulates the checkpoints
of the cell cycle [44]. Numerous studies have suggested the entry of cells into the G1 phase involved a
burst of mitochondrial activity since the enzyme activities required in oxidative phosphorylation are
increased in the G1 phase [45]. These studies support (+)-brevipolide H-induced G1 arrest of the cell
cycle and subsequent apoptosis.

ROS have been widely characterized as being not just detrimental by-products of mitochondrial
respiration, but also as being crucial for cell signaling [34]. The primary ROS produced by mitochondria
is superoxide (O2•−), which is converted to H2O2. Mitochondrial membrane potential, a driving force
for ATP synthesis, is a crucial factor of ROS production. Depolarization below a certain potential may
indicate damaged mitochondrial function and induce ROS production. In a feedback mechanism,
ROS can further trigger mitochondrial uncoupling [46,47]. Our data showed that (+)-brevipolide H
induced the loss of mitochondrial membrane potential (depolarization) in PC-3 cells and triggered
ROS production. Furthermore, it has been reported that oxidative stress to the respiration chain can
depolarize the mitochondrial inner membrane, disturbing Ca2+ reuptake. Furthermore, ROS can induce
certain Ca2+ release pathways from mitochondria through the oxidation of some vicinal thiols [48].
The (+)-brevipolide H-induced increase of intracellular Ca2+ levels was suppressed by NAC, suggesting
the contribution of oxidative stress to Ca2+ flux. On the other hand, it is evident that Ca2+ can also
stimulate ROS production through several events, including an increase of electron flow into the
respiration chain, inhibition of respiration at complex I and IV by produced nitric oxide, and inhibition
of complex III by opening of the permeability transition pore and cytochrome c release [34,49].
Our data showed that BAPTA significantly diminished ROS generation to (+)-brevipolide H action,
supporting the contribution of Ca2+ flux to oxidative stress. In addition to the mitochondrion,
the endoplasmic reticulum (ER) is another important organelle in regulating ROS production and Ca2+

mobilization. Evidence abounds that during ER-involved stress conditions, various stimuli can induce
ROS production through redox-signaling pathways and Ca2+ release from related channels, i.e., inositol
trisphosphate (InsP3) and ryanodine receptors, and sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
residing in the endomembrane [50]. It is worth noting that crosstalk exists between mitochondrion and
ER where ROS and Ca2+ flux play crucial roles since various Ca2+-related proteins, including InsP3
receptor, SERCA pumps, and mitochondrial Ca2+ uniporter, are redox sensitive [51]. In this study, both
extracellular Ca2+ entry and intracellular Ca2+ release were involved in (+)-brevipolide H-mediated
signaling. Although current data could not distinguish the contribution to Ca2+ flux between these
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organelles, it was suggested that, at least, the mitochondrion was involved in this activity, although the
role of ER remained unclear.

PI3K/Akt activation takes place at two distinct times during the progression of the cell cycle.
The first occurs immediately after growth factor exposure and the second at late G1 phase since PI3K
activation can stimulate cyclin E/Cdk2 activity and the entry of S phase for DNA synthesis, whereas
rapamycin (the best known mTOR inhibitor) completely abolishes this activity [52,53]. Furthermore,
blockade of late-G1 PI3K activity can induce an inhibitory effect on c-Myc expression; however,
expression of a stable c-Myc mutant rescues the effect and restores the entry of the S phase, suggesting
the requirement of c-Myc stabilization in PI3K-mediated induction of DNA synthesis [52]. Our data
were in agreement with these studies, showing that (+)-brevipolide H suppressed Akt/mTOR pathway
associated with the inhibition of c-Myc in stopping the cell cycle at the late G1 phase. One crucial issue
is that Akt may interact with and phosphorylate InsP3 receptors to reduce the Ca2+ release capability
in cells responsive to survival stimulus and to decrease cellular susceptibility under apoptotic stress
through the pathway requiring decreased calcium mobilization in the crosstalk between the ER and
the mitochondrion [54,55]. This might, at least partly, explain the suppression of Ca2+ flux under
(+)-brevipolide H exposure.

The data in the present work revealed that both Bcl-2 and Bcl-xL were two Bcl-2 family members
being downregulated to (+)-brevipolide H action. Bcl-2 has been shown to participate in carcinogenesis
and development of androgen-independent prostate cancer. Upregulation of Bcl-2 expression has
been reported to link the PI3K/Akt survival pathway [56]. Ren and colleagues reported that PI3K/Akt
blockade in combination with Bcl-xL inhibition resulted in synergistic apoptosis, in particular in
PTEN-mutant prostate cancer cells, whereas single PI3K/Akt inhibition did not [57]. The report suggests
that the inhibition of Bcl-2 and Bcl-xL is efficient in combating with PI3K/Akt survival signaling.
Our data supported this notion, since (+)-brevipolide H efficiently induced an anticancer effect in
PTEN-null PC-3 cells through the inhibition of the PI3K/Akt pathway and downregulation of both Bcl-2
and Bcl-xL. Notably, Bcl-2 is not only associated with the outer mitochondrial membrane but also with
the ER, and is able to decrease steady-state Ca2+ of the ER in an InsP3 receptor-dependent mechanism.
Moreover, Bcl-2 overexpression reduces ER Ca2+ levels and, therefore, decreases InsP3 agonist-induced
Ca2+ flux in the cytoplasm and in the mitochondria [55,58]. Similar Ca2+ flux modulation was observed
by Bcl-xL [59]. These studies further supported the (+)-brevipolide H action of downregulating both
Bcl-2 and Bcl-xL expressions, while increasing cytosolic Ca2+ levels through both intracellular store
release and extracellular space influx.

In conclusion, the data suggest that (+)-brevipolide H induces anticancer signaling in a sequential
manner (Figure 8). It induces an interplay between ROS production and increased cytosolic Ca2+

levels, which are contributed to by both intracellular Ca2+ release and extracellular Ca2+ influx.
Furthermore, the Akt/mTOR/p70S6K pathway was suppressed followed by the downregulation of
cyclin D1 and cyclin E in (+)-brevipolide H-induced G1 checkpoint arrest. Notably, the inhibition
of both Bcl-2 and Bcl-xL may play a crucial role, not only in mitochondrial dysfunction, but also in
supporting intracellular calcium mobilization and Akt inhibition, although interactive regulation needs
further elucidation.
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Figure 8. Signaling pathway of (+)-brevipolide H in PC-3 cells. The (+)-brevipolide H displays
anticancer activity through mitochondrial stress in which the interplay between ROS production
and increased cytosolic Ca2+ levels takes place. The inhibition of both Bcl-2 and Bcl-xL plays a
crucial role on mitochondrial dysfunction. Akt/mTOR/p70S6K pathway was suppressed followed
by the downregulation of cyclin D1 and cyclin E in (+)-brevipolide H-induced G1 checkpoint arrest.
The cellular stress may ultimately induce apoptosis.

4. Materials and Methods

4.1. Materials

Roswell Park Memorial Institute (RPMI) 1640 medium, Opti-Minimum Essential Medium
(MEM), FBS, Pen-Strep-Ampho Solution (10,000 U/mL of penicillin, 10 mg/mL of streptomycin
and 0.025 mg/mL of Amphotericin B), carboxyfluoresceinsuccinimidyl ester (CFSE), Lipofectamine
2000 transfection reagent, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolylcarbocyanine iodide
(JC-1) and 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) were purchased from Thermo Fisher
Scientific (Madison, WI, USA). Acetic acid, crystal violet, DL-dithiothreitol (DTT), propidium iodide
(PI), phenylmethanesulfonyl fluoride (PMSF), EGTA, sodium fluoride (NaF), sodium orthovanadata
(Na3VO4), N-acetyl-L-cysteine (NAC), and SRB were from Sigma Chemical (St. Louis, MO, USA).
Antibody of caspase-3 was from Imgenex (San Diego, CA, USA). Antibodies of cleaved caspase-9,
cyclin D1, p-4E-BP1Thr70, p-4E-BP1Thr37/46, 4E-BP1, p-AktThr308, p-AktSer473, Akt, p-p70S6KThr389,
p-mTORSer2448, and mTOR were obtained from Cell Signaling (Beverly, MA, USA). Antibodies of
cyclin A, cyclin B1, cyclin E, CDK1, CDK2, CDK4, c-Myc, α-tubulin, Mcl-1, Bcl-2, Bcl-xL, Bak, Bad, Bax,
Noxa, p53-upregulated modulator of apoptosis (Puma), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), poly [ADP-ribose] polymerase-1 (PARP-1), horseradish peroxidase (HRP)-conjugated
anti-mouse and anti-rabbit immunoglobulin G (IgG) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibody of p70S6K was from Abcam (Cambridge, MA, USA). Bio-Rad protein
assay kit was from Bio-Rad (Hercules, CA, USA). Poly(vinylidene fluoride) (PVDF) membrane was
purchased form Pall Gelman Laboratory (Ann Arbor, MI, USA). The (+)-brevipolide H was totally
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synthesized and published previously [13]. The compound was solubilized in DMSO. The final
concentration of DMSO in cells was 0.1%.

4.2. Cell Culture

CRPC cell line PC-3, obtained from Bioresource Collection and Research Center (Hsinchu, Taiwan),
was cultured in RPMI 1640 medium with 5% (v/v) FBS, 100 U/mL penicillin and 100 µg/mL streptomycin.
Cultures were maintained in a 37 ◦C incubator with 5% CO2. Cells were detached by using 0.05%
trypsin-EDTA for passaging at confluence.

4.3. Sulforhodamine B (SRB) Assay

PC-3 cells were cultured in 96-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density
of 3000 cells per well for 24 h. Cells of few wells were fixed with 10% trichloroacetic acid (TCA) to
represent for cell numbers at the time of compound treatment (T0). Cells in control groups were
incubated in 0.1% DMSO while cells in experimental groups were treated with the indicated compound
for 96 h. After the treatment, cells were fixed with 10% TCA and stained with 0.4% (w/v) SRB dissolved
in 1% acetic acid. Unbound dye was washed out with 1% acetic acid. The dye that bound to proteins
was solubilized with 10 mM Tris base, and the absorbance of the solution was further measured at a
wavelength of 515 nm to realize the inhibition of cell growth under different treatments.

4.4. Colony Formation Assay

The cells were cultured in six-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density
of 100 cells per well for 24 h. Cells were then incubated with 0.1% DMSO or indicated treatments
for seven days. After the treatment, the cells were stained with 0.4% (w/v) crystal violet for 10 min.
Surplus dye was removed by PBS washing. The plates were air-dried and the images of stained colony
formation left on the plates were scanned. The colony formation stained with crystal violet was then
solubilized by 0.05 M sodium citrate dissolved in ethanol, and the absorbance of the solution was
measured at a wavelength of 595 nm to examine inhibition of colony formation.

4.5. Cell Proliferation Assay with CFSE Staining

The cells were cultured in six-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density of
50,000 cells per well and stained with CFSE for 48 h. Cells were then incubated with 0.1% DMSO or
compound treatment for another 24 or 48 h. After the treatment, cell proliferation was detected by
FACSan FL1 channel (Becton Dickinson, San Jose, CA, USA). Proliferation index was analyzed with
software ModFit LTTM 3.3 (Verity Software House, Topsham, ME, USA) to quantify the inhibition of
cell proliferation.

4.6. Cell Distribution Analysis with PI Staining

Cells incubated in RPMI 1640 medium with the indicated treatments were harvested by
trypsinization, fixed with 70% (v/v) alcohol at –20 ◦C for 30 min and washed with PBS.
After centrifugation, cells were resuspended with 0.2 mL PI solution which was composed of 0.1% (v/v)
Triton X-100, 100 µg/mL RNase, and 80 mg/mL PI. Cell cycle distribution was detected with FACScan
FL2 channel (Becton Dickinson, San Jose, CA, USA) and analyzed with BD CellQuestTM Pro Software.

4.7. Measurement of Mitochondrial Membrane Potential Loss with JC-1 Staining

The cells were cultured in six-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density
of 160,000 cells per well for 24 h and then treated as indicated for further 24 h. Cells were incubated
in RPMI with 5 µM JC-1 for 10 min at 37 ◦C and collected through trypsinization. Mitochondrial
membrane potential was detected by FACSan FL1 and FL2 channels (Becton Dickinson, San Jose, CA,
USA) and analyzed with BD CellQuestTM Pro Software. The loss of mitochondrial membrane potential
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was observed through detecting R1 (J-aggregates form of JC-1) and R2 (monomeric form of JC-1) cell
population by FACScan flow cytometer.

4.8. Western Blot Analysis

After treatment, cells were harvested with trypsinization, centrifuged, and lysed in 0.1 mL of lysis
buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1mM EGTA, 1 % Triton X-100, 1 mM PMSF,
10 µg/mL leupeptin, 10 µg/mL aprotinin, 50 mM NaF, and 100 µM sodium orthovanadate. Total protein
was quantified, mixed with sample buffer, and boiled at 90 ◦C for 5 min. Equal amount of protein
(30 µg) was separated by electrophoresis in 8% or 12% SDS-PAGE, transferred to PVDF membranes,
and was detected with specific antibodies (1:500–1:3000 dilution). The immunoreactive proteins after
incubation with appropriately labeled secondary antibody (1:3000 dilution) were detected with an
enhanced chemiluminescence detection kit (Amersham, Buckinghamshire, UK).

4.9. Confocal Immunofluorescence Microscopy

The cells were seeded on coverslips placed in six-well plates with RPMI 1640 medium with 5% (v/v)
FBS at a density of 110,000 cells per well. Cells were then incubated with indicated treatments. Then,
the cells were washed with PBS and fixed with 100% methanol for 15 min. Fixed cells were washed with
PBS again, followed by a 0.5-h treatment of 0.1% Triton X-100 to induce membrane permeabilization
and 1% BSA in PBS as the blocking solution. The cells were stained with anti-cyclin D1 or anti-cyclin
E antibody (1:200 dilutions) for 40 min, followed with fluorescein isothiocyanate (FITC)-conjugated
secondary antibody (1:200 dilutions) for 1 h. After washing, 0.15 µg/mL 4′,6-diamidino-2-phenylindole
(DAPI) was added for nuclear staining for 5 min. The fluorescence was observed using Confocal
microscope Zeiss LSM 880 (Carl Zeiss, Jena, Germany).

4.10. Transfection

The cells were cultured in six-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density of
230,000 cells per well for 24 h. Aliquots containing control plasmid or Myr-Akt expression vector in
serum-free Opti-MEM were transfected into Lipofectamine 2000 (Invitrogen, CA, USA) following a
20-min gentle mixing at room temperature. Cells were incubated in Opti-MEM containing mixtures
(plasmid concentration: 2 µg/µL) for 6 h at 37 ◦C. After the incubation, cells were washed with medium
and incubated in 10% FBS-containing RPMI-1640 medium for 48 h, treated with indicated treatments,
and collected to perform the Western blot analysis.

4.11. Measurement of Reactive Oxygen Species (ROS) Production

The cells were cultured in 12-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density
of 100,000 cells per well for 24 h. Cells were then treated with 0.1% DMSO or compound. For the
measurement of ROS production, cells were incubated with 10 µM DCF-DA for 30 min at 37 ◦C.
ROS production was detected by FACSan FL1 channel (Becton Dickinson, San Jose, CA, USA) and
analyzed with BD CellQuestTM Pro Software.

4.12. Measurement of Intracellular Ca2+ Content

The cells were cultured in 12-well plates in RPMI 1640 medium with 5% (v/v) FBS at a density
of 100,000 cells per well for 24 h. Cells were then treated with 0.1% DMSO or compound. For the
measurement of intracellular Ca2+, the cells were incubated with 5 µM fluo-3 AM (acetoxymethyl
ester) for 30 min at 37 ◦C. Intracellular Ca2+ was detected by FACSan FL1 channel (Becton Dickinson,
San Jose, CA, USA) and analyzed with BD CellQuestTM Pro Software.
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4.13. Data Analysis

Data are expressed as mean ± SEM of at least three independent experiments. Computerized
image analysis system LabTM Software (Bio-Rad Laboratories, Hercules, CA, USA) was adopted to
quantify experimental results of Western blot analysis. Statistical analysis of data for multiple groups
was performed by a Student’s t-test and p-values less than 0.05 were considered statistically significant.

Supplementary Materials: The following are available online. Figure S1: Effect of (+)-Brevipolide H on colony
formation in PC-3 cells, Figure S2: Effect of (+)-Brevipolide H on activation of caspases in PC-3 cells, Figure S3: Effect
of NAC on (+)-Brevipolide H-mediated cell cycle distribution in PC-3 cells, Figure S4: Effect of (+)-Brevipolide H
on Ca2+ flux in PC-3 cells.
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CFSE carboxyfluoresceinsuccinimidyl ester
CRPC castration-resistant prostate cancer
DCF-DA 2′,7′-dichlorodihydrofluorescein diacetate
DTT DL-dithiothreitol
ER endoplasmic reticulum
InsP3 inositol trisphosphate
MAPK mitogen-activated protein kinase
mTOR mammalian target of rapamycin
Myr-Akt myristoylated Akt
NAC N-acetyl-L-cysteine
PI3K phosphoinositide 3-kinase
PI propidium iodide
PMSF phenylmethanesulfonyl fluoride
PTEN phosphatase and tensin homologue
ROS reactive oxygen species
SERCA sarco/endoplasmic reticulum Ca2+-ATPase
SRB sulforhodamine B
TCA trichloroacetic acid

References

1. Scher, H.I.; Heller, G. Clinical states in prostate cancer: Toward a dynamic model of disease progression.
Urology 2000, 55, 323–327. [CrossRef]

2. Nussinov, R.; Tsai, C.J.; Jang, H. A New View of Pathway-Driven Drug Resistance in Tumor Proliferation.
Trends Pharmacol. Sci. 2017, 38, 427–437. [CrossRef] [PubMed]

3. Befani, C.D.; Vlachostergios, P.J.; Hatzidaki, E.; Patrikidou, A.; Bonanou, S.; Simos, G.; Papandreou, C.N.;
Liakos, P. Bortezomib represses HIF-1α protein expression and nuclear accumulation by inhibiting both
PI3K/Akt/TOR and MAPK pathways in prostate cancer cells. J. Mol. Med. (Berl) 2012, 90, 45–54. [CrossRef]
[PubMed]

4. Reddy, D.; Ghosh, P.; Kumavath, R. Strophanthidin Attenuates MAPK, PI3K/AKT/mTOR, and Wnt/β-Catenin
Signaling Pathways in Human Cancers. Front. Oncol. 2020, 9, 1469. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0090-4295(99)00471-9
http://dx.doi.org/10.1016/j.tips.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28245913
http://dx.doi.org/10.1007/s00109-011-0805-8
http://www.ncbi.nlm.nih.gov/pubmed/21909688
http://dx.doi.org/10.3389/fonc.2019.01469
http://www.ncbi.nlm.nih.gov/pubmed/32010609


Molecules 2020, 25, 2929 17 of 19

5. Colombo, M.; Platonova, N.; Giannandrea, D.; Palano, M.T.; Basile, A.; Chiaramonte, R. Re-establishing
Apoptosis Competence in Bone Associated Cancers via Communicative Reprogramming Induced Through
Notch Signaling Inhibition. Front. Pharmacol. 2019, 10, 145. [CrossRef] [PubMed]

6. Narayanankutty, A. PI3K/ Akt/ mTOR Pathway as a Therapeutic Target for Colorectal Cancer: A Review of
Preclinical and Clinical Evidence. Curr. Drug Targets 2019, 20, 1217–1226. [CrossRef]

7. Marquard, F.E.; Jücker, M. PI3K/AKT/mTOR signaling as a molecular target in head and neck cancer.
Biochem. Pharmacol. 2020, 172, 113729. [CrossRef]

8. Porta, C.; Paglino, C.; Mosca, A. Targeting PI3K/Akt/mTOR Signaling in Cancer. Front. Oncol. 2014, 4, 64.
[CrossRef]

9. Bitting, R.L.; Armstrong, A.J. Targeting the PI3K/Akt/mTOR pathway in castration-resistant prostate cancer.
Endocr. Relat. Cancer 2013, 20, R83–R99. [CrossRef]

10. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016,
79, 629–661. [CrossRef]

11. Deng, Y.; Balunas, M.J.; Kim, J.A.; Lantvit, D.D.; Chin, Y.W.; Chai, H.; Sugiarso, S.; Kardono, L.B.; Fong, H.H.;
Pezzuto, J.M.; et al. Bioactive 5,6-dihydro-alpha-pyrone derivatives from Hyptis brevipes. J. Nat. Prod. 2009,
72, 1165–1169. [CrossRef]

12. Suárez-Ortiz, G.A.; Cerda-García-Rojas, C.M.; Hernández-Rojas, A.; Pereda-Miranda, R. Absolute
configuration and conformational analysis of (-)-brevipolides, bioactive 5,6-dihydro-α-pyrones from Hyptis
brevipes. J. Nat. Prod. 2013, 76, 72–78. [CrossRef] [PubMed]

13. Chen, C.N.; Hou, D.R. Enantioselective synthesis of (+)-brevipolide H. Org. Biomol. Chem. 2016, 14,
6762–6768. [CrossRef]

14. Hegde, V.R.; Pu, H.; Patel, M.; Das, P.R.; Strizki, J.; Gullo, V.P.; Chou, C.C.; Buevich, A.V.; Chan, T.M. Three
new compounds from the plant Lippia alva as inhibitors of chemokine receptor 5 (CCR5). Bioorg. Med.
Chem. Lett. 2004, 14, 5339–5342. [CrossRef] [PubMed]

15. Conley-LaComb, M.K.; Saliganan, A.; Kandagatla, P.; Chen, Y.Q.; Cher, M.L.; Chinni, S.R. PTEN loss mediated
Akt activation promotes prostate tumor growth and metastasis via CXCL12/CXCR4 signaling. Mol. Cancer
2013, 12, 85. [CrossRef] [PubMed]

16. Gul, A.; Leyland-Jones, B.; Dey, N.; De, P. A combination of the PI3K pathway inhibitor plus cell cycle
pathway inhibitor to combat endocrine resistance in hormone receptor-positive breast cancer: A genomic
algorithm-based treatment approach. Am. J. Cancer Res. 2018, 8, 2359–2376.

17. Hinds, P.W.; Mittnacht, S.; Dulic, V.; Arnold, A.; Reed, S.I.; Weinberg, R.A. Regulation of retinoblastoma
protein functions by ectopic expression of human cyclins. Cell 1992, 70, 993–1006. [CrossRef]

18. Matsushime, H.; Ewen, M.E.; Strom, D.K.; Kato, J.Y.; Hanks, S.K.; Roussel, M.F.; Sherr, C.J. Identification and
properties of an atypical catalytic subunit (p34PSK-J3/cdk4) for mammalian D type G1 cyclins. Cell 1992, 71,
323–334. [CrossRef]

19. Liao, D.J.; Thakur, A.; Wu, J.; Biliran, H.; Sarkar, F.H. Perspectives on c-Myc, Cyclin D1, and their interaction in
cancer formation, progression, and response to chemotherapy. Crit. Rev. Oncog. 2007, 13, 93–158. [CrossRef]

20. Pérez-Roger, I.; Solomon, D.L.; Sewing, A.; Land, H. Myc activation of cyclin E/Cdk2 kinase involves
induction of cyclin E gene transcription and inhibition of p27(Kip1) binding to newly formed complexes.
Oncogene 1997, 14, 2373–2381. [CrossRef]

21. Baldin, V.; Lukas, J.; Marcote, M.J.; Pagano, M.; Draetta, G. Cyclin D1 is a nuclear protein required for cell
cycle progression in G1. Genes Dev. 1993, 7, 812–821. [CrossRef] [PubMed]

22. Ohtsubo, M.; Theodoras, A.M.; Schumacher, J.; Roberts, J.M.; Pagano, M. Human cyclin E, a nuclear protein
essential for the G1-to-S phase transition. Mol. Cell Biol. 1995, 15, 2612–2624. [CrossRef] [PubMed]

23. Jones, S.M.; Klinghoffer, R.; Prestwich, G.D.; Toker, A.; Kazlauskas, A. PDGF induces an early and a late
wave of PI 3-kinase activity, and only the late wave is required for progression through G1. Curr. Biol. 1999,
9, 512–521. [CrossRef]

24. Showkat, M.; Beigh, M.A.; Andrabi, K.I. mTOR signaling in Protein Translation Regulation: Implications in
Cancer Genesis and Therapeutic Interventions. Mol. Biol. Int. 2014, 2014, 686984. [CrossRef]

25. Pause, A.; Belsham, G.J.; Gingras, A.C.; Donzé, O.; Lin, T.A.; Lawrence, J.C., Jr.; Sonenberg, N.
Insulin-dependent stimulation of protein synthesis by phosphorylation of a regulator of 5′-cap function.
Nature 1994, 371, 762–767. [CrossRef]

http://dx.doi.org/10.3389/fphar.2019.00145
http://www.ncbi.nlm.nih.gov/pubmed/30873026
http://dx.doi.org/10.2174/1389450120666190618123846
http://dx.doi.org/10.1016/j.bcp.2019.113729
http://dx.doi.org/10.3389/fonc.2014.00064
http://dx.doi.org/10.1530/ERC-12-0394
http://dx.doi.org/10.1021/acs.jnatprod.5b01055
http://dx.doi.org/10.1021/np9001724
http://dx.doi.org/10.1021/np300740h
http://www.ncbi.nlm.nih.gov/pubmed/23282042
http://dx.doi.org/10.1039/C6OB01071G
http://dx.doi.org/10.1016/j.bmcl.2004.08.021
http://www.ncbi.nlm.nih.gov/pubmed/15454223
http://dx.doi.org/10.1186/1476-4598-12-85
http://www.ncbi.nlm.nih.gov/pubmed/23902739
http://dx.doi.org/10.1016/0092-8674(92)90249-C
http://dx.doi.org/10.1016/0092-8674(92)90360-O
http://dx.doi.org/10.1615/CritRevOncog.v13.i2.10
http://dx.doi.org/10.1038/sj.onc.1201197
http://dx.doi.org/10.1101/gad.7.5.812
http://www.ncbi.nlm.nih.gov/pubmed/8491378
http://dx.doi.org/10.1128/MCB.15.5.2612
http://www.ncbi.nlm.nih.gov/pubmed/7739542
http://dx.doi.org/10.1016/S0960-9822(99)80235-8
http://dx.doi.org/10.1155/2014/686984
http://dx.doi.org/10.1038/371762a0


Molecules 2020, 25, 2929 18 of 19

26. Gingras, A.C.; Gygi, S.P.; Raught, B.; Polakiewicz, R.D.; Abraham, R.T.; Hoekstra, M.F.; Aebersold, R.;
Sonenberg, N. Regulation of 4E-BP1 phosphorylation: A novel two-step mechanism. Genes Dev. 1999, 13,
1422–1437. [CrossRef]

27. Zhang, W.; Haines, B.B.; Efferson, C.; Zhu, J.; Ware, C.; Kunii, K.; Tammam, J.; Angagaw, M.; Hinton, M.C.;
Keilhack, H.; et al. Evidence of mTOR Activation by an AKT-Independent Mechanism Provides Support for
the Combined Treatment of PTEN-Deficient Prostate Tumors with mTOR and AKT Inhibitors. Transl. Oncol.
2012, 5, 422–429. [CrossRef] [PubMed]

28. Sauer, H.; Wartenberg, M.; Hescheler, J. Reactive oxygen species as intracellular messengers during cell
growth and differentiation. Cell Physiol. Biochem. 2001, 11, 173–186. [CrossRef] [PubMed]

29. Sundaresan, M.; Yu, Z.X.; Ferrans, V.J.; Irani, K.; Finkel, T. Requirement for generation of H2O2 for
platelet-derived growth factor signal transduction. Science 1995, 270, 296–299. [CrossRef]

30. Liou, G.Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [CrossRef]
31. Chen, Y.F.; Chen, Y.T.; Chiu, W.Y.; Shen, M.R. Remodeling of calcium signaling in tumor progression. J. Biomed.

Sci. 2013, 20, 23. [CrossRef] [PubMed]
32. Stewart, T.A.; Yapa, K.T.; Monteith, G.R. Altered calcium signaling in cancer cells. Biochim. Biophys. Acta

2015, 1848, 2502–2511. [CrossRef] [PubMed]
33. Fixemer, T.; Wissenbach, U.; Flockerzi, V.; Bonkhoff, H. Expression of the Ca2+-selective cation channel

TRPV6 in human prostate cancer: A novel prognostic marker for tumor progression. Oncogene 2003, 22,
7858–7861. [CrossRef] [PubMed]

34. Brookes, P.S.; Yoon, Y.; Robotham, J.L.; Anders, M.W.; Sheu, S.S. Calcium, ATP, and ROS: A mitochondrial
love-hate triangle. Am. J. Physiol. Cell Physiol. 2004, 287, C817–C833. [CrossRef] [PubMed]

35. Görlach, A.; Bertram, K.; Hudecova, S.; Krizanova, O. Calcium and ROS: A mutual interplay. Redox Biol.
2015, 6, 260–271. [CrossRef]

36. McGlacken, G.P.; Fairlamb, I.J. 2-Pyrone natural products and mimetics: Isolation, characterization and
biological activity. Nat. Prod. Rep. 2005, 22, 369–385. [CrossRef]

37. Garcia, I.J.P.; de Oliveira, G.C.; de Moura Valadares, J.M.; Banfi, F.F.; Andrade, S.N.; Freitas, T.R.; Dos Santos
Monção Filho, E.; Lima Santos, H.; Júnior, G.M.V.; Chaves, M.H.; et al. New bufadienolides extracted from
Rhinella marina inhibit Na,K-ATPase and induce apoptosis by activating caspases 3 and 9 in human breast
and ovarian cancer cells. Steroids 2019, 152, 108490. [CrossRef]

38. Li, Y.; Tang, H.; Tian, X.; Lin, H.; Wang, M.; Yao, M. Three new cytotoxic isomalabaricane triterpenes from
the marine sponge Stelletta tenuis. Fitoterapia 2015, 106, 226–230. [CrossRef]

39. Cimmino, A.; Mathieu, V.; Masi, M.; Baroncelli, R.; Boari, A.; Pescitelli, G.; Ferderin, M.; Lisy, R.; Evidente, M.;
Tuzi, A.; et al. Evidente, Higginsianins A and B, Two Diterpenoid α-Pyrones Produced by Colletotrichum
higginsianum, with in Vitro Cytostatic Activity. J. Nat. Prod. 2016, 79, 116–125. [CrossRef]

40. Coulup, S.K.; Huang, D.S.; Wong, H.L.; Georg, G.I. Identification of the Metabolic Profile of the
α-Tubulin-Binding Natural Product (-)-Pironetin. J. Med. Chem. 2019, 62, 1684–1689. [CrossRef]

41. Kondoh, M.; Usui, T.; Nishikiori, T.; Mayumi, T.; Osada, H. Apoptosis induction via microtubule disassembly
by an antitumour compound, pironetin. Biochem. J. 1999, 340, 411–416. [CrossRef] [PubMed]

42. Potashnikova, D.M.; Saidova, A.A.; Tvorogova, A.V.; Sheval, E.V.; Vorobjev, I.A. Non-linear Dose Response
of Lymphocyte Cell Lines to Microtubule Inhibitors. Front. Pharmacol. 2019, 10, 436. [CrossRef] [PubMed]

43. Porcelli, L.; Stolfa, D.; Stefanachi, A.; Di Fonte, R.; Garofoli, M.; Iacobazzi, R.M.; Silvestris, N.; Guarini, A.;
Cellamare, S.; Azzariti, A. Synthesis and biological evaluation of N-biphenyl-nicotinic based moiety
compounds: A new class of antimitotic agents for the treatment of Hodgkin Lymphoma. Cancer Lett. 2019,
445, 1–10. [CrossRef] [PubMed]

44. Antico Arciuch, V.G.; Elguero, M.E.; Poderoso, J.J.; Carreras, M.C. Mitochondrial regulation of cell cycle and
proliferation. Antioxid. Redox. Signal. 2012, 16, 1150–1180. [CrossRef]

45. Van den Bogert, C.; Muus, P.; Haanen, C.; Pennings, A.; Melis, T.E.; Kroon, A.M. Mitochondrial biogenesis
and mitochondrial activity during the progression of the cell cycle of human leukemic cells. Exp. Cell Res.
1988, 178, 143–153. [CrossRef]

46. Starkov, A.A.; Fiskum, G. Regulation of brain mitochondrial H2O2 production by membrane potential and
NAD(P)H redox state. J. Neurochem. 2003, 86, 1101–1107. [CrossRef]

http://dx.doi.org/10.1101/gad.13.11.1422
http://dx.doi.org/10.1593/tlo.12241
http://www.ncbi.nlm.nih.gov/pubmed/23323157
http://dx.doi.org/10.1159/000047804
http://www.ncbi.nlm.nih.gov/pubmed/11509825
http://dx.doi.org/10.1126/science.270.5234.296
http://dx.doi.org/10.3109/10715761003667554
http://dx.doi.org/10.1186/1423-0127-20-23
http://www.ncbi.nlm.nih.gov/pubmed/23594099
http://dx.doi.org/10.1016/j.bbamem.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25150047
http://dx.doi.org/10.1038/sj.onc.1206895
http://www.ncbi.nlm.nih.gov/pubmed/14586412
http://dx.doi.org/10.1152/ajpcell.00139.2004
http://www.ncbi.nlm.nih.gov/pubmed/15355853
http://dx.doi.org/10.1016/j.redox.2015.08.010
http://dx.doi.org/10.1039/b416651p
http://dx.doi.org/10.1016/j.steroids.2019.108490
http://dx.doi.org/10.1016/j.fitote.2015.09.012
http://dx.doi.org/10.1021/acs.jnatprod.5b00779
http://dx.doi.org/10.1021/acs.jmedchem.8b01774
http://dx.doi.org/10.1042/bj3400411
http://www.ncbi.nlm.nih.gov/pubmed/10333483
http://dx.doi.org/10.3389/fphar.2019.00436
http://www.ncbi.nlm.nih.gov/pubmed/31068822
http://dx.doi.org/10.1016/j.canlet.2018.12.013
http://www.ncbi.nlm.nih.gov/pubmed/30583077
http://dx.doi.org/10.1089/ars.2011.4085
http://dx.doi.org/10.1016/0014-4827(88)90385-0
http://dx.doi.org/10.1046/j.1471-4159.2003.01908.x


Molecules 2020, 25, 2929 19 of 19

47. Echtay, K.S.; Roussel, D.; St-Pierre, J.; Jekabsons, M.B.; Cadenas, S.; Stuart, J.A.; Harper, J.A.; Roebuck, S.J.;
Morrison, A.; Pickering, S.; et al. Superoxide activates mitochondrial uncoupling proteins. Nature 2002, 415,
96–99. [CrossRef]

48. Richter, C. Reactive oxygen and nitrogen species regulate mitochondrial Ca2+ homeostasis and respiration.
Biosci. Rep. 1997, 17, 53–66. [CrossRef]

49. Grijalba, M.T.; Vercesi, A.E.; Schreier, S. Ca2+-induced increased lipid packing and domain formation in
submitochondrial particles. A possible early step in the mechanism of Ca2+-stimulated generation of reactive
oxygen species by the respiratory chain. Biochemistry 1999, 38, 13279–13287. [CrossRef]

50. Zeeshan, H.M.; Lee, G.H.; Kim, H.R.; Chae, H.J. Endoplasmic Reticulum Stress and Associated ROS. Int. J.
Mol. Sci. 2016, 17, 327. [CrossRef]

51. Yoboue, E.D.; Sitia, R.; Simmen, T. Redox crosstalk at endoplasmic reticulum (ER) membrane contact sites
(MCS) uses toxic waste to deliver messages. Cell Death Dis. 2018, 9, 331. [CrossRef] [PubMed]

52. Kumar, A.; Marqués, M.; Carrera, A.C. Phosphoinositide 3-kinase activation in late G1 is required for c-Myc
stabilization and S phase entry. Mol. Cell Biol. 2006, 26, 9116–9125. [CrossRef] [PubMed]

53. Klippel, A.; Escobedo, M.A.; Wachowicz, M.S.; Apell, G.; Brown, T.W.; Giedlin, M.A.; Kavanaugh, W.M.;
Williams, L.T. Activation of phosphatidylinositol 3-kinase is sufficient for cell cycle entry and promotes
cellular changes characteristic of oncogenic transformation. Mol. Cell Biol. 1998, 18, 5699–5711. [CrossRef]

54. Khan, M.T.; Wagner, L., 2nd; Yule, D.I.; Bhanumathy, C.; Joseph, S.K. Akt kinase phosphorylation of inositol
1,4,5-trisphosphate receptors. J. Biol. Chem. 2006, 281, 3731–3737. [CrossRef] [PubMed]

55. Pinton, P.; Giorgi, C.; Siviero, R.; Zecchini, E.; Rizzuto, R. Calcium and apoptosis: ER-mitochondria Ca2+

transfer in the control of apoptosis. Oncogene 2008, 27, 6407–6418. [CrossRef]
56. Catz, S.D.; Johnson, J.L. BCL-2 in prostate cancer: A minireview. Apoptosis 2003, 8, 29–37. [CrossRef]
57. Ren, W.; Joshi, R.; Mathew, P. Synthetic Lethality in PTEN-Mutant Prostate Cancer Is Induced by Combinatorial

PI3K/Akt and BCL-XL nhibition. Mol. Cancer Res. 2016, 14, 1176–1181. [CrossRef]
58. Pinton, P.; Ferrari, D.; Magalhães, P.; Schulze-Osthoff, K.; Di Virgilio, F.; Pozzan, T.; Rizzuto, R. Reduced

loading of intracellular Ca(2+) stores and downregulation of capacitative Ca(2+) influx in Bcl-2-overexpressing
cells. J. Cell Biol. 2000, 148, 857–862. [CrossRef]

59. Yang, J.; Vais, H.; Gu, W.; Foskett, J.K. Biphasic regulation of InsP3 receptor gating by dual Ca2+ release
channel BH3-like domains mediates Bcl-xL control of cell viability. Proc. Natl. Acad. Sci. USA 2016, 113,
E1953–E1962. [CrossRef]

Sample Availability: Samples of the compounds are available from the author Dr. Duen-Ren Hou.

© 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/10.1038/415096a
http://dx.doi.org/10.1023/A:1027387301845
http://dx.doi.org/10.1021/bi9828674
http://dx.doi.org/10.3390/ijms17030327
http://dx.doi.org/10.1038/s41419-017-0033-4
http://www.ncbi.nlm.nih.gov/pubmed/29491367
http://dx.doi.org/10.1128/MCB.00783-06
http://www.ncbi.nlm.nih.gov/pubmed/17015466
http://dx.doi.org/10.1128/MCB.18.10.5699
http://dx.doi.org/10.1074/jbc.M509262200
http://www.ncbi.nlm.nih.gov/pubmed/16332683
http://dx.doi.org/10.1038/onc.2008.308
http://dx.doi.org/10.1023/A:1021692801278
http://dx.doi.org/10.1158/1541-7786.MCR-16-0202
http://dx.doi.org/10.1083/jcb.148.5.857
http://dx.doi.org/10.1073/pnas.1517935113
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The (+)-Brevipolide H Induces Anti-Proliferative Effect in PC-3 Cells with Long-Term Efficacy 
	The (+)-Brevipolide H Induces G1 Arrest of the Cell Cycle and Downregulates G1 Cyclins 
	The (+)-Brevipolide H Inhibits Akt/mTOR/p70S6K Signaling Pathways 
	Crosstalk between ROS and Calcium Plays a Key Role in (+)-Brevipolide H-Mediated Signaling Pathways 
	The (+)-Brevipolide H Induced Downregulation of Anti-Apoptotic Bcl-2 Family Proteins and Loss of Mitochondrial Membrane Potential 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture 
	Sulforhodamine B (SRB) Assay 
	Colony Formation Assay 
	Cell Proliferation Assay with CFSE Staining 
	Cell Distribution Analysis with PI Staining 
	Measurement of Mitochondrial Membrane Potential Loss with JC-1 Staining 
	Western Blot Analysis 
	Confocal Immunofluorescence Microscopy 
	Transfection 
	Measurement of Reactive Oxygen Species (ROS) Production 
	Measurement of Intracellular Ca2+ Content 
	Data Analysis 

	References

