
Abstract. Background/Aim: Despite the Warburg effect,
mitochondria play an essential role in the survival and
maintenance of cancer cells. Thus, mitochondria have been
considered a target for anticancer agents. Here, we identified
a mitochondria-targeting anticancer agent from natural
products. Materials and Methods: Morphological and
functional changes in mitochondria were determined by a
fluorescence-based High Content Imaging System. Using
human non-small cell lung cancer (NSCLC) cell lines (H1299,
H226B, and A549), cell viability and colony formation assays,
cell cycle analysis, and immunoblotting were performed to
determine cytotoxic and proapoptotic effects of papuamine.
Results: Using a natural product chemical library, we
identified papuamine as an active compound to inhibit viability
and ATP production of NSCLC cells. Papuamine depleted
intracellular ATP by causing mitochondrial dysfunction, as
indicated by the loss of the mitochondrial membrane potential
and increased mitochondrial superoxide generation.
Papuamine significantly inhibited viability and colony
formation of NSCLC cells by inducing apoptosis. Conclusion:
Papuamine has a potential as a novel mitochondria-targeting
anticancer agent. 

Despite extensive efforts to develop effective therapies, lung
cancer is still the leading cause of cancer-related death
worldwide. The 5-year survival rate for lung cancer is about
20% (1, 2). Recently developed anticancer agents targeting
EGFR mutations or abnormal ALK fusions benefit a subset

of patients with non-small cell lung cancer (NSCLC), which
accounts for approximately 85% of lung cancer cases (3).
These drugs are now applied as a first-line therapy (4). In
addition, immune checkpoint inhibitors targeting
programmed cell death-1 (PD-1) or programmed cell death-
ligand 1 (PD-L1) have beneficial effects on the survival of
patients with advanced NSCLC and have recently received
approval for clinical use (5). However, drug resistance and
tumor recurrence inevitably emerge with these therapies,
eventually leading to poor clinical outcomes (6, 7). Thus,
there is an urgent need to develop alternative strategies to
treat NSCLC. 

Cancer cells require high levels of energy production for
their survival and proliferation, and deregulated energy
metabolism has been regarded as a hallmark of cancer (8).
Mitochondria play an important role in the maintenance of
cellular homeostasis and are crucial regulators of cell
survival through their ability to modulate ATP production
and apoptosis (9). Although cancer cells achieve high levels
of energy production via metabolic reprogramming and
mitochondrial dysfunction, the mitochondria in cancer cells
are still functional and play a crucial role in cell survival
(10). Therefore, mitochondria may be considered a target for
anticancer therapy. Several compounds have already been
identified as anticancer agents targeting mitochondria (9).
However, the anticancer effects of these mitochondria-
targeting drugs have been minimal, and their applications
have been limited as a result of low efficacy and severe
toxicity. For example, glycolysis inhibitors, such as 2-
deoxyglucose and 3-bromopyruvate, are only marginally
effective as single therapies (11). In addition, despite their
anticancer effects, the clinical use of mitochondrial complex
I inhibitors, such as phenformin and rotenone, is limited due
to severe side effects, including lactic acidosis and
Parkinson’s-like symptoms, respectively (12, 13). Thus, it is
necessary to identify novel mitochondria-targeting anticancer
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drugs with different structures and/or mechanisms of action
to develop effective anticancer therapeutic strategies. 

Papuamine is a pentacyclic alkaloid derived from marine
sponges, such as Haliclona sp. (14). Several previous
findings have suggested that papuamine possesses antifungal
activity (14), induces autophagy (15), modulates epithelial-
mesenchymal transition (16), and displays synergistic
anticancer effects with doxorubicin (17). The extract of
Haliclona sp., which contains papuamine as an active
principle, inhibits the viability of NSCLC cells via inducing
apoptosis (18). A previous report also demonstrated that
papuamine rapidly induces mitochondrial dysfunction,
followed by the induction of autophagy, the upregulation of
JNK activation, and, eventually, apoptotic cell death (19).
However, additional antitumor mechanisms of action or other
biological properties of papuamine still remain to be
elucidated. 

Here, we identified the pentacyclic alkaloid papuamine as
a novel mitochondria-targeting anticancer agent. Papuamine
reduced cellular ATP levels in a time- and dose-dependent
manner. Consistently, papuamine induced a dose-dependent
activation of AMP activated kinase (AMPK), resulting in the
downregulation of signaling pathways responsible for cell
growth, such as those functioning through mammalian target
of rapamycin (mTOR) and p70S6K. Further studies
demonstrate that papuamine rapidly induced mitochondrial
dysfunction as indicated by mitochondrial fission, decreased
mitochondrial mass, mitochondrial membrane depolarization,
and mitochondrial superoxide over-production and increased
cellular oxidative stress. In addition, papuamine significantly
inhibited NSCLC cell viability, induced apoptosis, and
reduced colony formation in both anchorage-dependent and
-independent conditions. These results collectively suggest
the potential of papuamine as a novel mitochondria-targeting
anticancer agent for the treatment of NSCLC.

Materials and Methods
Chemicals and reagents. Mouse monoclonal antibodies against
cleaved poly (ADP-ribose) polymerase (PARP) were purchased
from BD Biosciences (San Jose, CA, USA). Rabbit polyclonal
antibodies against pAMPK (T172), AMPK, pmTOR (S2448),
mTOR, p70S6K (T389), and p70S6K were purchased from Cell
Signaling Technology (Danvers, MA, USA). Primary antibodies
against actin and the corresponding horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT), propidium iodide (PI),
and other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise specified. 

Test compounds. We used a repositioned chemical library consisting
of various compounds representative of each chemical class of
natural products-derived compounds, including alkaloids,
flavonoids, tannins, lignans, and terpenoids. These chemicals are

listed in Table I. Papuamine was purchased from Enzo Life Sciences
(Farmingdale, NY, USA).

Cell culture. Human NSCLC cell lines (H1299, H226B, and A549)
were purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA) or kindly provided by Dr. John V. Heymach
(MD Anderson Cancer Center, Houston, TX, USA). Cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) and antibiotics (all from Welgene Inc.,
Gyeongssan-si, Republic of Korea). Cells were maintained at 37˚C
with 5% CO2 in a humidified atmosphere.

MTT assay. Cells were seeded into 96-well plates at a density of
1×103 cells/well and incubated for 24 h. The cells were then treated
with vehicle or papuamine diluted in complete media for three days.
Next, the cells were treated with the MTT solution (at a final
concentration of 500 μg/ml) and incubated for two h at 37˚C. The
formazan products were dissolved in DMSO, and the absorbance
was measured at 570 nm. The data are presented as a percentage of
the control group.

Crystal violet assay. Cells were seeded into 96-well plates at a
density of 2×103 cells/well and incubated for 1 day. The cells were
treated with vehicle or papuamine diluted in complete media for
three days. After incubation, cells were fixed with 100% methanol.
Fixed cells were stained with 0.01% crystal violet solution and
washed several times with tap water. Stained cells were dissolved
in 100% methanol, and the absorbance was measured at 570 nm.
The data are presented as a percentage of the control group.
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Table I. List of compounds used in this study.

Compound Name

1 Neorautenol
2 Rutin
3 Puerarin
4 Schizandrin
5 Magnolol
6 Curcumin
7 Amuresin G
8 Epigallocatechin gallate
9 Decursinol

10 Oxymatrine
11 Aloin
12 Harmaline
13 Papuamine
14 Boldine
15 (+)-Bicuculline
16 Sinomenine
17 Scopolamine
18 Vincamine
19 Noscarpine
20 Crotaline
21 Reserpine
22 Dihydrocapsaicin
23 Oxymatrine
24 Quinone
25 Alpha-solanine



Anchorage-dependent and -independent colony formation assays.
For anchorage-dependent colony formation assays, cells were
seeded into 6-well plates at a density of 300 cells/well and treated
with various concentrations of papuamine diluted in complete
medium. The cells were treated for 14 days, and the medium was
changed every three days. At the end of the experiment, cells were
fixed with 100% methanol for 15 min and stained with 0.01%
crystal violet. For anchorage-independent colony formation assays,
cells (500 cells/well) were mixed with a sterile 1% agar solution
(final concentration of 0.4%) and poured onto a solidified bottom
layer of agar (final concentration of 1%) in 24-well plates.
Papuamine diluted in complete medium was added to the solidified
agar, and the medium was changed every three days. Colonies were
grown for 10-14 days and then stained with the MTT solution.
Colonies were counted using ImageJ software (National Institute of
Health, Bethesda, MD, USA) (20).

Determination of ATP production. Intracellular ATP levels were
determined using ATPlite™ (PerkinElmer, Waltham, MA, USA)
according to the manufacturer’s recommended procedure. Cells
were seeded into black, clear-bottom 96-well plates (Corning,
Corning, NY, USA) at a density of 1,000 cells/well and incubated
for 24 h. Cells were treated with test compounds for six hours and
then lysed with lysis buffer. Lysates were incubated with the ATPlite
substrate, and luminescence was then measured on a SpectraMAX
M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA). 

Fluorescence imaging analysis. Cells were seeded onto round
coverslips in 12-well plates and allowed to attach overnight. The
cells were treated with papuamine for the indicated time periods and
then stained with the indicated fluorescence dye [100 nM
Mitotracker, 100 nM TMRM, 5 μM Mitosox, or 30 μM 2-NBDG (all
from Thermo Fisher Scientific, Waltham, MA, USA)] for 15 (for
Mitosox) or 30 min (for others). For Mitosox staining, cells were
counterstained with Hoechst 33342 (1 μg/ml). The cells were washed
twice with PBS and coverslips were mounted with Vectamount
(Vector Laboratories, Burlingame, CA, USA). Fluorescent images
were obtained using a Nikon Eclipse 80i microscope (Nikon Corp.,
Tokyo, Japan) equipped with a Nuance multispectral imaging system
(PerkinElmer, Alameda, CA, USA) or analyzed using the Operetta
High Content Imaging System (PerkinElmer). 

Cell cycle analysis. Cells were treated with increasing
concentrations of papuamine for three days. Adherent and floating
cells were collected and fixed in ice-cold 100% methanol overnight
at –20˚C. Cells were stained with a propidium iodide (50 μg/ml)
solution containing RNase A (50 μg/ml) for 30 min at room
temperature. Apoptotic cells were analyzed by flow cytometry using
a FACSCalibur® flow cytometer (BD Biosciences).

Western blot analysis. Cells were harvested with modified RIPA
lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 0.25% sodium deoxycholate, 1% Triton X-100, 1 mM
Na3VO4, 100 mM NaF, 0.5 mM DTT, 1 mM PMSF, 1 μg/ml
aprotinin, 1 μg/ml leupeptin, and 20 mM β-glycerophosphate]. The
lysates were centrifuged at 13,000 rpm for 30 min at 4˚C. Equal
amounts of protein were separated by 8-10% SDS-PAGE and
transferred onto PVDF membranes. Membranes were blocked with
blocking buffer (3% BSA in Tris-buffered saline-0.1% Tween-20
(TBST) containing 0.02% sodium azide) for one h at room
temperature. Membranes were then incubated with a primary

antibody (1:1000 dilution in blocking buffer) overnight at 4˚C. The
membrane was washed four times with TBST for one h at room
temperature and then incubated with the corresponding secondary
antibody (1:5000 dilution in 3% skim milk in TBST). Membranes
were washed four times with TBST for one h at room temperature.
The blots were visualized using an enhanced chemiluminescence
(ECL) detection kit (Thermo Fisher Scientific).

Statistical analyses. The data are presented as the mean±SD. All
experiments were independently performed at least twice, and a
representative result is presented. The data were calculated and
analyzed using Microsoft Excel software (Microsoft Corp.,
Redmond, MA, USA). Statistical significance was determined using
a two-sided Student’s t-test. A p-value of less than 0.05 was
considered significant.

Results 

Papuamine: an active compound that suppresses cellular
energetics on NSCLC cells. Recent studies have suggested
the importance of targeting cellular metabolism for
anticancer therapy (21, 22). Diverse metabolic pathways in
cancer cells commonly lead to energy production, and ATP
is universally seen as the energy exchange factor (23). Thus,
to identify a novel cytotoxic compound targeting cellular
energetics in NSCLC cells, we evaluated the ability of
various natural product-derived compounds to inhibit the
viability and ATP production of H1299 human NSCLC cells.
We first examined a natural product chemical library
consisting of 13 compounds representing diverse structural
classes, such as flavonoids, lignans, and alkaloids (Table I).
As shown in Figure 1B (left), compound 13 displayed the
most significant inhibitory effects on cell survival and ATP
production. Because compound 13 is the pentacyclic alkaloid
papuamine (Figure 1A), we further compared the inhibitory
effects of compound 13 with those of additional alkaloids
(Table I). As shown in Figure 1B (right), compound 13
(papuamine) displayed the greatest inhibitory effect on ATP
production. Moreover, only compound 13 showed a
significant reduction in H1299 cell viability (Figure 1C).
Thus, we identified papuamine as novel anti-cancer
candidate to target cellular energetics of NSCLC.

Papuamine decreases cellular ATP levels and upregulates
AMPK in NSCLC cells. Based on the ability of papuamine to
inhibit cellular ATP production in H1299 cells (Figure 1B),
we sought to confirm the effect of papuamine on cellular
energy production. As shown in Figure 2A and B, papuamine
significantly reduced cellular ATP levels in NSCLC cells in
a time- and concentration-dependent manner. The
phosphorylation and activation of AMPK, an energy and
nutrient sensor that maintains energy homeostasis (24), was
consistently elevated in cells treated with papuamine in a
time- and dose-dependent manner. Meanwhile, the activation
of mTOR and its downstream target p70S6K decreased
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following papuamine treatment (Figure 2C and D). These
results indicate that papuamine acts as an AMPK activator by
decreasing cellular energy levels in NSCLC cells. 

Papuamine causes mitochondrial dysfunction in NSCLC
cells. Because papuamine rapidly reduced intracellular ATP
and elevated AMPK activation in NSCLC cells, we next
examined the effect of papuamine on mitochondrial function.
To assess papuamine-induced changes in mitochondrial
structure, NSCLC cells were incubated with MitoTracker
probes to label mitochondria (25) and then subjected to
image-based texture analysis using Operetta. Papuamine
elevated the fluorescence intensity in a dose-dependent
manner, indicating an increase in the number of
mitochondria. However, the number of mitochondria with
normal, ridge-like morphology gradually decreased
following papuamine treatment (Figure 3A-C). These
findings collectively suggest that papuamine leads to
mitochondrial fission and generates damaged mitochondria,
eventually causing mitochondrial dysfunction. To ensure

papuamine-induced mitochondrial deregulation, we utilized
the TMRM (26) and Mitosox (27) probes to determine the
mitochondrial membrane potential and mitochondrial
superoxide levels, respectively. Papuamine markedly reduced
mitochondrial membrane potential as indicated by the
decrease in the cytosolic fluorescence signal (Figure 3D).
Meanwhile, the red fluorescence signal, an indicator of
mitochondrial superoxide levels, was time-dependently
increased in papuamine-treated cells (Figure 3E). 

In addition, the regulation of glucose uptake by
papuamine treatment was examined using the fluorescent
indicator 2-NBDG (28). As shown in Figure 3F, papuamine
had no effect on glucose uptake. These results clearly
indicate that papuamine mediates mitochondrial dysfunction.

Papuamine suppresses the cell viability and colony
formations in NSCLC cells. Based on the ability of
papuamine to induce mitochondrial dysfunction, we
evaluated the effect of papuamine, as a novel inhibitor of
cellular energetics, on cell viability and colony formations.
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Figure 1. Identification of papuamine as an inhibitor of cellular energetics on NSCLC cell. (A) The effect of several natural products-derived
compounds (10 μM) on cellular ATP production in H1299 cells was determined using the luciferase-based ATP determination assay. Rotenone (Ro;
1 μM) was used as the positive control. (B) The chemical structure of compound 13 (papuamine). (C) The MTT assay was used to evaluate the
effect of several natural product-derived compounds (10 μM) on the viability of H1299 cells. The bars represent the mean±SD; *p<0.05, **p<0.01,
and ***p<0.001, as determined by a two-sided Student’s t-test.



Treatment with papuamine inhibited NSCLC viability in a
dose-dependent manner (Figure 4A). Because the MTT assay
determines cell viability based on the mitochondrial
dehydrogenase activity in live cells (29), we confirmed the
inhibitory effect of papuamine on the viability of NSCLC
cells by a crystal violet assay. Consistent with the MTT
assay, papuamine significantly inhibited the viability of
H1299 NSCLC cells (Figure 4B). Colony formation under
both anchorage-dependent and -independent culture
conditions was also significantly suppressed by treatment
with papuamine (Figure 4C and D). These results indicate
that papuamine is capable of suppressing the viability and
colony-forming ability of NSCLC cells.

Papuamine induces apoptotic cell death. Because papuamine
exhibits significant inhibitory effects on cell viability and
colony formation, we next investigated whether papuamine
may induce apoptosis in NSCLC cells. We first assessed

morphological changes in cells treated with papuamine using
the Operetta High Content Imaging System. As shown in
Figure 5A and B, papuamine treatment decreased cell number,
cell size, and nuclear area but increased nuclear intensity,
indicating cell shrinkage and chromatin condensation, which
are features of apoptotic cell death (30, 31). Papuamine
treatment also increased the number of cells in the sub-G1
phase and the cleavage of poly(ADP-ribose) polymerase
(PARP) and caspase 3 (Figure 5C and D), confirming that
apoptosis plays a role in the inhibitory effect of papuamine on
NSCLC cell viability and colony formations. 

Discussion 

In the present study, we identified papuamine as a novel
agent to suppress cellular energy production and viability in
NSCLC cells. We showed that papuamine triggered
mitochondrial dysfunction, thereby inducing mitochondrial
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Figure 2. Reduction of cellular ATP production and consequent AMPK activation following papuamine treatment. (A, B) Time-dependent inhibitory
effects of 5 μM papuamine (A) and dose-dependent inhibitory effects of papuamine for 3 h (B) on cellular ATP production in NSCLC cells,
determined by the luciferase-based ATP determination assay. (C, D) H1299 cells were treated with papuamine (5 μM) for the indicated periods (C)
or papuamine (1 and 5 μM) for 24 h (D). The expression levels of total and phosphorylated AMPK and its downstream signaling proteins were
determined by western blot analysis. PA: Papuamine. The bars represent the mean±SD; *p<0.05, **p<0.01, and ***p<0.001, as determined by a
two-sided Student’s t-test.
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Figure 3. Mitochondrial dysfunction caused by papuamine treatment. (A-F) H1299 cells were treated with various concentrations of papuamine (A-
C) for 6 h or papuamine (5 μM) for 3 or 6 h (D-F). The cells were stained with Mitotracker (A-C), TMRM (D), Mitosox (E) or 2-NBDG (F) as
described in the Materials and Methods section. The cells were observed under a fluorescence microscope or analyzed by Operetta. (D and E, right)
Quantification of the changes of TMRM (D) and Mitsox (E) intensity in each test group. Con: Control; PA: papuamine. The bars represent the
mean±SD; *p<0.05, **p<0.01, and ***p<0.001, as determined by a two-sided Student’s t-test.



fission and ultimately apoptotic cell death. These results
indicate the potential of papuamine as a mitochondria-
targeting anticancer agent for the treatment of NSCLC.

Despite the development of therapeutic regimens for
NSCLC treatment, such as molecular targeted therapy and
immunotherapy, drug resistance and limited clinical benefits
are still significant obstacles. Thus, the development of
alternative therapeutic options is necessary. Considering 1) the
metabolic reprogramming in lung cancer (32), 2) the
improvement of anticancer therapeutics by targeting cellular
metabolism (33), and 3) the crucial role of mitochondria in the
regulation of cellular metabolism and energy production (34),
overcoming drug resistance by utilizing mitochondria-targeting
anticancer agents may be the key to developing effective

anticancer therapeutics (9). Indeed, a previous study identified
a novel mitochondria-targeting agent with anticancer activity
(35), while strategies for the discovery of novel mitochondria-
targeting anticancer compounds (36) and the delivery of
anticancer drugs to mitochondria using nanoparticles (37) have
also been recently developed. Moreover, although it is known
that cancer cells utilize glycolysis as a main energy source, the
utilization of glycolysis as an energy source may rely on the
cell types, origins, or environments and cancer cells have
diverse metabolic pathways for energy production (38). In
addition, the contribution of glycolysis to the energy
production in cancer cells does not exceed 60% (38, 39) and
thus mitochondrial oxidative phosphorylation still plays an
important role in bioenergetics in cancer cells (38).
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Figure 4. The inhibition of cell viability and colony formations by papuamine treatment. (A, B) MTT (A) and crystal violet (B) assays were used to
evaluate the ability of various concentrations of papuamine to inhibit the viability of NSCLC cell lines. (C, D) The ability of various concentrations
of papuamine to inhibit colony formation in several NSCLC cell lines under both anchorage-dependent and -independent conditions was determined
using the anchorage-dependent colony formation (C) and soft agar (D) assays. Con: Control; PA: papuamine. The bars represent the mean±SD;
*p<0.05, **p<0.01, and ***p<0.001, as determined by a two-sided Student’s t-test.



Consistently, inhibitors of mitochondrial complex I, such as
metformin and canagliflozin, exhibit promising anticancer
effects in both in vitro and in vivo preclinical experiments;
metformin has also been evaluated in clinical studies (9, 40-
42). These findings collectively suggest the promise of
anticancer therapeutics targeting mitochondria. The discovery
of additional mitochondria-targeting agents with diverse
chemical entities is thus important to develop more effective
anticancer drugs.

Natural products have been regarded as an important
source for anticancer drug development (43, 44). Several
chemotherapeutic agents, including paclitaxel, vinblastine,
camptothecin, podophyllotoxin, and epothilone, have been

widely used in the clinic or have served as the chemical lead
for further development of clinically available anticancer
agents (45). In addition to plant-derived natural products,
marine natural products are also attractive sources for drug
development, and several marine natural products-derived
anticancer compounds have been approved for clinical use
(46-48). Indeed, several marine-derived cytotoxic and
potential antitumor compounds have been identified in recent
studies (49-51). In line with these reports, our results clearly
suggest that papuamine is a novel marine-derived anticancer
agent targeting mitochondria and thus may provide
additional chemical entity to develop mitochondria-targeting
anticancer agents in further studies.

The mechanism underlying papuamine-induced
mitochondrial dysfunction and apoptotic cell death still needs
to be determined, but some possible mechanisms of action
were detailed here. First, as suggested previously, autophagy
is one mechanism underlying papuamine-induced apoptosis
(19). Our results revealed that papuamine elevated
mitochondrial intensity but gradually decreased the number
of mitochondria with normal morphology. These findings
collectively suggest that papuamine may induce
mitochondrial fission, and generate damaged, non-functional
mitochondria, eventually leading to the induction of
mitophagy, a cellular process that removes damaged
mitochondria (52). However, previous reports have suggested
that, similar to autophagy, mitophagy is an adaptive response
to stress and protects against apoptosis (53, 54). Thus, the
precise role of mitophagy in papuamine-induced apoptosis
needs to be determined in future studies. In addition, it is
possible that nitrogen-containing compounds, such as
alkaloids (e.g., papuamine), can interact with proteins,
modulating their activity and interactions with other proteins
(55). These alterations might diminish the enzymatic activity
of proteins involved in the cellular defense against oxidative
stress, causing cellular damage including mitochondrial death
and apoptotic cell death. Meanwhile, a recently published
paper classified various mitochondria-targeting anticancer
agents into nine categories, including hexokinase inhibitors,
thiol redox inhibitors, and electron redox chain targeting
drugs (56). Several anticancer alkaloids are also known to
target mitochondria through inducing alterations in
mitochondrial bioenergetics, metabolic pathways, and
morphology (57). Previous reports have suggested that
inhibition of oxidative phosphorylation leads to apoptosis by
inducing mitochondrial ROS production (58, 59). In our
results, papuamine reduced energy production, elevated
mitochondrial ROS level, and induced apoptosis in NSCLC
cells. Thus, disrupting mitochondria function through
interacting with the mitochondria respiratory chain might be
one of the mechanisms underlying papuamine-mediated
apoptosis. This possibility should also be examined in future
studies. 
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Figure 5. Induction of apoptotic cell death by papuamine treatment. (A,
B) H1299 cells were treated with papuamine for various time intervals.
After staining cells with Hoechst 33342, cellular (A) and nuclear (B)
morphological changes in papuamine-treated cells were analyzed using
the Operetta High Content Imaging System. (C) The accumulation of
cells in the sub-G1 phase of the cell cycle was determined by flow
cytometry as described in the Materials and Methods section. (D) The
expression of cleaved caspase 3 was determined by western blot analysis.
PA: Papuamine. The bars represent the mean±SD; *p<0.05, **p<0.01,
and ***p<0.001, as determined by a two-sided Student’s t-test.



In summary, the present study suggests that papuamine exerts
its anticancer effects by causing mitochondrial dysfunction,
thereby decreasing cellular energy production and inducing
apoptosis. Although additional studies should examine the effect
of papuamine on the proliferation of normal cells and evaluate
the anticancer effect of papuamine in vivo, our results suggest
that papuamine is a promising marine natural product-derived,
mitochondria-targeting anticancer compound. Further studies
are warranted to evaluate the anticancer effectiveness of
papuamine in advanced preclinical and clinical settings. 
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