
INTRODUCTION

Autophagy is an evolutionarily conserved intracellular
process in which cytoplasmic components including entire
organelles are targeted for lysosomal degradation (1, 2). It
occurs at low basal level in most cells and is rapidly upregulated
in response to stress such as hypoxia and nutrient or growth
factor depletion. Elevated autophagy may also appear after drug
treatment. Autophagy is activated in order to maintain
homeostasis and promote cell survival. Furthermore, autophagy
facilitates cellular or tissue remodelling, e.g. in mammalian
embryogenesis as well as in erythropoiesis and adipogenesis (3-
5). It also appears to be important in cellular defence against
pathogens (6, 7).

Noteworthy, autophagy disfunction contributes to the
pathogenesis of many diseases such as neurodegenerative
disorders, cancer, Danon's disease or Crohn's disease (8, 9).
Autophagy participates in protein quality control and removal of
misfolded and aggregated proteins. Its disruption results in
accumulation of abnormal proteins and degeneration. Altered
proteins were shown to accumulate in Parkinson's, Huntington's

and Alzheimer's disease. In Parkinson's disease, degradation of
mutant α-synuclein by chaperone-mediated autophagy (CMA) is
disrupted (10). Despite a high affinity of this protein to the
lysosomal membrane receptor LAMP-2A, it is poorly
translocated into the lysosomal lumen. Impaired
macroautophagy was shown to be implicated in Huntington's
disease (11). Defects in the recognition and sequestration of
cytosolic cargo results in an inefficient removal of mutant
huntingtin and other substrates of autophagic degradation.
Surprisingly, in the case of Alzheimer's disease macroautophagy
was found to generate the amyloid β-peptide (12). Autophagic
vacuoles, in which this toxic peptide accumulates, serve as its
intracellular reservoir. Their removal is inefficient due to their
impaired maturation (12, 13). There is evidence supporting the
potential link between autophagy failure and Danon's disease
(14, 15). It is related to the LAMP-2 deficiency. Several studies
indicated that polymorphism in ATG16L1 autophagy gene may
be associated with an increased risk of developing of Crohn's
disease (16-18). Defects in ATG16L1 protein function results in
dysfunction of secretory activity of Paneth cells (18). Defective
autophagy has also been linked to cancer development (19-22).
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Pterostilbene, a naturally occurring structural analog of resveratrol, has been reported to exert antiproliferative and
proapoptotic effects in various cancer types. Recently, it has been demonstrated to induce both autophagy and apoptosis
in human bladder and breast cancer cell lines. The aim of this study was to evaluate the effects of pterostilbene on HL60
human leukemia cells. Cell morphology was examined using confocal and electron microscopy. Cell viability was
determined by MTT, neutral red uptake and trypan blue exclusion assays. LC3 processing was studied based on Western
blotting and immunofluorescence analyses. Flow cytometry was used to study cell cycle distribution, phosphatidylserine
externalization, caspase activation, disruption of mitochondrial membrane potential and intracellular production of
reactive oxygen species. DNA degradation was examined by gel electrophoresis. We found that treatment of HL60 cells
with pterostilbene at the IC90 concentration resulted in the G0/G1 cell cycle arrest. Pterostilbene induced conversion of
cytosolic LC3-I to membrane-bound LC3-II and accumulation of large LC3-positive vacuolar structures. Pterostilbene
also led to phosphatidylserine externalization, internucleosomal DNA fragmentation, caspase activation and disruption
of mitochondrial membrane potential. Moreover, it did not induce oxidative stress. Our results suggest that pterostilbene
induces accumulation of autophagic vacuoles followed by cell death in HL60 cells.
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The essential autophagy Beclin 1 gene is monoallelicaly deleted
in a high percentage of human breast, ovarian and prostate
cancers (19). Studies in animal model showed that heterogenous
disruption of this gene promotes tumorigenesis (20). In addition
to Beclin 1, mutations of several other autophagy-related genes
were found in various types of cancer (21, 22). The recent
advances in the understanding of the role of autophagy in
diseases revealed an opportunity of pharmacological modulation
of this process for therapeutic purposes. However, further
studies are needed to expand our knowledge of possible targets
for effective therapy and identify selective therapeutic agents.

Recently, some natural polyphenolic compounds have been
demonstrated to induce both autophagy and apoptosis in human
cancer cell lines (23-25). Trincheri et al. reported that resveratrol
(trans-3,4',5-trihydroxystilbene) induces autophagy in DLD1
human colorectal cancer cells as a prosurvival stress response
that switches to caspase-dependent apoptosis after prolonged
drug exposure (23). Pterostilbene (trans-3,5-dimethoxy-4'-
hydroxystilbene), a structural analog of resveratrol, was found to
induce both autophagy and apoptosis in human bladder and
breast cancer cell lines (24, 25). Moreover, it was also shown to
cause accumulation of autophagic vacuoles as well as promote
cell death via a mechanism involving lysosomal membrane
permeabilization in human melanoma, colon, lung and breast
cancer cell lines (26). Pterostilbene has greater bioavailability
than resveratrol (27). Results of many studies suggest that this
bioactive component of grapes and blueberries may be a
promising chemotherapeutic agent (28, 29). A clinical trial
performed in humans revealed that pterostilbene is generally
safe for use up to 250 mg/day (30). In this study, we demonstrate
for the first time that pterostilbene induces accumulation of
autophagic vacuoles followed by cell death in HL60 human
leukemia cells. Understanding of the mechanisms of its action
may help to identify new targets for effective cancer therapy.

MATERIAL AND METHODS

Chemicals

Pterostilbene was purchased from Sigma-Aldrich (USA).
Pterostilbene stock solutions were prepared in dimethyl
sulfoxide (DMSO) and diluted to indicated concentrations
before use. Propidium iodide (PI) and H2DCFDA (2',7'-
dichlorodihydrofluorescein diacetate) were obtained from
Molecular Probes (USA). JC-1 (5,5',6,6'-tetrachloro-1,1,3,3'-
tetraethylbenzimidazolylcarbocyanine iodide) was from
Calbiochem (USA). MTT (3[4,5-dimethylthiazol-2-y1]-2,5-
diphenyltetrazolium bromide), neutral red, 3-methyladenine,
ethidium bromide, acridine orange, RNase A and Hoechst 33342
were purchased from Sigma-Aldrich (USA). Caspase inhibitors
Z-LEHD-FMK and Z-IETD-FMK were purchased from BD
Pharmingen (USA). Rabbit anti-LC3 primary antibodies were
purchased from Medical&Biological Laboratories Co. (Japan).
Mouse anti-β-tubulin primary antibodies were from Santa Cruz
Biotechnology (USA). Horseradish peroxidase-conjugated anti-
rabbit and anti-mouse secondary antibodies were purchased
from Sigma-Aldrich (USA). Cy3-conjugated anti-rabbit
secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories, Inc. (USA). All other reagents,
obtained from commercial suppliers, were of analytical grade.

Cell culture

HL60 cell line (human promyelocytic leukemia cell line)
was kindly provided by Dr. Grzegorz Stasilojc (Laboratory of
Cell Biology, Intercollegiate Faculty of Biotechnology,

University of Gdansk and Medical University of Gdansk,
Poland). HL60 cells were maintained at 37°C in a humidified
atmosphere containing 5% CO2, in RPMI 1640 medium (Sigma-
Aldrich, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma-Aldrich, USA), 100 IU/ml penicillin
(Sigma-Aldrich, USA) and 100 µg/ml streptomycin (Sigma-
Aldrich, USA).

Neutral red uptake assay

HL60 cells (1×105 cells per plate) were treated with various
concentrations of pterostilbene for 72 hours. Control cells were
treated with DMSO (solvent) alone. The concentration of
DMSO never exceeded 0.1% (v/v) and did not affect cell
growth. After 72 hours of treatment, cells were collected,
washed with phosphate buffered saline (PBS) and suspended in
neutral red solution (final concentration: 33 µg/ml) and then
incubated for 2.5 hours at 37°C. Next, cells were washed with
PBS and suspended in acetic acid/ethanol solution (1% acetic
acid in 50% ethanol, v/v). Absorbance was measured at 540 nm
using a microplate reader (Jupiter; ASYS Hitech GmbH,
Austria). The cell viability was expressed as the percentage of
control. A dose-response curve was plotted and used to calculate
the concentration of pterostilbene required to inhibit cell growth
by 90% (IC90).

MTT assay

HL60 cells were seeded in 96-well plates (15×103 cells per
well) and exposed to pterostilbene. Control cells were incubated
in the presence of DMSO (solvent). The concentration of DMSO
never exceeded 0.5% (v/v) and did not interfere with cell
growth. At the end of treatment, MTT (final concentration: 0.5
mg/ml) was added and cells were incubated at 37°C for 4 hours.
The plates were then centrifuged (300×g/15 min/room
temperature), supernatants were removed and DMSO was added
to dissolve MTT formazan crystals. Absorbance was measured
at 570 nm using a microplate reader (ELx800; BioTek
Instruments, Inc., USA).

Trypan blue exclusion assay and vacuolated cells enumeration

After pterostilbene-treatment HL60 cells were collected,
washed with PBS and suspended in complete culture medium.
Viable, dead and vacuolated cells were counted in the
hemocytometer. The number of vacuolated cells was assessed
without staining, whereas viable and dead cells were counted
after trypan blue staining. Trypan blue-negative cells were
considered viable. Trypan blue-positive cells were categorized
as dead.

Cell cycle analysis

After treatment, 2×106 cells were collected, washed with
cold PBS and fixed in ice-cold 70% ethanol at –20°C overnight.
The fixed cells were washed with cold PBS and suspended in
staining solution (50 µg/ml PI and 25 µg/ml DNase-free RNase
A in PBS). After incubation in the dark at 37°C for 30 min, flow
cytometric analyses were performed (Becton Dickinson
FACScan, USA).

Detection of intracellular reactive oxygen species production

The intracellular production of reactive oxygen species
(ROS) was evaluated using H2DCFDA. Cells were incubated
with pterostilbene or DMSO (control). 30 min before the end of
incubation, H2DCFDA (final concentration: 10 µM) was added.
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Next, cells were washed and suspended in cold PBS. Samples
were analysed for DCF fluorescence by flow cytometry.

Annexin V-FITC/PI assay

Phosphatidylserine externalization was examined using
Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen,
USA). After treatment, 5×105 cells were stained with PI and
FITC-conjugated annexin V according to the manufacturer's
protocol. Samples were analysed by flow cytometry.

DNA fragmentation assay

DNA fragmentation was analysed by agarose gel
electrophoresis as described previously (31). DNA fragments
were fractionated on 1.8% agarose gel, stained with ethidium
bromide and examined using Gel Doc 2000 (Bio-Rad, Italy).

Analysis of mitochondrial membrane potential

Changes in mitochondrial membrane potential (∆Ψm) were
assessed by flow cytometry using the cationic lipophilic JC-1
dye as described previously (31).

Caspase-3 activity measurement

Caspase-3 activity was measured using FITC-conjugated
Monoclonal Active Caspase-3 Antibody Apoptosis Kit I (BD
Pharmingen, USA). Briefly, cells were stained with FITC-
conjugated anti-active caspase-3 antibody according to the
manufacturer's protocol. Samples were analysed by flow
cytometry.

Inhibition of caspase-8,-9 activation

The caspase-9 inhibitor Z-LEHD-FMK and the caspase-8
inhibitor Z-IETD-FMK were dissolved in DMSO according to the
chemicals' characteristics. HL60 cells were pretreated with either
DMSO or 30 µM inhibitor for 2 hours and exposed to 43 µM
pterostilbene or DMSO alone for the next 24 hours. The percentage
of dead cells was assessed by flow cytometry using Annexin V-
FITC Apoptosis Detection Kit (BD Pharmingen, USA).

Acridine orange/ethidium bromide staining

Morphological changes of pterostilbene-treated cells were
examined after AO/EB staining. Acridine orange (AO) is a vital
dye and stains both viable and non-viable cells. Ethidium
bromide (EB) stains only dead cells. It is taken up by cells when
cell membrane integrity is lost. By AO/EB staining viable cells
appear green, whereas early apoptotic cells stain green and show
chromatin condensation or nuclear fragmentation presented as
bright green dots in nuclei. Late apoptotic and necrotic cells
stain bright red/orange. Late apoptotic cells, in contrast to
necrotic cells, show condensed or fragmented nuclei. AO and EB
dyes were dissolved in PBS. AO/EB solution was prepared
before use by mixing 1 part of 100 µg/ml AO and 1 part of 100
µg/ml EB. After treatment, cells were washed and suspended in
PBS. 25 µl of cell suspension was mixed gently with 1 µl of
AO/EB solution, samples were immediately placed onto
microscopic poly-L-lysine coated slides (Sigma-Aldrich, USA)
and covered with glass coverslips. The slides were examined
using PCM 2000 (Nikon, Japan) confocal microscope system as
well as the Nikon Eclipse 600 fluorescence microscope (Japan)
with Radiance 2100 confocal system (Bio-Rad, UK). The
confocal images were obtained using 60 × oil immersion
objective lenses.

Neutral red staining

Neutral red (NR) staining is based on the ability of viable
cells to incorporate the supravital dye neutral red into lysosomes
or acidic vacuoles. NR stains the acidic structures red. After
pterostilbene-treatment, cells were washed and suspended in
PBS. Next, cells were stained with NR (33 µg/ml) and examined
by phase contrast microscopy (Olympus CKX41, Japan).

Transmission electron microscopy

After pterostilbene-treatment, cells were fixed in a fixative
solution (2% formaldehyde and 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4) at 4°C overnight. Next, cells
were washed with 0.1 M sodium cacodylate buffer (pH 7.4) and
postfixed in 1% OsO4 as described previously (32). Ultrathin
sections were stained with uranyl acetate and lead citrate, and
examined by transmission electron microscopy (JEM 1200 EX
II, JEOL Ltd., Japan).

Western blotting analysis

After pterostilbene-treatment, cells were lysed. Cell lysates
were centrifuged at 14,000×g for 20 min (4°C), supernantants
were transfered to fresh tubes and pellets were discarded. Protein
samples were separated electrophoretically by SDS-PAGE
(12%) and transferred onto PVDF (polyvinylidene difluoride)
membrane. The membrane was incubated with 5% non-fat dry
milk in TBST (Tris-buffered saline tween 20) at room
temperature (RT) for 1 hour. After washing with TBST, the
membrane was incubated with specific primary antibodies
(rabbit anti-LC3 antibodies, 1:4000; mouse anti-β-tubulin
antibodies, 1:300) at 4°C overnight, and then incubated with
horseradish peroxidase-conjugated secondary antibodies (anti-
rabbit 1:10,000; anti-mouse 1:3000) for 2 hours (RT). The bound
antibodies were detected by the enhanced chemiluminescence
method and densitometric analysis of immunoreactive protein
bands was performed.

Immunofluorescence analysis

After treatment, cells were washed with PBS and
cytocentrifuged onto microscopic poly-L-lysine coated slides
(Sigma-Aldrich, USA). Cells were then fixed and
permeabilized in cold methanol (5 min, –20°C). Next, cells
were washed with PBS, incubated for 30 min (RT) with 10%
FBS (fetal bovine serum) in PBS. After washing with PBS, cells
were incubated with specific rabbit anti-LC3 primary antibodies
(1:500) for 1 hour (RT), washed with PBS and then incubated
with Cy3-conjugated anti-rabbit secondary antibodies (1:600)
for 1 hour (RT) in the dark. After washing with PBS, cells were
stained with 1 µM Hoechst 33342 for 15 min (RT). Next,
samples were mounted in mounting medium and covered with
glass coverslips. The slides were examined by PCM 2000
(Nikon, Japan) confocal microscope system and FV1200
(Olympus, Japan) confocal microscope system. The confocal
images were obtained using 60 × or 100 × oil immersion
objective lenses.

Statistical analysis

Statistical analysis was performed using Statistica 9 software
(StatSoft, Poland). Data are expressed as mean ± S.D. Each
experiment was repeated at least three times in duplicates.
Statistical differences between samples were evaluated using the
non-parametric Mann-Whitney U test. Differences were
considered significant at p<0.05, p<0.01, p<0.001, respectively.
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RESULTS

Cytoplasmic vacuolation of pterostilbene-treated cells

In preliminary experiments we found that pterostilbene
concentration required to inhibit growth of HL60 cells by 90%
(IC90) was equal to 43 µM as assessed by the neutral red uptake
assay (Fig. 1). The IC90 value was determined after 72 hours of
pterostilbene-treatment (after about three population doublings
of HL60 cells). AO/EB staining revealed that treatment of HL60
cells with 43 µM pterostilbene led to the intensive cytoplasmic
vacuolation (Fig. 2a). Vacuoles appeared within the first 6 hours
of incubation with this compound. They enlarged gradually and
after 24 hours occupied most of the cell's cytoplasm. Nuclei of
most cells were then located peripherally and did not show
fragmentation or chromatin condensation. Confocal microscopy
demonstrated that after 6 and 24 hours of incubation with
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Fig. 2. Vacuolation effect of pterostilbene. (a) Confocal images of HL60 cells exposed to 43 µM pterostilbene for 6 and 24 hours. PTER,
pterostilbene; short arrows, vacuoles; long arrows, nucleoli; Bar, 25 µm. Similar results were obtained in three independent experiments in
duplicates. Cells were stained with AO/EB and examined by confocal microscopy. (b) Confocal images of HL60 cells exposed to
pterostilbene. PTER, pterostilbene; 24 h + 24 h', cells treated with 43 µM pterostilbene for 24 hours, washed and maintained in
pterostilbene-free complete medium for the next 24 hours; arrows, vacuoles; Bar, 25 µm. Data are representative of three independent
experiments in duplicates. Cells were stained with AO/EB and examined by confocal microscopy. (c) Quantitative analysis of the number
of vacuolated and viable cells after pterostilbene-treatment and removing of the compound. HL60 cells were treated with 43 µM
pterostilbene for 24 hours (PTER 24 h), washed and maintained in pterostilbene-free complete medium for the next 24 hours (24 h'), 48
hours (48 h') and 72 hours (72 h'). Viable cells were assessed using the trypan blue exclusion assay. Data are presented as mean ± S.D. of
three independent experiments in duplicates. *p<0.05, **p<0.01, vs. sample treated with 43 µM pterostilbene for 24 hours. (d) Quantitative
analysis of the number of vacuolated and viable cells after pterostilbene-treatment. HL60 cells were exposed to 1 µM, 10 µM, 100 µM
pterostilbene, respectively. Viable cells were assessed using the trypan blue exclusion assay. Data are presented as mean ± S.D. of three
independent experiments. *p<0.05, vs. control (untreated) cells.

IC90= 43.26 ± 1.25 ( M)

Fig. 1. Neutral red uptake assay. HL60 cells were treated with
DMSO (control) or pterostilbene for 72 hours. Data are presented
as mean ± S.D. of four independent experiments in duplicates.



pterostilbene majority of the vacuolated cells remained viable,
stained green after AO/EB staining (Fig. 2a). Almost no
vacuolated cells were visible after removing pterostilbene by
washing the cells and further incubation with pterostilbene-free
culture medium (Fig. 2b), suggesting that the cytoplasmic
vacuolation was reversible. Results of the quantitative analysis
indicated that after 24 hours of incubation with 43 µM
pterostilbene vacuolated cells constituted about 67% of the total
cell population (Fig. 2c), whereas after removing of the
compound and further incubation with pterostilbene-free
medium, the fraction of vacuolated cells dramatically decreased
(Fig. 2c). The trypan blue exclusion assay revealed that after 24
hours of pterostilbene-treatment viable cells constituted 83% of
the total cell population (Fig. 2c). After removing of the
compound followed by 24, 48 and 72 hours of incubation with
fresh medium viable cells constituted 71%, 78% and 86%,
respectively (Fig. 2c).

In contrast to the effects of 43 µM pterostilbene (Fig. 2b,
2c), after 24 hours-exposure of HL60 cells to 1 µM (Fig. 2b, 2d)
and 10 µM pterostilbene (Fig. 2b, 2d) no vacuoles were visible.
After treatment with 1 µM pterostilbene for 24 hours majority of
cells remained viable, stained green after AO/EB staining and
exhibited intact nuclear architecture (Fig. 2b). The fraction of
viable cells was 97% as assessed by the trypan blue exclusion
assay (Fig. 2d). Confocal microscopy indicated that following
24 hours of incubation with 10 µM pterostilbene (Fig. 2b), the
fraction of red-stained dead cells slightly increased compared to
the effects of 1 µM pterostilbene (Fig. 2b). Trypan blue-negative
viable cells constituted 93% of the total cell population (Fig. 2d).
After 24 hours of treatment with 100 µM pterostilbene, the
fraction of vacuolated cells was about 0.6% (Fig. 2d). Exposure
to 100 µM pterostilbene resulted in a significant increase in the
number of red-stained dead cells, mostly late apoptotic with
condensed or fragmented nuclei (Fig. 2b). The trypan blue
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Fig. 3. Effect of pterostilbene on
viability, cell cycle distribution and ROS
production in HL60 cells. (a) Phase-
contrast images of HL60 cells exposed
to 43 µM pterostilbene for 24 hours (NR
staining); Bar, 20 µm; PTER,
pterostilbene. Data are representative of
three independent experiments in
duplicates. (b) MTT cytotoxicity assay.
HL60 cells were treated with 43 µM
pterostilbene for 72 hours. Data are
presented as mean ± S.D. of three
independent experiments in triplicates.
***p<0.001, vs. control (untreated
cells). (c) Cell cycle analysis (PI
staining, flow cytometry analysis).
HL60 cells were treated with 43 µM
pterostilbene for 0–72 hours. Data are
representative of five independent
experiments in duplicates. (d)
Intracellular production of reactive
oxygen species in pterostilbene-treated
HL60 cells. Cells were exposed to 43
µM pterostilbene for 2–6 hours. 30 min
before the end of incubation H2DCFDA
was added and cells were analysed for
DCF fluorescence by flow cytometry.
PTER, pterostilbene. Data are presented
as mean ± S.D. of three independent
experiments in duplicates.*p<0.05, vs.
control.

Cell cycle distribution (% of total cell population)

Time of treatment Sub-G1 ±±±± SD G0/G1 ±±±± SD S ±±±± SD G2/M ±±±± SD 
Control 4.41 ± 1.06 40.28 ± 1.39 35.77 ± 0.84 19.67 ± 1.38 
6 hours 7.42 ± 1.02* 50.38 ± 1.61* 30.61 ± 0.33 11.68 ± 1.24 

12 hours 24.22 ± 1.57* 44.09 ± 1.74* 21.72 ± 0.31 10.41 ± 0.48 
24 hours 20.17 ± 6.76 48.54 ± 1.19* 19.31 ± 3.53 12.25 ± 1.8 
48 hours 33.77 ± 2.12* 50.91 ± 2.48* 9.83 ± 0.52 5.85 ± 0.76 
72 hours 47.21 ± 3.47* 39.26 ± 2.69 8.51 ± 0.79 5.27 ± 0.66 

Data are presented as mean ± S.D. of five independent experiments in duplicates. * Statistically significant differences (p<0.05), Sub-
G1 and G0/G1 factions in pterostilbene-treated samples vs. Sub-G1 and G0/G1 factions, respectively, in control (untreated) samples.

Table 1. Cell cycle distribution of pterostilbene-treated HL60 cells.



exclusion assay revealed that viable cells constituted about 39%
of the total cell population (Fig. 2d).

Effect of pterostilbene on cell growth and cell cycle progression

Studies on morphology of vacuolated HL60 cells revealed
that the neutral red dye, which had previously been used to
assess cytotoxicity of pterostilbene, accumulated in giant
vacuoles (Fig. 3a). Therefore, in addition to the neutral red
uptake assay the MTT cytotoxicity test was performed. The NR
assay is based on the ability of viable cells to incorporate the NR
dye into lysosomes, whereas the MTT assay is based on the
ability of mitochondrial succinate dehydrogenase of viable cells
to reduce the MTT tetrazolium salt. Treatment of HL60 cells
with 43 µM pterostilbene for 72 hours resulted in a dramatic
decrease in cell viability as assessed by the MTT assay (Fig. 3b).
The cell cycle analysis revealed that pterostilbene-treated cells
were arrested in the G0/G1-phase and stopped dividing (Fig. 3c,
Table 1). Compared to the control (untreated cells), starting from
6 hours of treatment with 43 µM pterostilbene significantly more
cells accumulated in the G0/G1-phase, which was accompanied
by a corresponding decrease of the population of cells in S- and
G2/M- phases (Fig. 3c, Table 1). Moreover, incubation with the
compound for 12-72 hours led to a significant increase in the
number of cells in the sub-G1 fraction (hypodiploid cells),
indicative of apoptotic DNA degradation (Fig. 3c, Table 1).

Effect of pterostilbene on reactive oxygen species generation

To determine whether the mechanism of pterostilbene-
induced vacuolation of HL60 cells could involve oxidative
stress, we examined the effect of this polyphenolic compound on
the intracellular production of reactive oxygen species. As
shown in Fig. 3d, compared to the control, treatment with 43 µM
pterostilbene greatly inhibited the formation of ROS. After 4 and
6 hours of pterostilbene-exposure, the intracellular ROS

production decreased by about 2-fold, suggesting that
pterostilbene did not induce oxidative stress.

Accumulation of autophagic vacuoles in pterostilbene-treated
cells

The mechanism of macroautophagy involves the
sequestration and lysosomal degradation of cytosol and/or
organelles (2). By definition autophagic vacuoles such as
autophagosomes, amphisomes or autolysosomes formed during
macroautophagy are membrane-bound vacuoles containing
cytoplasmic material. Autophagosomes have a double or
multiple limiting membrane, whereas autolysosomes are limited
by a single membrane (2, 33). Amphisomes are considered to be
intermediate autophagic compartments. In morphological
studies using transmission electron microscopy autophagic
vacuoles are often classified as initial or early autophagic
vacuoles (AVi) and late or degradative autophagic vacuoles
(AVd) (2). AVi can be autophagosomes and newly formed
amphisomes containing morphologically intact cytoplasmic
material, whereas AVd can be autolysosomes and amphisomes
with partially degraded cytoplasmic content. Our results
revealed accumulation of early and late autophagic vacuoles in
pterostilbene-treated cells (Fig. 4). AVi were limited by a double
or multiple membrane and contained recognizable cytoplasmic
material (Fig. 4f). AVd with partially disintegrated content were
mostly single membrane-bound (Fig. 4b-4d). In addition to
relatively small AVi and AVd very large single membrane-bound
vacuoles were observed which morphologically resembled
enlarged or distended AVd (Fig. 4b, 4d, 4e). The unrecognizable,
partially degraded, electron-dense cytoplasmic material they
contained occupied only a very small part of their lumina,
whereas the rest was electron-lucent. In comparison to 6 hours,
after 24 hours of pterostilbene treatment the number of these
vacuoles increased. Moreover, they seemed to enlarge in time.
Transmission electron micrographs also showed that many
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Fig. 4. Transmission electron micrographs of HL60 cells. a, control; b-c, 6-hours exposure to 43 µM pterostilbene; d-f, 24-hours exposure
to 43 µM pterostilbene; b, arrowheads, AVd; c, arrowheads, AVd; d, arrowheads, fragments of the nucleus; e, arrowheads, adjoining
vacuoles, f, arrowheads, AVi containing ribosomes and fragments of rough endoplasmic reticulum; Bars: 2 µm (d); 1 µm (a, e); 0,5 µm
(b, f); 0,2 µm (c). Data are representative of three independent experiments in duplicates.



vacuoles adjoined other vacuoles, indicating their fusion (Fig.
4e). After 6 hours of pterostilbene-exposure most cells showed
intact nuclear architecture. After prolonged incubation time,
some but very few cells showed fragmented nuclei (Fig. 4d).

The microtubule associated protein 1 light chain 3 (LC3)
plays a critical role in autophagy (2, 34). Induction of autophagy
leads to conjugation of phosphatidylethanolamine to cytosolic
LC3 (LC3-I) and formation of its non-soluble form (LC3-II)

551

PTER 43 µM, 24hControl

LC
3

H
oe

ch
st

 3
33

42
M

er
ge

d

Fig. 6. Immunofluorescence analysis. HL60 cells were treated with 43 µM pterostilbene for 24 hours, fixed and incubated with rabbit anti-
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Fig. 5. Detection of autophagy in pterostilbene-treated HL60 cells. (a) Western blotting analysis of LC3 processing after treatment of
HL60 cells with 43 µM pterostilbene for 6 and 24 hours. Similar results were obtained in three independent experiments. The relative
levels of LC3-I and LC3-II normalized to loading control (β-tubulin) were quantitated. (b) Effect of autophagy inhibitor 3-
methyladenine on pterostilbene-induced vacuolation of HL60 cells. 3-MA, cells incubated with 10 mM 3-methyladenine alone for 25
hours; PTER, cells treated with 43 µM pterostilbene for 24 hours; 3-MA + PTER, cells pretreated with 10 mM 3-methyladenine for 1
hour and treated with 43 µM pterostilbene for the next 24 hours; Bar: 25 µm. Data are representative of three independent experiments
in duplicates. Cells were stained with AO/EB and examined by confocal microscopy.



which associates with a phagophore/isolation membrane as well
as both inner and outer membrane of autophagosomes (2, 34). To
establish whether pterostilbene may influence autophagic
pathways, the conversion of cytosolic LC3-I to membrane-
bound LC3-II was examined. As shown in Fig. 5a, 6 and 24
hours of treatment of HL60 cells with 43 µM pterostilbene led to
the processing of LC3-I and formation of LC3-II. The Western

blotting analysis showed that 6 hours-exposure of HL60 cells to
pterostilbene resulted in an increased level of LC3-II. After 24
hours, levels of both LC3-I and LC3-II were higher than after 6
hours of treatment (Fig. 5a).

To find out whether pterostilbene-induced vacuolation could
be prevented by autophagy inhibitors, HL60 cells were pretreated
with 3-methyladenine (3-MA) and the effects were studied using
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Fig. 7. Detection of apoptosis in pterostilbene-treated HL60 cells. (a) Time course of phosphatidylserine externalization induced by
pterostilbene in HL60 cells (annexin V-FITC/PI staining, flow cytometry analysis). HL60 cells were incubated with 43 µM pterostilbene
for 0–72 hours. Data correspond to one representative experiment from a series which gave similar results. The bottom right quadrant of
each dot plot represents early apoptotic cells (annexin V positive/PI negative). The upper right quadrant represents late apoptotic/necrotic
cells (annexin V positive/PI positive). (b) Percentage of apoptotic cells induced by pterostilbene (annexin V-FITC/PI staining, flow
cytometry analysis). HL60 cells were incubated with 43 µM pterostilbene for 0–72 hours. Data are presented as mean ± S.D. of five
independent experiments in duplicates. *p<0.05, **p<0.01, statistically significant differences compared to control (untreated cells). (c)
DNA fragmentation in HL60 cells treated with 43 µM pterostilbene. M, 100–10,000 bp DNA marker; lane 1, untreated cells; lanes 2–5, 12,
24, 48, 72 hours of pterostilbene-treatment, respectively. Degradation of DNA was analysed by agarose gel electrophoresis. Data are
representative of three independent experiments in duplicates. (d) Changes in mitochondrial membrane potential in pterostilbene-treated
HL60 cells (JC-1 staining, flow cytometry analysis). HL60 cells were treated with 43 µM pterostilbene for 0–72 hours. Data are presented
as mean ± S.D. of three independent experiments in duplicates. **p<0.01, statistically significant differences compared to control. (e) Effect
of pterostilbene on caspase-3 activation (staining with anti-active caspase-3 antibody, flow cytometry analysis). HL60 cells were treated
with 43 µM pterostilbene for 0–72 hours. Data are presented as mean ± S.D. of three independent experiments in duplicates. *p<0.05, vs.
control. (f) Effect of caspase-8,-9 inhibitors on the fraction of annexin-V+/PI- (early apoptotic) and annexin-V+/PI+ (late apoptotic/necrotic)
cells (annexin V-FITC/PI staining/flow cytometry analysis). HL60 cells were pretreated with 30 µM inhibitors (caspase-8 inhibitor Z-IETD-
FMK and caspase-9 inhibitor Z-LEHD-FMK, respectively) for 2 hours and incubated with 43 µM pterostilbene for the next 24 hours.
PTER, pterostilbene. Data are presented as mean ± S.D. of three independent experiments in duplicates. *p<0.05, vs. control.



AO/EB staining (Fig. 5b). Confocal micrographs showed that
after treatment with 3-MA for 1 hour and further 24 hours-
incubation with pterostilbene no vacuoles were visible (Fig. 5b).
Moreover, red-stained apoptotic cells were observed (Fig. 5b).
The results suggest that pretreatment of HL60 cells with 3-MA
prevented pterostilbene-induced vacuolation, but not cell death.

Interestingly, immunofluorescence staining with anti-LC3
antibodies revealed the presence of large LC3-positive ring-
shaped structures in pterostilbene treated cells (Fig. 6). In some
cells they occupied most of the cytoplasm. In control cells LC3-
staining was diffuse, which is typical for cytosolic localization
of LC3 (Fig. 6).

Induction of cell death

The cell cycle analysis revealed that treatment of HL60 cells
with 43 µM pterostilbene resulted in a significant increase in the
number of cells in the sub-G1 fraction, suggesting induction of
apoptosis (Fig. 3c, Table 1). Therefore, to elucidate mechanisms
of pterostilbene-induced cell death we examined markers of
apoptosis such as phosphatidylserine externalization (Fig. 7a,
7b). The analysis of HL60 cells treated with 43 µM pterostilbene
for 12 hours revealed that fractions of annexin-V+/PI- cells
(corresponding to early apoptotic cells) and annexin-V+/PI+ cells
(representing late apoptotic/necrotic cells) were about 4% and
3%, respectively (Fig. 7b). After 24 hours of treatment, annexin-
V+/PI- and annexin-V+/PI+ cells constituted about 5% and 12%,
respectively (Fig. 7b). Changes in the plasma membrane
asymmetry and integrity were more prominent after 48 hours of
pterostilbene-exposure. The fractions of annexin-V+/PI- and
annexin-V+/PI+ cells were about 20% and 27%, respectively
(Fig. 7b). Treatment of cells with pterostilbene for 72 hours
resulted in a significant increase in the percentage of early
apoptotic cells (58%) and late apoptotic/necrotic cells (29%),
whereas the unchanged cells (annexin-V-/PI-) constituted only
9% of the total measured cell population (Fig. 7b).

As the characteristic cleavage of DNA into internucleosomal
fragments is considered to be a hallmark of apoptosis, we
investigated DNA fragmentation in pterostilbene-treated cells.
Results shown in Fig. 7c demonstrate lack of DNA
fragmentation in untreated cells. A weak ladder-like pattern,
typical for internucleosomal DNA degradation appeared after
12–48 hours of incubation with 43 µM pterostilbene (Fig. 7c).
After 72 hours, a smear of DNA fragments of various lengths
was observed, indicative of nonspecific DNA cleavage (Fig. 7c).

Since mitochondria are involved in the intrinsic apoptotic
pathway, we investigated the effects of pterostilbene on changes
of the mitochondrial membrane potential. As shown in Fig. 7d,
a time-dependent increase in the number of cells with
depolarized mitochondrial membranes was observed after
treatment of HL60 cells with 43 µM pterostilbene. After 24
hours of incubation with this compound only about 8% of cells
showed reduced/loss of mitochondrial membrane potential,
whereas after 48 and 72 hours the fraction of cells with altered
∆Ψm was about 20% and 49%, respectively (Fig. 7d).

After 24 hours of pterostilbene-exposure, the percentage of
cells with active caspase-3, that plays an important role in the
executive stage of apoptosis, was less than 10% of the total
measured cell population (Fig. 7e). However, after 48 and 72
hours of pterostilbene-treatment 43% and 62% of cells,
respectively, showed caspase-3 activity (Fig. 7e).

The activity of caspase-8 is required for the extrinsic,
whereas caspase-9 is involved in the intrinsic apoptotic
pathway. The caspase-8 inhibitor Z-IETD-FMK failed to block
death of HL60 cells induced by pterostilbene-treatment for 24
hours (Fig. 7f) as assessed by annexin V-FITC/PI assay.
However, the caspase-9 inhibitor Z-LEHD-FMK partially

inhibited cell death (Fig. 7f). In its presence the number of dead
cells decreased by 3-fold.

DISCUSSION

Autophagy plays a dual role in cancinogenesis. There is
increasing data suggesting that it can act as a tumor suppressor
(19, 20, 35-37). However, it is also well documented that in
some cases it can promote tumor cell survival, metastasis and
resistance to cancer therapy (38-42). Upregulation of autophagy
in cancer cells promotes their survival under metabolic stress or
hypoxia as well as protects them from anoikis (38-40). Recent
studies have demonstrated that autophagy activated in cancer
cells represents an adaptive mechanism to survive drug-induced
cellular stress (41, 42). Downregulation or inhibition of
autophagy was shown to prevent resistance to cancer therapy
(41, 42). Therefore, the use of negative modulators of autophagy
was proposed as a new approach in cancer treatment.

In the present study, we demonstrate that pterostilbene may
act as a modulator of autophagy in HL60 human leukemia cells.
The HL60 cell line is widely used as an experimental model in
studies on cellular mechanisms (31, 43). We found that 43 µM
pterostilbene (IC90) induced intensive cytoplasmic vacuolation
in HL60 cells. The vacuolation was concentration-dependent
and reversible upon removal of the drug. Pterostilbene did not
induce oxidative stress. It decreased intracellular ROS
production. Similar effects of pterostilbene we observed in
MOLT4 human leukemia cells (44). Moreover, accumulating
reports have shown that pterostilbene as well as other
polyphenols exhibit antioxidant properties (29, 45, 46). The
formation of vacuoles in pterostilbene-treated HL60 cells was
blocked by 3-methyladenine, known to inhibit the sequestration
step of macroautophagy, i.e. autophagosome formation (47).
Although it prevented pterostilbene-induced vacuolation, it did
not prevent cell death. Noteworthy, the Western blotting
analysis revealed an increased level of LC3-II after 6 and 24
hours of pterostilbene-treatment. This indicates the conversion
of LC3-I to LC3-II, typically observed after induction of
autophagy (34, 48). It may reflect the increased number of
autophagosomes due to an elevated activity of autophagic
process (34). However, it may also indicate reduced turnover of
autophagosomes resulting in their accumulation characteristic
for impaired autophagy (34). Autophagic flux inhibition seems
probable, because after 24 hours of treatment the LC3-II level
did not decrease, but was even higher than after 6 hours-
incubation time. Additional information could provide analysis
of the level of p62/SQSTM1 protein (48). Mena S. et al. studied
the levels of LC3-II and p62/SQSTM1 after 24 hours of
pterostilbene-treatment in A375, A549, HT29 and MCF7 cancer
cells (26). They observed an increased level of both proteins,
suggestive of autophagic flux inhibition. The elevated amount
of LC3-I in HL60 cells after 24 hours of treatment suggests that
its processed LC3-II form is still required, e.g. due to the need
to form new autophagosomes. Furthermore, the immuno-
fluorescence analysis revealed that vacuoles accumulating in
pterostilbene-treated cells were LC3-positive. We detected large
ring-shaped structures, positively stained with anti-LC3
antibodies. LC3 protein serves as a marker of autophagic
vacuoles (2, 34). It is present in both inner and outer membrane
of autophagosomes. It may also be present in nascent
amphisomes or nascent autolysosomes. In immunofluorescence
staining with anti-LC3 antibodies autophagic vacuoles usually
appear as fluorescent dots (puncta) or ring-shaped structures
(48, 49). Transmission electron micrographs showed the
presence of cytoplasmic material within large vacuoles
accumulating in pterostilbene-treated HL60 cells, providing
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additional evidence for their autophagic origin. The vacuoles
seemed to enlarge in time. After 24 hours of pterostilbene
treatment they occupied most of the cell's cytoplasm. Results of
electron microscopy analysis also suggested that larger
vacuoles probably arose by fusion of smaller vacuoles.
Swelling of the vacuoles should also be considered, because
they contained very little electron-dense cytoplasmic material in
relation to their electron-lucent area. Taken together, vacuolar
structures accumulating in pterostilbene-treated HL60 cells
presumably originated from autophagic vacuoles.
Accumulation of autophagic vacuoles suggests delayed/arrested
autophagy, probably due to defects in some of its step/s. Many
chemical compounds, e.g. vinblastine, leupeptin or asparagine
were reported to inhibit maturation of autophagic vacuoles and
cause their accumulation (50-52). When autophagy is not
disturbed, removal of autophagic vacuoles is efficient and their
number is relatively low. Defective autophagy may result from
impaired fusion of autophagosomes with lysosomes or
disruption of lysosomal functions. Another possible explanation
may be that the capacity of autophagy to degrade accumulating
material was exceeded and subsequently removal of autophagic
vacuoles became ineffective due to an elevated rate of their
formation.

Noteworthy, the autophagic pathway was found to coalesce
with the endocytic pathway generating amphisomes as soon as
autophagosomes are formed (53). Some chemical compounds,
e.g. leupeptin were shown to cause accumulation of
amphisomes (50). Electron micrographs showed large AVd with
partially degraded cytoplasmic material in pterostilbene-treated
HL60 cells. Autolysosomes contain acid hydrolases (54).
Amphisomes probably acquire some lysosomal enzymes
through endocytic pathway and consequently may exhibit at
least limited ability to degrade their content. Interestingly, the
neutral red dye accumulated in pterostilbene-induced vacuoles,
indicating an acidic pH within them. Neutral red primarily
stains lysosomes, but it can also stain other acidic vesicles
including acidic autophagic compartments (48, 55). It
accumulates and becomes trapped in acidic intracellular
vesicles due to protonation (55). The newly formed
autophagosomes have the same pH as the cytoplasm, but it
changes during their maturation (48, 54). Amphisomes as well
as autolysosomes are acidic (48, 54). Thus, they can both be
stained by neutral red. Taken together, is should be considered
whether pterostilbene-induced vacuoles in HL60 cells originate
from amphisomes or autolysosomes.

Treatment of HL60 cells with 43 µM pterostilbene resulted
in the G0/G1 cell cycle arrest and cell death. Pterostilbene led to
phosphatidylserine externalization as well as disruption of the
mitochondrial membrane potential, activation of caspase-3 and
internucleosomal DNA degradation. Pterostilbene-induced cell
death was effectively inhibited by caspase-9 inhibitor, indicating
the involvement of the mitochondrial apoptotic pathway. All the
above findings provide evidence for induction of apoptosis.
However, it is important to note that morphology of
pterostilbene-treated HL60 cells was not strictly apoptotic.
Intensive accumulation of autophagic vacuoles was also
detected. It started before pronounced hallmarks of apoptosis
appeared, suggesting that the autophagic pathway switched to
the apoptotic pathway. Thus, morphology of pterostilbene-
treated cells could be affected by both apoptosis and presumably
defective autophagy. Because vacuolated cells expressed
phosphatidylserine at the external cell surface, they would
probably be recognized in vivo and removed by phagocytes
without inducing an inflammatory response. There is growing
evidence of a complex relationship between autophagy and
apoptotic cell death (56-60). Several studies indicated that
autophagy lies upstream of apoptosis (56-58). Interestingly,

pterostilbene was reported to induce both autophagy and
apoptosis in human bladder and breast cancer cell lines (24, 25).
Moreover, another polyphenolic compound, resveratrol, induced
autophagy followed by apoptosis in human colorectal DLD1
cancer cells (23).

In summary, our findings suggest that treatment of HL60
cells with 43 µM pterostilbene results in reduced rather than
enhanced autophagic degradation, which in turn leads to cell
death. Autophagy is initiated in pterostilbene-treated cells, but
removal of autophagic vacuoles is probably inefficient. Further
studies are required to fully explain this phenomenon. Our
studies provide a new insight into the mechanisms of action of
pterostilbene and its potential therapeutic use. Understanding of
the molecular signaling pathways affected by pterostilbene in
HL60 cells may help to identify new targets for effective cancer
therapy or predict potential adverse drug effects.
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