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Pterostilbene inhibits nutrient metabolism and induces apoptosis
through AMPK activation in multiple myeloma cells
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Abstract. Multiple myeloma (MM) cells are characterized by
an abnormal nutrient metabolism that is distinct from normal
plasma cells. Pterostilbene (PTE), a bioactive component of
blueberries, has been demonstrated to induce apoptosis in
multiple types of cancer cell. The present study evaluated
whether PTE treatment affected the survival of MM cells
from a metabolic perspective, and the potential mechanisms
of this. It was observed that the administration of PTE induced
apoptosis, which was mediated by the increased activation
of AMP-activated protein kinase (AMPK). Once activated,
AMPK decreased the expression and/or activity of key lipo-
genic enzymes, including fatty acid synthase and acetyl-CoA
carboxylase.In addition, the activation of AMPK suppressed the
downstream substrate, mechanistic target of rapamycin, which
dephosphorylated eukaryotic initiation factor 4E-binding
protein 1, leading to a general decrease in mRNA translation.
Pre-treatment with the AMPK inhibitor compound C prior
to PTE treatment compromised the anti-myeloma apoptosis
effect, suggesting the critical role of AMPK in mediating
PTE-induced cell toxicity. Consistent results were obtained
in vivo. Finally, autophagy was adaptively upregulated subse-
quent to PTE treatment; the pro-apoptotic efficacy of PTE was
potentiated once autophagic flux was inhibited by 3-methylad-
enine. Taken together, these data demonstrated that PTE exerts
anti-tumor effects on MM cells via AMPK-induced nutrient
suppression.
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Introduction

Multiple myeloma (MM) is characterized by the abnormal
accumulation of clonal malignant plasma cells; it accounts
for ~1% of neoplastic diseases and 13% of hematological
malignancies. MM is defined by the excessive production
of heavy and light chain monoclonal immunoglobulins, and
bone marrow plasmacytosis. It is associated with bone lesions,
anemia, cytopenia, hypercalcemia, peripheral neuropathy
and renal dysfunction (1). The treatment for this malignancy
has advanced significantly in recent decades; however, the
prognosis for patients with MM is poor despite the available
chemotherapeutic agents and emerging targeted treatments (2).
The relapse of MM occurs frequently, and thus, novel thera-
peutic modalities are required.

Pterostilbene (trans-3,5-dimethoxy-4'-hydroxystilbene;
PTE) (3), predominately occurring in blueberries and
certain varieties of grapes, is a naturally occurring dimethyl
ether-analogue of resveratrol. However, PTE is more
metabolically stable and has exhibited more favorable
pharmacological activities than resveratrol as its dimethyl
ether structure enhances lipophilicity and membrane perme-
ability (4). PTE has gained significant attention for its potent
antioxidant, anti-inflammatory and anticarcinogenic proper-
ties (5,6). However, the mechanism of the inhibitory effect of
PTE on tumor cells has not yet been completely character-
ized. Numerous previous research efforts have focused on the
ability of PTE to target metabolic pathways that may be altered
during insulin resistance or metabolic syndrome, as well as in
the abnormal metabolism associated with cancer cells (7-9).

By contrast to normal human tissue, cancer cells, including
MM cells, depend on a high anabolic metabolism rate. Cancer
cell survival requires a high availability of de novo lipogenesis,
which is achieved by overexpressing key lipogenic enzymes,
including acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FASN) (10,11). The expression of these enzymes is
positively correlated with increasing cancer stage, aggressive-
ness and drug resistance (12,13). Pharmacological inhibitors
that block FASN or ACC1 activity can inhibit the survival of
a range of types of cancer cells (14-16). MM cells undergo
extensive protein synthesis, specifically that of immunoglob-
ulin. Therefore, MM cells are particularly reliant on protein
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metabolism homeostasis (17,18). Two opposing pathways
control protein synthesis. The absence of amino acids induces
the phosphorylation of a-subunit of eukaryotic translation
initiation factor-2 (eIF2a), which interferes with eIF2 and
consequently hinders the initiation of translation. However, in
the presence of amino acids, mechanistic target of rapamycin
(mTOR) is activated and phosphorylates elF4E-binding
protein 1 (4E-BP1), which facilitates eIF4 assembly, and thus
protein synthesis (19-21).

One critical monitor that may regulate cellular and organ-
ismal metabolic homeostasis is AMP-activated protein kinase
(AMPK), which coordinates cell survival and apoptosis in
response to nutrient and energy levels (22). AMPK is activated
in response to cellular stress or pharmacological inducers
that inhibit anabolic pathways. AMPK acts to decrease ATP
consumption and promote catabolic pathways that generate
more ATP (23). Therefore, AMPK acts as a central metabolic
switch that governs metabolism. As a number of previous
studies have reported the important role of AMPK in the
pro-apoptotic pathway of cancer cells, AMPK is an attractive
target molecule for cancer treatment (24,25).

PTE is reported to mediate AMPK activation in numerous
cell types, including hepatocytes and vascular endothelial
cells (26,27). However, the effect of PTE on the AMPK pathway
in tumor cells has only been reported in prostate cancer cells (9).
The effect of PTE on cancer metabolic regulation is also unclear.
In the present study, the potential of PTE as a non-toxic anti-
neoplastic strategy for patients with MM was investigated from
a metabolic perspective in MM cells. It was demonstrated that
PTE effectively induced MM cell apoptosis by blocking energy
metabolism through the activation of AMPK. The present study
suggested that targeting AMPK activation with PTE represents
a relevant strategy for MM prevention and therapy.

Materials and methods

Reagents. PTE, 3-methyladenine (3-MA), monodansylcadaverine
(MDC) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Compound
C was purchased from Selleck Chemicals (Houston, TX, USA).

PTE stock solution preparation. PTE was dissolved in DMSO
to yield a 78 mM stock solution that was stored at -20°C. The
different doses of PTE (10, 20, 30, 40, 50, 60 and 70 xM) for
each treatment group were diluted with RPMI-1640 medium
(Sigma-Aldrich; Merck KGaA). All experiments used a corre-
sponding volume of DMSO as a control treatment.

Cell culture. RPMI-8226, NCI-H929, U266 and ARH-77
human MM cell lines were purchased from American Type
Culture Collection (Manassas, VA, USA). The RPMI-8226,
NCI-H929, U266 and ARH-77 cells were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and 100 U/ml penicillin/streptomycin (Beyotime
Institute of Biotechnology, Haimen, China). The cells were
incubated in a humidified incubator with 5% CO, at 37°C.

Proliferation and viability assays. Cell viability was
determined using a Cell Counting kit-8 (CCK-8; Dojindo
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Laboratories, Kumamoto,Japan) assay. In brief, 1x10* cells/well
were seeded into 96-well plates in a final volume of 100 pl of
complete culture medium with the specified concentrations
of PTE. The CCK-8 reagent was added and incubated for an
additional 0.5-4 h at 37°C and the optical density (OD) was
measured at 450 nm using a microplate reader.

Western blotting. Following PTE treatment with or without
1 uM compound C for 48 h, the MM cells were harvested
and lysed in radioimmunoprecipitation assay lysis solution
(Beyotime Institute of Biotechnology) containing phosphatase
inhibitors and PMSF. A bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology) was used to determine
the protein concentrations. Protein lysates (30-50 pg per
sample) were separated with 6-12% SDS-polyacrylamide gels
(Beyotime Institute of Biotechnology) and transferred to poly-
vinyl difluoride membranes (EMD Millipore, Billerica, MA,
USA). The membranes were blocked in 5% skimmed milk in
Tris-buffered saline for 1 h at room temperature and incubated
at 4°C overnight with primary antibodies against cleaved
caspase 9 (Asp330; cat. no. 9501T), caspase 9 (cat. no. 9502T),
poly(ADP-ribose) polymerase (PARP; cat. no. 9532), phos-
phorylated (p)-AMPK (Thrl72; cat. no. 2535T), AMPK (cat.
no. 5832T), FASN (cat. no. 3180T), ACC (cat. no. 3676T),
p-ACC (Ser79; cat. no. 11818T), p-mTOR (Ser2448; cat.
no. 5536), mTOR (cat. no. 2983), 4E-BP1 (cat. no. 9644T),
p4E-BP1 (Thr37/46) (cat. no. 2855T), p-elF2a (Ser51; cat.
no. 3398T), eIF2a (cat. no. 5324T), autophagy-related (ATG)5
(cat. no. 12994T), beclinl (cat. no. 3495T) and light chain
(LC)3B (cat. no. 3868T; all dilution, 1:1,000; Cell Signaling
Technology, Inc., Danvers, MA, USA), and primary antibody
against cleaved caspase 3 (cat. no. ab32042; dilution, 1:500;
Abcam, Cambridge, MA, USA). The primary antibody
against [3-actin was from Antgene (cat. no. ANTO10S; dilu-
tion, 1:2,000; Wuhan, China). The membranes were incubated
with horseradish peroxidase-conjugated anti-rabbit (cat.
no. ANTO020; dilution, 1:5,000; Antgene) or anti-mouse (cat.
no. ANTO19; dilution, 1:5,000; Antgene) secondary antibodies
for 60 min at room temperature. The blots were developed
using an enhanced chemiluminescence reagent (Antgene).
The protein expression levels were normalized to the level of
[-actin in the corresponding lanes and Image Lab 3.0 software
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used for
densitometric analysis.

Flow cytometry analysis. Following PTE treatment, or PTE
co-treatment with 1 #uM compound C or 3 mM 3MA, cell
apoptosis was assayed with Annexin V/propidium iodide
staining (PI; BD Biosciences, San Jose, CA, USA), followed
by fluorescence-activated cell sorting analysis. RPMI-8226
cells were treated with 0, 20, 40 or 60 uM PTE and ARH-77
cells were treated with 0, 10,20 or 40 uM PTE for 24 h. Next,
1x10° cells were resuspended in 100 ul Annexin V-binding
buffer containing 5 #l Annexin V and PI. Following incu-
bation at room temperature for 15 min, 400 ul binding
buffer was added to the cells, which were analyzed using a
FACSAriall flow cytometer (BD Biosciences). The rate of
apoptotic events was defined as the sum of the number of
cells in the early (Annexin V*/PI') and late (Annexin V*/PI*)
stages of apoptosis. FlowJo 7.6 software (FlowJo LLC,
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Ashland, OR, USA) was used to analyze the flow cytometry
data.

Visualization of autophagic vacuoles with MDC. MDC was
used as an autophagolysosome-specific marker to analyze the
autophagic process. Cells were seeded into 6-well plates and
treated with 40 uM PTE for 24 h. Autophagic vacuoles were
labeled with MDC by incubating cells with 50 uM MDC at
37°C for 30 min. The cells were washed with PBS three times
in 5 min intervals. The cells were then immediately analyzed
using a fluorescence microscope (magnification, x200; Nikon
Corporation, Tokyo, Japan).

Transmission electron microscopy (TEM). The autophagosome
ultrastructure of MM cells was observed by TEM. RPMI-8226
cells were exposed to 40 uM PTE for 0, 7 and 24 h. The cells
were fixed with 2.5% glutaraldehyde at 4°C for 2 h, followed
by incubation with 2% O,0, for 2-3 h at 4°C. Following dehy-
dration in a graded ethanol series, cells were infiltrated and
embedded in EMbed-812 (Electron Microscopy Sciences,
Hatfield, PA, USA) at 60°C for 48 h. Thin (60-100 nm) sections
were stained at room temperature with uranyl acetate for
15 min and lead citrate for 10 min, prior to being examined
using a Tecnai G2 20 TWIN electron microscope (magnifica-
tion, x1,700 and x5,000; FEI, Eindhoven, the Netherlands).

Animal model and treatment. A total of 10 female NOD/SCID
mice (weight, 15.7+1.0 g; age, 3-4 weeks; Nanjing Bioscience
Company, Nanjing, China) were individually maintained
in a temperature-controlled (23+2°C with 50-60% relative
humidity) room with a 12-h light/dark cycle and ad libitum
access to water and food. All experimental procedures and
protocols were approved by the Committee on Animal
Handling of Huazhong University of Science and Technology
(Wuhan, China). The mice were subcutaneously injected with
2x107 RPMI-8226 cells in 200 pl serum-free RPMI-1640
medium. The treatment began when the tumor volume reached
~100 mm?® (~3 weeks). Tumor volumes were calculated using
the following formula: V = AxB?/2, where A is the largest
diameter and B the smallest. 10 mice were randomly divided
into the control (5% DMSO) or PTE (50 mg/kg in 5% DMSO)
groups (n=>5). Intraperitoneal injections were performed 5 days
a week for 21 days. Tumor sizes were evaluated daily. All mice
were sacrificed on day 21 and their tumors were excised. Tumor
tissues were fixed in 10% formalin at room temperature for
24 h for further analysis. Blood was also collected at sacrifice
and serum samples were stored at -80°C until further analysis.

Terminal deoxynucleotidyl transferase mediated dUTP
nick-end labeling (TUNEL) staining. A TUNEL assay kit (cat.
no. 11684817910; Roche Diagnostics, Ltd., Basel, Switzerland)
was used to detect apoptosis in the tumor tissues, according
to the manufacturer's protocol. Tumor tissues from mice
were fixed in 10% formalin at room temperature for 24 h.
Paraffin-embedded sections (4-ym) from tumor tissues were
deparaffinized and hydrated by sequential immersion in
xylene and a graded alcohol series (100, 100, 95, 90, 80 and
70%). Next, the sections were incubated with the TUNEL
reaction mixture (TdT+dUTP, v/v=1:9) at 37°C for 1 h, and
hematoxylin was used to stain the nuclei at room temperature
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for 5 min. The sections were sealed with neutral gum and
visualized using a fluorescence microscope (magnification,
x100; Nikon Corporation). Five fields of view for each section
were observed.

Histology and immunohistochemistry (IHC). Tumors from
mice were fixed in 10% formalin at room temperature for
24 h. Paraffin-embedded sections (4-um) of tumor tissues
were deparaffinized and hydrated by sequential immersion in
xylene and a graded alcohol series (100, 100, 95, 90, 80 and
70%). Following antigen retrieval with 10 mM citrate buffer
(pH=6.0) at 95°C for 10 min, endogenous tissue peroxidase
activity was blocked with 3% hydrogen peroxide at room
temperature for 10 min. Next, non-specific sites were blocked
with 5% bovine serum albumin (Roche Diagnostics) at room
temperature for 20 min. The sections were incubated with
antibodies against p-AMPK (Thrl72; cat. no. 2535S; dilu-
tion, 1:100; Cell Signaling Technology, Inc.), p-mTOR (cat.
no. bs-3494R; dilution, 1:200; Biosynthesis Biotechnology
Co., Ltd., Beijing, China), FASN (cat. no. 3180S; dilution,
1:50; Cell Signaling Technology, Inc.) and cleaved caspase-3
(cat. no. RLCO006; dilution, 1:50; Ruiying Biological, Suzhou,
China) at 4°C overnight. Next, the sections were incubated
with the following secondary antibodies: horseradish perox-
idase-conjugated anti-rabbit or anti-mouse (cat. no. K5007;
dilution, 1:200; Dako; Agilent Technologies, Santa Clara,
CA, USA) for 50 min at room temperature. The labelled
cells were observed using a fluorescence microscope (Nikon
Corporation) for cleaved caspase-3 (magnification, x100) and
for p-AMPK, FASN and p-mTOR (magnification, x200). Five
fields of view for each section were observed.

In vivo toxicity assay. Inner canthus blood samples (100 ul)
were collected from the mice prior to sacrifice. Blood cells
were isolated by density gradient centrifugation at 3,000 x g
at room temperature for 10 min, and creatine kinase-MB
(CK-MB), cardiac troponins T (cTnT), alanine aminotrans-
ferase (ALT), aspartate amino transferase (AST), alkaline
phosphatase (ALP), total bilirubin (TBIL), urea nitrogen
(BUN) and serum creatinine (Scr) were detected in the serum.
Concentrations of CK-MB and cTnT were determined quan-
titatively using the commercially available CK-MB ELISA
kit (cat. no. FLSW-M1025; Kehua Bio-Engineering co., Ltd.,
Shanghai, China) and ¢cInT ELISA kit (cat. no. FLSW-M763;
Kehua Bio-Engineering co., Ltd.) according to the manufac-
turer's protocol. The absorbance at 450 nm was measured
using an automated microplate reader. The other serum
indexes, including ALT, AST, ALP, TBIL, BUN and Scr,
were measured by routine methods using a fully automatic
biochemical analyzer (Automatic Analyzer AU2700; Beckman
Coulter, Inc., Brea, CA, USA), according to the manufacturer's
protocol.

Statistical analyses. SPSS 15.0 software (SPSS Inc, Chicago,
IL, USA) was used to analyze all recorded data. Data are
presented as the mean + standard deviation of three indepen-
dent experiments. Statistically significant differences between
multiple group comparisons were determined using one-way
analysis of variance followed by Dunnett's test. Comparisons
between two groups were made using unpaired Student's
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Figure 1. PTE reduces MM cell viability and induces cell apoptosis. (A) RPMI-8226, ARH-77, U266 and NCI-H929 cells were treated with PTE and their
viability was measured using a Cell Counting kit-8 assay. The ICs, value is shown. (B) Flow cytometric analysis of the effect of PTE on apoptosis using an
Annexin V-FITC/PI kit. DMSO served as the control. (C) RPMI-8226 and (D) ARH-77 cells were treated with DMSO (control) or different concentrations
of PTE for 48 h, the expression levels of cleaved caspase 3, cleaved caspase 9 and cleaved PARP were determined using western blotting. $-actin served as a
loading control. "P<0.05, “P<0.01, ““P<0.001 vs. DMSO group. PTE, pterostilbene; MM, multiple myeloma; FITC, fluorescein isothiocyanate; PI, propidium

iodide; DMSO, dimethyl sulfoxide; PARP, poly(ADP-ribose) polymerase.

t-tests. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

PTE reduces MM cell viability and induces apoptosis. PTE
treatment has demonstrated antitumor activity in several types
of human cancer cells (28,29). Therefore, the growth inhibition
effect of PTE on MM cells was assessed. Different concentra-

tions of PTE between 0 and 70 uM were applied to the MM
RPMI-8226, ARH-77, U266 and NCI-H929 cell lines for 48 h.
Consistent with other previous studies (30,31), a significant reduc-
tion in cell viability was observed following the PTE treatment
of MM cells. PTE induced the concentration-dependent decrease
in viability of RPMI-8226, ARH77, U266 and NCI-H929
cells, with ICs, values at 48 h of 33.8, 16.6, 63.5 and 44.5 uM,
respectively (Fig. 1A). The relatively sensitive RPMI-8226 and
ARH-77 cells were used for subsequent experiments.
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Figure 2. PTE suppresses the expression of metabolic proteins in MM cells. RPMI-8226 (left) and ARH-77 (right) cells were treated with DMSO (control)
or different concentrations of PTE for 48 h. Western blotting was used to analyze the protein expression levels of (A) p-AMPK (Thr 172); (B) FASN, p-ACC
(Ser 79) and ACC; (C) p-mTOR (Ser 2448), mTOR, p-4E-BP1 (Thr 37/46), 4E-BP1, elF20 and p-elF2a. $-actin served as a loading control. The presented
western blotting data are representative of those obtained in at least three separate experiments. "P<0.05, “P<0.01, ““P<0.001 vs. the DMSO group. PTE,
pterostilbene; MM, multiple myeloma; DMSO, dimethyl sulfoxide; p-, phosphorylated; AMPK, AMP-activated protein kinase; FASN, fatty acid synthase;
ACC, acetyl-CoA carboxylase; mTOR, mechanistic target of rapamycin; 4E-BP1, 4E-binding protein 1; eIF2a, eukaryotic translation initiation factor-2a.

To investigate the mechanisms of the growth inhibitory
effect of PTE on MM cells, the effects of PTE on the rate
of apoptosis were analyzed by flow cytometry. PTE treatment
for 24 h induced early and late apoptosis to a greater extent
compared with the DMSO-treated controls in RPMI-8226 and
ARH-77 cells in a dose-dependent manner (Fig. 1B). Compared
with the control group (2.3+7.9%), apoptosis was increased
at 24 h in the 20 yM (6.2+12.5%), 40 uM (13.2+17.5%) and
60 uM (23.2+20.2%) PTE-treated groups in RPMI-8226 cells.
Similar findings were observed in ARH77 cells, in which
apoptosis was increased at 24 h in the 10 M (6.8+9.9%),
20 uM (12.5+12.9%) and 40 uM (18.3+14.1%) PTE-treated
groups, compared with the control group (3.94+6.9%). Taken
together, these data indicated that PTE treatment increased the
rate of apoptosis of MM cells.

These results coincided with a marked increase in the
expression of the pro-apoptotic proteins, cleaved PARP and
cleaved caspase 3/9, following PTE exposure for 48 h in
RPMI-8226 and ARH-77 cells (Fig. 1C and D). Taken together,
these results suggested that PTE treatment attenuates MM cell
viability and induces apoptosis.

PTE treatment activates the AMPK pathway in MM cells. As
the survival of MM cells depends on high rates of anabolic

metabolism, and AMPK is a critical energy sensor in cellular
metabolism (23,32), it was assessed whether PTE treatment
activated the AMPK pathway in MM cells. RPMI-8226 and
ARH-77 cells were exposed to different concentrations of PTE
for 48 h, and the western blot data from these cells demon-
strated that PTE induced the phosphorylation of AMPK in a
dose-dependent manner (Fig. 2A).

The activity of the de novo fatty acid synthesis key enzymes
FASN and ACC is negatively regulated by AMPK (33).
Therefore, it was then investigated whether PTE decreased
lipid synthesis by decreasing FASN expression or inhibiting
ACC activity. It was observed that the FASN protein expres-
sion level was decreased, and ACC was phosphorylated in a
dose-dependent manner when RPMI-8226 and ARH-77 cells
were treated with PTE (Fig. 2B). The inhibition of lipogenic
key enzymes may induce MM cells into a low de novo
lipogenesis state.

As the survival of MM cells is dependent on extensive
protein synthesis and the activation of AMPK inhibits the
mTOR protein synthesis pathway (34,35), it was next exam-
ined whether the activation of AMPK by PTE affected the
mTOR signaling pathway. It was demonstrated that PTE
treatment for 48 h could inhibit mTOR phosphorylation in a
dose-dependent manner in RPMI-8226 and ARH-77 cells.
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Figure 3. PTE induces MM cells apoptosis in a AMPK-dependent manner. RPMI-8226 and ARH-77 cells were treated with PTE in the absence or presence
of CC. Western blotting analyzed the levels of (A) p-AMPK (Thr 172), (B) FASN and (C) p-4E-BP1. -actin served as a loading control; (D) Flow cytometric
analysis of apoptotic effects using an Annexin V-FITC/PI kit. (E) Western blot analysis of the levels of PARP. B-actin served as a loading control. "P<0.05,
“P<0.01, ""P<0.001 vs. PTE-only group. PTE, pterostilbene; MM, multiple myeloma; AMPK, AMP-activated protein kinase; CC, compound C; p, phosphory-
lated; FASN, fatty acid synthase; 4E-BP1, 4E-binding protein 1; FITC, fluorescein isothiocyanate; PARP, poly(ADP-ribose) polymerase.

The best understood roles of mTOR in mammalian cells are
regarding the control of mRNA translation by phosphorylating
4E-BP1 (20), it was observed that the inhibition of mTOR
phosphorylation was accompanied by the decreased phos-

phorylation of 4E-BP1. Furthermore, el[F20 phosphorylation =~ MM cells into a low nutrient state.

was increased in a dose-dependent manner (Fig. 2C). These
results indicated that PTE activates AMPK phosphorylation to
suppress the expression level and activity of lipogenesis- and
mRNA translation-associated enzymes, potentially driving
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Figure 4. PTE treatment induces autophagy. (A) Transmission electronic microscopy analyzed the autophagy-associated morphological change in RPMI-8226
cells following exposure to PTE. Upper panel, x1,700 magnification; lower panel, x5,000 magnification. (B) Monodansylcadaverine-labeled vacuoles were
observed in RPMI-8226 cells using a fluorescence microscope. (C) RPMI-8226 and (D) ARH-77 cells were treated with DMSO (control) or different con-
centrations of PTE for 48 h, western blotting was applied to investigate the levels of the autophagy markers beclinl, ATGS and LC3. f-actin was used as a
loading control. (E) Effect of PTE treatment on RPMI-8226 cells with or without 3MA was analyzed by flow cytometry using an Annexin V-FITC/PI kit.
“P<0.05, “P<0.01, ""P<0.001 vs. DMSO group. PTE, pterostilbene; ATGS5, autophagy-related 5; LC3, light chain 3; 3MA, 3-methyladenine; FITC, fluorescein
isothiocyanate; PI, propidium iodide.
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Figure 5. PTE inhibits MM progression in vivo. (A) Representative image (left) and growth curves (right) of xenograft tumors from NOD/SCID mice
subcutaneously injected with RPMI-8226 cells and treated with 5% DMSO or PTE. (B) Immunohistochemical analysis of terminal deoxynucleotidyl-
transferase-mediated dUTP nick-end labeling and cleaved caspase 3 on tumor tissue sections from mice injected with RPMI-8226 cells and treated with
5% DMSO or PTE. (C) Immunohistochemical analysis of p-AMPK (Thr 172), FASN and p-mTOR (Ser 2448) on tumor tissue sections from mice injected
with RPMI-8226 cells and treated with 5% DMSO or PTE (n=5). “P<0.01 vs. DMSO group. PTE, pterostilbene; MM, multiple myeloma; DMSO, dimethyl
sulfoxide; p-, phosphorylated; AMPK, AMP-activated protein kinase; FASN, fatty acid synthase; mTOR, mechanistic target of rapamycin.

PTE-induced apoptosis is dependent on the activation of
AMPK in MM cells. To more definitively establish the role of
AMPK in mediating the apoptosis-promoting effect of PTE, a
well-established pharmacological inhibitor of AMPK activity,
compound C, was utilized. RPMI-8226 cells were treated
with 60 uM PTE and ARH-77 cells with 40 yuM PTE, in the
absence or presence of compound C (1 yuM). As expected,
treatment with PTE alone activated AMPK phosphorylation.
In addition, the expression levels of the lipogenesis-associated
key enzyme FASN were decreased, and the activation of the
mRNA translation-associated 4E-BP1 was suppressed in

RPMI-8226 and ARH-77 cells after 48 h. However, the FASN
expression level and 4E-BP1 activity were restored in the pres-
ence of compound C (Fig. 3A-C). Furthermore, pre-treating
RPMI-8226 and ARH-77 cells with compound C for 1 h and
then exposing the cells to PTE for 24 h partially reduced the
ability of PTE to induce apoptosis (Fig. 3D). These results
coincided with the expression of the pro-apoptotic protein,
cleaved PARP. Following treatment with PTE for 48 h, the
protein expression levels of cleaved PARP were increased,
which were restored by co-treatment with compound C
(Fig. 3E). Taken together, these results demonstrated that PTE
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decreased the expression level and activity of lipogenesis- and
mRNA translation-associated proteins through the activation
of the AMPK pathway, and the activation of AMPK at least in
part, induced MM cells apoptosis.

PTE activates autophagic processes in MM cells. Autophagy
is activated when cellular energy is insufficient. The
AMPK/mTOR pathway is involved in the regulation of
autophagy in cancer cells (36,37). Therefore, the effect of PTE
on autophagy was assessed. Using TEM, the gold standard
for autophagy assessment, the majority of the RPMI-8226
cells in the control group were structurally complete, whereas
PTE treatment resulted in an increase in autophagosomes
(Fig. 4A). MDC is a specific label for autophagic vacuoles
that was used to further identify PTE-induced autophagy (38).
The PTE-treated RPMI-8226 cells displayed a greater fluo-
rescence intensity and a greater number of MDC-labeled
particles compared with the untreated control group (Fig. 4B).
Furthermore, the western blotting analysis of cell lysates
revealed the increased accumulation of autophagy markers,
including LC3-II, beclinl and ATGS, in a dose-dependent
manner at 48 h (Fig. 4C and D). Autophagy can serve either
a pro-survival or pro-death function (39). Its role in the effect
of PTE intervention on MM cells was then demonstrated. The
pro-apoptotic effect of PTE was further enhanced subsequent
to blocking autophagic flux by co-treatment with 3 mM 3MA
for 24 h (Fig. 4E), indicating that PTE-induced autophagy is
a cell protective mechanism, as the inhibition of autophagy
aggravated PTE-induced apoptosis. These data confirmed that
PTE induced autophagy in MM cells. The co-presence of PTE
and an autophagy inhibitor improved the anti-MM activity
compared with PTE alone.

PTE inhibits tumor growth in vivo. The in vivo antitumor effect
of PTE was then examined using a mouse model. RPMI-8226
cells were subcutaneously injected into 3-week-old female
NOD/SCID mice. As demonstrated in Fig. 5A, the xenograft
tumors in the mice receiving PTE treatment exhibited areduced
tumor volume compared with the mice receiving DMSO. The
tumor xenografts were harvested following the final treatment,
and TUNEL assays and IHC were performed. From the in situ
TUNEL assays, it was observed that tumors in mice treated
with PTE had increased levels of apoptotic cells compared
with control mice (Fig. 5B). IHC was performed to investigate
the molecular mechanisms involved in the anti-tumorigenic
effects of PTE. An increase in cleaved-caspase 3 staining
confirmed the induction of apoptosis in the treatment group
(Fig. 5B). Similarly, an increase in p-AMPK-positive cells and
adecrease in FASN- and p-mTOR-positive cells were observed
with IHC in the xenograft tumors of the PTE treatment group
(Fig. 5C). The in vivo data demonstrated the promising anti-
tumor effect of PTE for the treatment of MM, associated with
metabolic dependence, implying that PTE may be an effective
MM treatment.

PTE displays no evident toxicity in vivo. Mice treated
with PTE exhibited no notable change in body weight,
food and water intake, or activity. Chemotherapy-induced
heart disease, liver dysfunction or kidney malformation
are common side effects that may restrict the clinical
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application of certain chemotherapeutic agents. Therefore,
it was assessed whether the administration of PTE to
tumor-bearing mice stimulated cardiac, nephritic or hepatic
toxicity. Mouse plasma was collected at sacrifice, and mouse
plasma myocardial damage and liver/kidney disease markers
were quantified. The results revealed that the administration
of PTE did not increase liver damage markers, including
ALT, AST, ALP and TBIL (Fig. 6A; P>0.05). No significant
increase in the kidney dysfunction indicators in BUN and Scr
was observed (Fig. 6B; P>0.05). PTE treatment also did not
result in cardiac damage, as no increase in ¢cI'nT or CK-MB
was observed (Fig. 6C; P>0.05). Taken together, these results
indicated that PTE treatment had no evident toxic effects on
the heart, liver or kidneys.

Discussion

Multiple myeloma (MM) is an aggressive type of cancer.
Despite notable advances with the advent of proteasome
inhibitors and immunomodulatory agents, management of
MM remains challenging, and relapse of MM and disease
progression is common even following achievement of
complete remission (2,40). Multiple studies have reported that
natural products derived from plants are important sources
of drugs that may offer significant treatment for the majority
of cancer types, including colorectal and oral cancer (41,42).
Consistent with previous studies, in which it was observed
that PTE inhibited MM cell viability and induced cell cycle
arrest through regulating the mitogen-activated protein kinase
pathway (43,44), the present study demonstrated that the
administration of PTE could induce MM apoptosis in vitro,
and decrease tumor burden in vivo. Additionally, to the best
of our knowledge, the present study was the first to report that
PTE-induced MM apoptosis was metabolically dependent,
via the activation of AMPK, in vitro and in vivo. This study
suggested that the antitumor effect of PTE may provide a novel
therapeutic option for patients with MM.

Nagao et al (45) reported that the administration of PTE
through diet markedly suppressed abdominal white adipose
tissue accumulation in obese rats, suggesting that PTE
enhanced energy expenditure and/or suppressed lipogenesis
in obese rats. Gomez-Zorita et al (7) also demonstrated that
PTE decreased lipogenesis in adipose tissue, and increased
fatty acid oxidation in the liver. However, the effect of PTE
on the metabolic regulation of cancer has yet to be reported.
Our group previously reported that the fate of MM cells can be
modulated by certain metabolism-associated proteins (46-48),
and that leptin, as secreted by adipocytes, can promote MM
cell proliferation (49). Our group also previously observed
that MM cells have an abnormal de novo lipogenesis, with the
increased expression of lipogenesis genes, including FASN,
stearoyl-CoA desaturase 1, and ACC, in MM cell lines and
MM patient tissue, consistent with a number of other cancer
cell types (10,50). Therefore, we hypothesized that PTE
induces MM cell apoptosis by modulating aberrant lipid
metabolism. In the present study, p-AMPK was upregulated
by PTE treatment in a dose-dependent manner. AMPK activa-
tion regulates signaling cascades involved in metabolic events,
including lipogenic activity (35). Following PTE treatment,
the activation of AMPK increased the phosphorylation of
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Figure 6. PTE is a safe drug for the treatment of MM. (A) Liver damage markers, including ALT, AST, ALP and TBIL were measured in serum samples from
NOD/SCID mice treated with 5% DMSO or PTE with an automatic biochemical analyzer. (B) Kidney function markers BUN and Scr were measured in serum
samples from NOD/SCID mice treated with 5% DMSO or PTE by an automatic biochemical analyzer. (C) Cardiac injury markers cInT and CK-MB were mea-
sured with an ELISA kit. The values are expressed as means + standard deviation. PTE, pterostilbene; MM, multiple myeloma; ALT, alanine aminotransferase;
AST, aspartate amino transferase; ALP, alkaline phosphatase; TBIL, total bilirubin; DMSO, dimethyl sulfoxide; BUN, urea nitrogen; Scr, serum creatinine;

¢TnT, cardiac troponins T; CK-MB, creatine kinase-MB.

ACC and decreased FASN protein expression, attenuating
the expression levels/activity of these key enzymes in de novo
lipogenesis.

Previous studies have highlighted the emerging role of
AMPK/mTOR in cancer, and the best understood role of
mTOR in mammalian cells is the control of mRNA translation
through the phosphorylation of 4E-BP1 (51,52). In addition to
lipogenic suppression, it was observed that PTE may also act as
a translation-suppressing mimetic. In the present study, it was
observed that PTE treatment downregulated the phosphoryla-
tion of mTOR and, consequently, the dephosphorylation of
4E-BP1. The regulation of these key steps to translation initia-
tion following PTE treatment may suppress general mRNA
translation in MM cells. It is established that cancer cells are
sensitive to nutrient shortage (16,34). Once PTE treatment
drives MM cells into a low-nutrient state, the cells may have
been killed by the depletion of intracellular lipids and proteins.
The effect of PTE on metabolic suppression and apoptosis was
reversed by the pharmacological AMPK inhibitor compound
C, further confirming the central role of AMPK in mediating
the nutrient suppression and antineoplastic effects of PTE on
MM cells.

Autophagy occurs at physiological levels to facilitate
macromolecular turnover; it is upregulated when cell homeo-
stasis is disrupted through nutrient shortage (53). In the
present study, it was observed at the molecular and cellular

levels that PTE evidently induced autophagy in MM cells. It
was then demonstrated that the pro-apoptotic effect of PTE
was enhanced following co-treatment with autophagy inhibi-
tors, revealing that autophagy exerts a protective role against
PTE-induced apoptosis. Therefore, PTE in combination with
autophagy inhibitors may be a novel alternative for the treat-
ment of MM. As the AMPK/mTOR pathway is also involved
in the regulation of autophagy in cancer cells (37), we hypoth-
esized that treatment with PTE drives cells into a low-nutrient
state, and that autophagy may be adaptively upregulated to
maintain cell homeostasis through promoting the lysosomal
degradation of damaged or redundant cell constituents. As
a self-protective step in nutrient shortage, autophagy may
promote the survival of MM cells. However, despite these
observations, the underlying mechanism for the effect of
autophagy on survival and apoptosis in conditions of nutrient
shortage due to PTE treatment remains uncharacterized and
should be the subject of further investigation.

The majority of existing treatments for MM are highly
toxic. The classical chemotherapy drugs, including melphalan
and cyclophosphamide, and newly emerging targeted therapy
drugs are all associated with side effects, including heart, lung
and liver disease. In the present study, mice treated with PTE
exhibited no evident signs of toxicity based on body weight,
food and water intake, activity and general examinations.
Furthermore, biochemical analysis demonstrated that PTE
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Figure 7. Schematic of the association between AMPK, nutrient metabolism, autophagy and apoptosis. PTE treatment results in the phosphorylation and thus,
activation, of AMPK. Activated AMPK directly suppresses the expression levels and activity of lipogenesis and mRNA translation-related enzymes, inducing
apoptosis in MM cells. Additionally, autophagy is adaptively upregulated, to protect MM cells during nutrient shortage. AMPK, AMP-activated protein

kinase; PTE, pterostilbene; MM, multiple myeloma.

treatment did not induce hepatic, renal or cardiac toxicity,
demonstrating that PTE is not only an effective anti-MM
compound, but also a safe drug with minimal toxicity in vivo.
Recent clinical trials investigating the safety of PTE concluded
that it was generally safe at doses of up to 250 mg/day in
humans (54). Previous study reported that mice tolerated PTE
at doses of 250 mg/kg five times per week for 21 continuous
weeks presented no measurable toxicity (55). In the present
study, the PTE dose used for mice was 50 mg/kg, which is well
within the reported safety range. This demonstrated that PTE
not only possesses great anti-MM potential, but that it also
may be well-tolerated and safe for patients with MM.

In recent decades, the abnormal metabolic profiles of
cancer cells have been extensively studied, with the goal of
identifying clinically targeted therapies. Glycolysis inhibitor,
2-deoxy-glucose, has reached phase II clinical trials (56).
Statins, a class of drugs used to lower cholesterol levels,
has been proven to inhibit cancer development and progres-
sion (57). Numerous data suggested that use of the standard
antidiabetic agent metformin decreases cancer incidence and
mortality, predominately through AMPK signal activation,
including in MM cells (58). The data from the present study
demonstrated that PTE could be a naturally derived AMPK
activator in MM cells, thereby disrupting abnormal metabolic
processes and further inducing the apoptosis of MM cells.

The effectiveness and safety of PTE indicates its potential for
clinical use.

Notably, articles published in the 1990s have indicated
that, although established from cells taken from a patient
with a plasma cell leukemia (PCL), ARH-77 is actually an
EBV-transformed B lymphoblastoid cell line (59,60). However,
ARH-77 cells have continued to be extensively used as a
myeloma model or a PCL model over the past two decades,
and has proven valuable in understanding the progression
of MM, as well as for the testing of novel therapeutic strate-
gies (61-64). Due to the controversy, attention should be paid
when interpreting data from ARH-77 cells.

In conclusion, to the best of our knowledge, the present
study was the first to demonstrate that PTE decreases lipid
and protein synthesis through the activation of the AMPK
pathway, which directly leads to the apoptosis of MM cells.
Following PTE treatment, autophagy is adaptively upregu-
lated, and co-treatment with an autophagy inhibitor may
further potentiate the anti-MM efficacy of PTE (Fig. 7).
Taken together, the data provided an improved understanding
of the association between nutrient metabolism, autophagy
and apoptosis in PTE intervention. The present study indi-
cated that the antineoplastic activity of PTE on MM cells
could provide a novel therapeutic option for patients with
MM.
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