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Abstract

Background

Acute myelogenous leukemia (AML) is a cancer of the blood that most commonly affects

human adults. The specific cause of AML is unclear, but it induces abnormality of white

blood cells that grow rapidly and accumulate in bone marrow interfering with the production

and functions of the normal blood cells. AML patients face poor prognosis and low quality of

life during chemotherapy or transplantation of hematopoietic stem cells due to the progres-

sive impairment of their immune system. The goal of this study is to find natural products

that have the potential to delay growth or eliminate the abnormal leukemic cells but cause

less harmful effect to the body’s immune system.

Methods and Findings

The unsaponified fraction of Riceberry rice bran (RBDS) and the main pure compound, gra-

misterol, were studied for cytotoxicity and biological activities in WEHI-3 cells and in the leu-

kemic mouse model induced by transplantation of WEHI-3 cells intraperitoneally. In the in
vitro assay, RBDS and gramisterol exerted sub-G1 phase cell cycle arrest with a potent

induction of apoptosis. Both of them effectively decreased cell cycle controlling proteins

(cyclin D1 and cyclin E), suppressed cellular DNA synthesis and mitotic division, and

reduced anti-apoptosis Bcl-2 protein, but increased apoptotic proteins (p53 and Bax) and

activated caspase-3 enzyme in the intrinsic cell death stimulation pathway. In leukemic

mice, daily feeding of RBDS significantly increased the amount of immune function-related

cells including CD3+, CD19+, and CD11b+, and elevated the serum levels of IFN-γ, TNF-α,

IL-2, and IL-12β cytokines, but suppressed IL-10 level. At the tumor sites, CD11b+ cells

were polarized and became active phagocytotic cells. Treatment of mice normal immune

cells with gramisterol alone or a combination of gramisterol with cytokines released from

RBDS-treated leukemic mice splenocytes culture synergistically increased pSTAT1 tran-

scriptional factor that up-regulated the genes controlling cell survival and function. Phos-

phorylation of STAT1 was absent in WEHI-3. Instead, similar treatments significantly
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decreased pSTAT3 signaling that regulates transcription of genes controlling tumor growth

and proliferation.

Conclusions

Rice bran gramisterol possesses a promising anti-cancer effect against a tumor of white

blood cells and induces the production of anti-cancer immune-related cytokines. Gramis-

terol induces cell cycle arrest and apoptosis via suppression of pSTAT3 signaling control of

tumor cells’ growth and progression. Gramisterol increased IFN-γ production and prevented

the dysfunctional immune system of leukemic mice by enhancing pSTAT1 transcription sig-

nal controlling proliferation and functions of hematopoietic cells in the spleen. Together with

IFN-γ, gramisterol efficiently facilitates leukemic mice immune system modulation leading

to improvement of the AML condition. Administration of RBDS containing gramisterol poten-

tiates immune recovery of leukemic mice and extends their survival. This finding encour-

ages the medicinal application of rice bran gramisterol as a palliative treatment or an

alternative agent for future drug development against AML.

Introduction
Acute myelogenous leukemia (AML) is a type of blood cancer that most commonly affects
adult humans and leads to death. Although the incidence rate today is considered low, it is con-
tinuously rising because of the increasing aged population that is more exposed to several risk
factors including repetitive exposure to chemicals [1–3], ionizing radiation [4–6], and chemo-
therapies [7, 8]. The affected persons have impaired immune function. The clinical signs and
symptoms of AML are varied individually including weight loss, weakness, abnormal blood
cells, infection, and enlargement of liver and spleen.The first line of AML treatment is induc-
tion of chemotherapy, most commonly by continuous infusion of cytarabine and an anthracy-
cline [9, 10]. For patients at high risk of relapse, hematopoietic stem cell transplantation is
usually applied [11]. Such a chemotherapeutic regimen has potential to induce progressive
impairment of the immune system therefore, not all patients are able to tolerate the aggressive
therapies. Recently, research investigators are searching for new anti-leukemic drugs and/or
appropriate chemo-adjuvants to relieve the side effects of the existing drugs.

Rice bran contains significant amounts of phytochemicals including phytosterols that are
beneficial to human health. Among them, γ-oryzanol, tocopherols, and tocotrienols constitu-
ents in the bran extract of pigmented rice are well accepted for their antioxidant activities [12].
They are most recognized for efficacy in alleviation of illness conditions including diabetes,
kidney stones, fatty liver, cancer and cardiovascular diseases [13, 14]. Significant amounts of
linoleic acid, phenols, anthocyanins, β-sitosterol, campesterol, stigmasterol, 22,23-dihydrostig-
masterol, ergost-4,6,22-trien-3-ol and a cycloartane-type triterpene are also found in the bran
extract of rice [15, 16], especially in the Thai black rice cultivar, Riceberry [17]. A mixture of
these constituents or the crude extract of Riceberry bran have shown health benefits in diabetic
rats [18], and its dichloromethane (DCM) extract has demonstrated anti-cancer effect against
several cancer cell lines with various degree of effectiveness [17]. Our research group is espe-
cially interested in the bioactive compounds that potentiate such diversities. We have succes-
sively sub-fractioned the unsaponified DCM extract of the rice bran by employing HPLC
purification technique and isolated the individual compounds which were mainly classified in
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the phytosterols group [19]. In the present study, the major phytosterol, gramisterol, was evalu-
ated for anti-tumor activity and the mode of the action in a mice leukemic cell line and mice
normal immune cells. The compound’s effectiveness was also investigated in a leukemic mouse
model. The findings suggest that gramisterol in the unsaponified DCM fraction of Riceberry
bran (RBDS) effectively improves the immune system of the leukemic mice and it has potential
for future anti-cancer drug development against human leukemia.

Methods

Cell Line and Culture Conditions
Murine myelomonocytic leukemia cell line (WEHI-3) was purchased from the American Type
Culture Collection (Rockville, MD, USA). The cells were propagated in 75 cm2 cell culture
flasks and grown in RPMI 1640 medium supplemented with 100 Units/mL penicillin and
100 μg/mL streptomycin, 1% glutamine and 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA) at 37°C under a humidified 5% CO2 atmosphere.

Rice Bran Extract and Pure Compound Preparation
A black non-glutinous rice, cv. Riceberry, used in this study, was grown at the experimental rice
field of Kasetsart University, NakornPathom province, Thailand. The bran was successively
extracted by hexane and dichloromethane, followed by saponification with 0.5 M ethanolic
KOH solution to obtain the RBDS. The RBDS was further sub-fractioned using an HPLC puri-
fication system until the main phytosterols were obtained and characterized as detailed in our
previous report [19]. The major compound identified from this method was gramisterol. The
RBDS and gramisterol were prepared in stock (in absolute ethanol) and diluted fresh with the
culture media for use in each experiment.

Cytotoxicity (MTT) Assay
To determine their cytotoxicity, RBDS at concentrations of 0, 25, 50, 100, 200 and 300 μg/mL
was added to 2x105 WEHI-3 cells grown for 24 h in 96-well-plates in a humidified 5% CO2

incubator at 37°C. The treated cells were incubated for 24, 48 and 72 h. Gramisterol at concen-
trations of 0, 0.25, 0.5, 1, 2, 4 and 8 μMwas incubated with WEHI-3 cells for 24 h. After incuba-
tion, the culture supernatant was replaced with 10 μL of MTT solution (Sigma Aldrich, St.
Louis, MO, USA) and incubated at 37°C for 4 h. The color products were measured by spectro-
photometer at 570 nm and 690 nm. The experiments were performed in triplicate.

Cell Cycle Analysis
WEHI-3 cells (1x106 cells) were treated with RBDS (0, 50 and 100 μg/mL) or gramisterol (0,
1 and 2 μM) for 24 h. The treated cells were pelleted, centrifuged, washed twice with cold PBS,
and fixed with 70% ethanol at -20°C for 24h. Then, the cells were stained with a nuclear stain-
ing dye containing 50 μg/mL propidium iodide (Merck, Frankfurt, Germany), 50 μg/mL
RNase A, and 3.8 mM/L sodium citrate (Sigma Aldrich, St. Louis, MO, USA) at 37°C for
30 min. The DNA contents at different phases of the cell cycle were measured by flow cytome-
try using a FACScanto apparatus (Becton Dickinson, San Diego, CA, USA) and analyzed with
the FACSDiva version 6.1.1 software (Becton Dickinson, San Jose, CA, USA).

Apoptosis Determination
For apoptosis analysis, RBDS-treated WEHI-3 cells (5x104 cells) were evaluated for apoptotic
phenomena after 24 and 48 h incubation. The treated cells were cold fixed with methanol, air
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dried and stained with DAPI nuclear staining dye (Boehringer, Ingelheim, Germany) at 37°C
for 30 min. Apoptosis hallmarks such as cell shrinkage, membrane bleb, and chromatin con-
densation were examined under a fluorescence microscope. In addition, DNA fragmentation
in the treated cells was analyzed by DNA isolation using TRI REAGENT (Molecular Research
Center, Inc., Cincinnati, OH, USA) and processed in 1.5% agarose gel electrophoresis. The gel
was stained with ethidium bromide and visualized under an ultraviolet transilluminator (UVP
BioImaging System, USA). Stages of cells under apoptosis were analyzed by annexin-V stain-
ing, using FITC Annexin-V Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA),
accordingly to the manufacturer’s instruction. Briefly, some treated cells (1x106 cells/mL) were
pelleted and suspended in 1X binding buffer and resuspended in 100 μL buffer. The cell sus-
pension was transferred to a flow cytometry tube. 5 μL of FITC Annexin-V plus 5 μL of PI
were added, gently mixed and incubated at room temperature for 15 min in the dark. 400 μL of
1X binding buffer was added to each tube before flow cytometry analysis (FACSCanto, Becton
Dickinson, San Diego, CA, USA).

Western Blotting
Proteins involved in cell cycle and apoptosis control in the treated cells were measured by
Western blot analysis. WEHI-3 cells were treated with RBDS at a concentration of 0, 50, 100,
200 μg/mL and gramisterol at doses of 0, 1, 2 and 3 μM for 24 h. Then the cells were harvested,
washed, and centrifuged. The cell pellets were lysed with RIPA buffer (25 mM Tris-HCl pH
7.6, 150 mMNaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing protease inhibi-
tor cocktail (Merck, Frankfurt, Germany). 30 μg of cellular proteins from each treatment was
separated by 12% SDS polyacrylamide gel, and transferred to Amersham Hybond ECL nitro-
cellulose membrane (GE Healthcare, Piscataway, NJ, USA). The membrane was blocked with
3% BSA in TBST (100 mM Tris-base, 150 mMNaCl, 0.1% Tween20) for 2 h, and incubated
with 1:1000 dilution of rabbit anti-mouse monoclonal antibodies against cyclin E, cyclin D1,
Bcl-2, Bax, p53, caspase-3, cleaved caspase-3, and β-actin (Cell Signaling Technology, Beverly,
MA, USA) overnight at 4°C. The membrane was washed and incubated with 1:2000 dilution of
goat anti-rabbit IgG (H&L)-horseradish peroxidase (HRP) conjugated antibody (Cell Signaling
Technology, Beverly, MA, USA) for 2 h at room temperature. The protein bands on the mem-
brane were stained with ECL Prime Western Blotting Detection Reagent (GE Healthcare,
Buckinghamshire, United Kingdom) and exposed to X-ray film under dark room conditions.
The films were photographed and analyzed using ImageJ software (http://rsbweb.nih.gov/ij/
download.html).

Animal Experiment
60 BALB/c mice (weighing 22–28 g) were obtained from the National Laboratory Animal Cen-
ter of Mahidol University, Thailand. All mice were maintained at 22±2°C on a 12 h dark/light
cycle and provided with the standard pellet diet including drinking water ad libitum. The mice
were acclimated for a week before the experiment. They were randomly divided into 6 sub-
groups (10 mice each): Group 1, normal control (distilled water), Group 2, vehicle control
(olive oil), Group 3, leukemic control (WEHI-3), Group 4, leukemia + vehicle (WEHI-3 + olive
oil), Group 5, leukemia + RBDS 3 mg/kg (WEHI-3 +RBDS 3 mg/kg), and Group 6, leukemia
+ RBDS 9 mg/kg (WEHI-3 + RBDS 9 mg/kg). Leukemia was induced in mice by an intraperito-
neal (i.p) injection of WEHI-3 cells (1 x 105 cells in 100 μL PBS) [20]. Except the leukemic con-
trol group, the leukemic mice were pretreated by gavage tubing with the olive oil or RBDS daily
for 1 wk before leukemia induction, then, they were continuously fed with RBDS or olive oil
daily. Mice body weight was recorded daily for 28 d.
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At the end of the experiment, the mice were weighed, bled from submandibular vessels and
euthanized with CO2.

OrganWeights and Histopathological Assessment. At the end of the experiment, mice
spleens and livers were harvested and weighed separately. The organ index was calculated by
dividing the organ weight by the mice body weight. The organs were cut into small pieces,
fixed in 4% formaldehyde and embedded in paraffin. Tissues were sectioned (5 μm) and
stained with Hematoxylin & Eosin, then examined under the light microscope.

Analysis of Peripheral Blood Immune Cells. White blood cells were isolated by lysis of
red blood cells using FACS lysing solution according to the manufacturer’s instruction (BD
Biosciences, San Jose, CA, USA). The pellet was fixed with 1% formaldehyde and examined for
the presentation of the immune cells by staining with specific cell surface markers using the fol-
lowing conjugated antibodies: anti-CD3-FITC (for T cells), CD19-PE (for B cells), CD11b-
FITC (for monocytes, neutrophil etc.) and Mac-3-PE (for macrophages) (Santa Cruz Biotech-
nology, Inc., CA, USA). The surface markers’ intensity and level were measured and analyzed
by flow cytometry (FACSCanto, Becton Dickinson, San Diego, CA, USA).

Measurement of Serum Cytokine Level. Serum cytokines involved in the immune
response, interferon gamma (IFN-γ), interleukin-12β (IL-12β), tumor necrosis factor-alpha
(TNF-α), interleukin-2 (IL-2) and interleukin-10 (IL-10), were measured individually from
each mouse (four mice per group) by enzyme-linked immunosorbent assay (ELISA) using
anti-mouse IFN-γ, IL-12β, TNF-α, IL-2, and IL-10 (eBioscience, Inc., San Diego, CA, USA) fol-
lowing the manufacturer’s instruction.

Phagocytic Activity of Peritoneal Macrophages. Macrophages were isolated from mice
peritoneal lavage and their functional ability was determined using the pHrodoTM Red Dextran
beads assay (Molecular Probes, Carlsbad, CA, USA). Briefly, the isolated macrophages (5x105

cells) were grown in 6-well plates in RPMI 1640 medium containing standard constituents and
conditions for 24 h. Then, they were placed in a microtube, washed with PBS at pH 7.4 and
centrifuged at 12,000 g, 4°C for 10 min. The cells were resuspended in pHrodoTM Red Dextran
beads to the final concentration 50 μg/mL and incubated at 37°C for 30 min in dark. The
stained cells were washed with PBS, immediately analyzed by flow cytometry (FACSCanto,
Becton Dickinson, USA) and observed under the fluorescence microscope.

Signaling Activity of Gramisterol on Normal Immune Cells and Tumor Cells. Spleno-
cytes and peritoneal cells were isolated from spleen and peritoneal lavage of the normal BALB/
c mice. The primary cells were cultured in RPMI 1640 medium containing 1% penicillin-strep-
tomycin (100 U/mL penicillin and 100 μg/mL streptomycin), 1% glutamine and 10% fetal
bovine serum, at 37°C under a humidified 5% CO2 for 24 h before treatments with (i) gramis-
terol (2 μM), (ii) culture supernatant containing cytokines released from RBDS-treated leuke-
mic mice spleen cells (supplemented with 100 ng/mL IFN-γ) (R&D Systems, Inc., Minneapolis,
MN, USA), and (iii) combined gramisterol (2 μM) + serum containing cytokines from RBDS
treated mice (supplemented with 100 ng/mL IFN-γ). The biological activity and the mecha-
nism by which gramisterol exerted activity on these immune cells’ function and survival
were examined by Western blot analysis. Briefly, the whole cell lysates were run on an 8%
SDS-PAGE gel and immunoblotted with 1:1000 dilution of rabbit antibodies against mouse
phospho-STAT1 (Try701), phospho-STAT3 (Try705) and β-actin (Cell Signaling Technology,
Beverly, MA, USA) for 24 h. After washing off the excess primary antibodies, the membranes
were incubated with 1:2000 dilution of goat anti-rabbit IgG (H&L)-HRP conjugated antibody
(Cell Signaling Technology, Beverly, MA, USA). The activity of gramisterol treatment on
WEHI-3 tumor cells was determined in parallel for comparison.
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Statistical Analysis
The data were analyzed using one-way ANOVA, followed by Tukey post hoc test. All data
were expressed as mean±SEM and the significant difference between groups was considered at
p< 0.05.

Ethics Statement
The animal experiments were carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
This animal ethic protocol was approved by the Faculty of Science, Mahidol University Animal
Care and Use Committee SCMU-ACUC Review (No. MUSC54-018-228/1). One week after
leukemia induction, mice were monitored for signs of sickness, pain, distress, or suffering three
times/day. Body weight was recorded daily. Moribund conditions from systemic organ failure
were expected since leukemic cells can travel along the blood vessel and spread to many vital
organs including liver, spleen, kidney, and lung. Once clinical indicators of humane serious ill-
ness such as dyspnea (difficulty breathing), tachypnea (rapid breathing), weakness, ataxia (lack
of coordination), hypoactivity, stupor, coma, or weight loss was found, the mice were consid-
ered at endpoint and euthanized. The CO2 euthanasia was performed, in complying with the
Guide for Care and Use of Laboratory Animals of the National Institutes of Health, at less than
5 psi (pounds per square inch), approximately 2 liters/minute flow rate, for 3–5 minutes or
until the animals were completely dead.

Results

Effects of RBDS and Gramisterol on WEHI-3 Cells
RBDS reduced WEHI-3 cells viability in a concentration- and time- dependent manner. The
50% inhibition of cell growth (IC50) by RBDS at 24, 48 and 72h was achieved by 51.83±0.07,
34.64±0.06, and 14.66±0.07 μg/mL, respectively (Fig 1A). The pure compound, gramisterol,
also reduced WEHI-3 cells viability in a concentration-dependent manner. The IC50 by gramis-
terol at 24 h was 1.53±0.06 μM (Fig 1B). RBDS-treated cells manifested loss of membrane
integrity, condensation of nuclei and subsequent induction of apoptotic body formation (Fig
1C) and DNA fragmentation (Fig 1D). Apoptosis detection was verified in WEHI-3 cells by
Annexin-V/flow cytometry analysis. At 48 h post-treatment, an increased concentration of
RBDS increased percent of late apoptosis cells (Fig 1E).

RBDS treatment (50 and 100 μg/mL, for 24 h and 48 h) and gramisterol treatment (1 and
2 μM, for 24 h) induced a similar pattern of cell cycle arrest in WEHI-3 cells. Flow cytometry
analysis revealed an increase of DNA contents in the sub-G1 phase and a slight decrease of the
DNA contents in the subsequent phases in a concentration dependent effect (Fig 2A) reflecting
the inhibition of the cell cycle. The average percentage of cells counted at each phase of the cell
cycle from duplicate experiments of RBDS and gramisterol after 24 h treatment is shown in
Fig 2B.

Western Blot Analysis of Proteins Involved in Cell Cycle Control and
Apoptosis
TheWestern blot analysis indicated that RBDS and gramisterol decreased the level of cell cycle
proteins cyclin E and cyclin D1, and anti-apoptotic Bcl-2 protein, but increased the tumor sup-
pressor p53, pro-apoptosis Bax proteins, and cleaved caspase-3 enzyme in WEHI-3 cells in a
concentration dependent response (Fig 3A). The proteins content relative to the internal
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control (β-actin) from the RBDS and gramisterol treatment were compared to the untreated
(culture media treatment) control (Fig 3B).

Fig 1. Effects of RBDS and gramisterol on cell viability and apoptosis. (A), (B) MTT assay of WEHI-3 cells treated with different concentrations of RBDS
for 24, 48 and 72 h, and gramisterol for 24 h. Percent cell viability was calculated relative to the untreated control. The experiments were performed in
triplicate and data are presented as mean±SEM. Significant difference was considered at p<0.05 compared with the control. (C) Phase contrast photographs
and DAPI-DNA staining of WEHI-3 cells after treatment with RBDS 0, 50, 100 and 200 μg/mL for 48 h. The apoptotic bodies are indicated by white
arrowheads. (D) Gel electrophoresis of DNA extracted from RBDS treated-WEHI-3 for 48 h. DNA ladder or fragmentation indicated apoptosis event in the
cells. (E) Flow cytometry analysis of WEHI-3 cells after 48 h RBDS-treatment and annexin-V staining. Percent cell count of apoptosis detection was
demonstrated from the average of two experiments.

doi:10.1371/journal.pone.0146869.g001
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Effects of RBDS Containing Gramisterol on Mice Leukemic Model
BodyWeight and Percent Survival of Mice. The average body weight of leukemia-bear-

ing mice in the untreated group (WEHI-3) and the olive oil-treated WEHI-3 group gradually
increased from the beginning then rapidly declined after 24 d. The body weights of the RBDS-
treated (WEHI-3/RBDS 3 mg/kg and WEHI-3/RBDS 9 mg/kg) increased at approximately the
same level as the normal control (Fig 4A). Toward the end of the experiment, some treated and
untreated leukemic mice died, thus, mice were observed closely to collect data records, blood
and organs. The percent survival of each group was calculated and is presented in Fig 4B. The
RBDS-treated leukemic mice (WEHI-3/RBDS3 mg/kg andWEHI-3/RBDS 9 mg/kg) exhibited
a concentration-related higher survival rate compared to the untreated-leukemic mice
(Fig 4B).

Pathological Changes in Mice Spleen and Liver Tissues. Leukemia-induced mice spleen
and liver weighed at autopsy showed splenomegaly and hepatomegaly (Fig 5A). The RBDS
treatment significantly reduced the abnormal organ size compared to the untreated-WEHI-3

Fig 2. Effects of RBDS and gramisterol on the cell cycle. (A) Representative flow cytometry analysis of DNA contents (PI staining) in WEHI-3 cells after
24 h treatment with RBDS (0, 50 and 100 μg/mL) and gramisterol (0, 1 and 2 μM). (B) Bar graphs and histograms show DNA distribution in each phase of cell
cycle. The experiments were performed in duplicate and data are presented as average.

doi:10.1371/journal.pone.0146869.g002
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and the olive oil treated controls (Fig 5B). Histopathological examination of the WEHI-3
induced leukemia tissues demonstrated a massive infiltration of leukemic cells in the mice
spleen and liver tissues (Fig 5C). In the spleen, leukemic cells (nuclear and cellular pleomor-
phism) were present in the red pulp area diminishing the normal distribution of blood cells
including RBC, megakaryocytes, reticular cells, monocytes, macrophages, neutrophils and
hematopoietic foci. Also, the tumor cells replaced splenic parenchyma in the subcapsular and

Fig 3. Effects of RBDS and gramisterol on cell cycle and apoptosis proteins. (A) Representative immunoblotting assay of WEHI-3 cells treated with
RBDS (0, 50, 100 and 200 μg/mL) and gramisterol (0, 1, 2 and 3 μM) for 24 h. The experiments were performed in triplicate. (B) The protein bands density
were measured semi-quantitatively and analyzed using ImageJ software. Data are expressed as mean±SEM (n = 3).

doi:10.1371/journal.pone.0146869.g003
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white pulp areas. In the liver, the normal hepatic cords architecture and hepatic cells were dis-
torted. These observations were ameliorated or abolished in leukemic mice receiving RBDS
supplementation (Fig 5C).

Peripheral Blood Cells Population. Peripheral blood from treated leukemic mice and
untreated controls were not conclusively differentiable by routine morphological examination
(data not shown). The immunophenotype using flow cytometry analysis for normal (mature)
immune cells in the isolates from individual animals of each group demonstrated a significant
increase in percentage of CD3+ positive (T cells), CD19+ positive (B cells), and CD11b+ positive
(monocytes, neutrophils) in the RBDS-treated leukemic mice (WEHI-3/RBDS 3 mg and
WEHI-3/RBDS 9 mg) but not a significant difference of Mac3+ positive (macrophage) cells
compared to the untreated-WEHI-3 mice (Fig 6).

Serum Cytokine Level. Quantitative measurement of the serum cytokines in mice after
the induction of leukemia (WEHI-3) revealed the IL-10 level at 156.30±4.10 pg/mL, whereas
the levels of IFN-γ, TNF-α, IL-12β, and IL-2 were 52.63±5.03, 42.63±3.77, 185.40±15.24, and
14.81±0.74 pg/mL, respectively. These cytokines were not significantly changed in the mice
receiving olive oil treatment (Fig 7). However, treatment with RBDS (3 mg/kg and 9 mg/kg)
significantly decreased the serum IL-10 level, but increased the serum IFN-γ, TNF-α, IL-12β,
and IL-2 levels relative to the untreated or olive oil-treated leukemic controls (Fig 7). The
change of serum cytokines by the RBDS was exhibited in a concentration dependent manner.

Peritoneal Immune Cells and Their Phagocytotic Activity. There was a significant
increase in population of CD11b+ positive cells in peritoneal lavage from the RBDS-treated leu-
kemic mice (WEHI-3/RBDS 3 mg andWEHI-3/RBDS 9 mg), over the untreated-WEHI-3 and
the olive oil-treated controls (Fig 8A). This was well correlated with the increased amount of
activated macrophages in the peritoneal lavage. The phagocytotic activity of cells from perito-
neal macrophages, as determined from percentage of pHrodo Red incorporated cells using
flow cytometry analysis, was significantly increased in leukemic mice treated with RBDS com-
pared to the untreated- and olive oil-treated WEHI-3 mice (Fig 8B). Positive fluorescence cells

Fig 4. Effects of RBDS treatment on the body weight and percent survival. (A) Body weight of leukemic mice treated with RBDS (WEHI-3/RBDS 3mg/
kg andWEHI-3/RBDS 9 mg/kg) compared with normal mice and untreated-leukemic mice (WEHI-3). (B) Percent survival of WEHI-3/RBDS 3 mg/kg and
WEHI-3/RBDS 9 mg/kg mice were significantly higher than the untreated-WEHI-3. Data are presented as mean±SEM (n = 10). **p< 0.01, ***p< 0.001 were
considered significant differences compared to WEHI-3.

doi:10.1371/journal.pone.0146869.g004
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performing engulfment of pHrodoTM Red-Dextran conjugate were seen in Groups 5–6
(WEHI-3/RBDS 3 mg and WEHI-3/RBDS 9 mg) mice (Fig 8C).

Signaling Activity of Gramisterol on Normal Immune Cells and Tumor
Cells
Treatment of normal immune cells, obtained from normal mice spleen and peritoneal lavage,
with gramisterol or the culture supernatant containing cytokines released from RBDS-treated
leukemic mice spleen cells plus a minor supplementation of cytokine (100 ng/mL recombinant
mouse IFN-γ), increased pSTAT1 signaling in the normal spleen cells and peritoneal cells (Fig
9 lanes 2 and 3 and lanes 6 and 7, respectively). The combination treatment of both gramisterol

Fig 5. Pathological changes in spleen and liver. (A) Representative photograph of mice spleen and liver in
situ. (B) Organ index was calculated from organ weight (g)/body weight (g) × 100. Data are expressed as
mean±SEM. (n = 10). (C) Histopathological features of mice spleen and liver stained with Hematoxylin &
Eosin (original magnification 20X; insets 40X). In spleen section: black arrows indicate invasion of leukemic
cells into white pulps forming tumor necrotic foci. Black and white arrowheads indicate leukemic cells and
lymphocytes, respectively. Abbreviations: Wp = white pulp, Rp = red pulp, C = capsule. In liver section: black
and white arrowheads indicate leukemic cells and hepatocytes, respectively.

doi:10.1371/journal.pone.0146869.g005
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and the cytokines synergistically enhanced the pSTAT1 signaling in spleen and peritoneal cells
(Fig 9 lane 4 and lane 8). In contrast, treatment of WEHI-3 tumor cells with gramisterol or the
combination of gramisterol and the cytokines had no significant effect on pSTAT1 activation
(data not shown).

Signaling Mechanism of Gramisterol on WEHI-3 Cells
The potential molecular mechanism of gramisterol on the tumor WEHI-3 cells was investi-
gated by treatment of the cells with i) gramisterol, ii) culture supernatant containing cytokines
released from RBDS-treated leukemic mice spleen cells plus a minor supplementation of cyto-
kine and iii) the combination of gramisterol and the cytokines. Western blot analysis for

Fig 6. Effect of RBDS on normal immune cells population. The relative amount of normal immune cells in
the peripheral blood assessed from the levels of surface markers: CD3+ (for T cells), CD19+ (for B cells),
CD11b+ (for monocytes and neutrophils) and Mac3+ (for macrophages) in RBDS-treated and untreated
leukemic mice. Data are expressed as mean±SEM (n = 10).

doi:10.1371/journal.pone.0146869.g006

Fig 7. The serum cytokines released from the immune function-related cells of leukemic mice. The
induced-leukemic mice were treated with or without RBDS supplementation. Serum cytokines were
measured individually from each mouse (four mice per group) by ELISA. Data are expressed as the mean±
SEM.

doi:10.1371/journal.pone.0146869.g007
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activation of STAT3 signaling showed significant decrease of pSTAT3 (Fig 10 lanes 2 and 3)
from gramisterol and cytokines treatments alone compared to the untreated group (Fig 10 lane
1). The combination of i) and ii) treatments markedly decreased the pSTAT3 expression level
(Fig 10 lane 4).

Discussion
Gramisterol, the major phytosterol constituent of RBDS, exhibited potent cytotoxic effect
against leukemic blood cells. Its powerful in vitro effects were manifest by arrest of the sub-G1
phase cell cycle leading to division inhibition and apoptosis progression. Significant decrease of
two cell cycle control proteins, cyclin D1 and cyclin E, that regulate the transition of cells from
quiescence phase to S phase (G1/S checkpoint) was exhibited in RBDS and gramisterol-treated
WEHI-3 cells. The subsequent reduction of DNA accumulation in the S (DNA synthesis) and
M (mitosis) phases supports the anti-cell growth and proliferation effects of RBDS and gramis-
terol [21, 22]. The death effects exerted on WEHI-3 cells by gramisterol or RBDS were medi-
ated via the internal apoptosis pathway in which caspase-3 was activated [23]. In the treated

Fig 8. Effect of RBDS containing gramisterol on immune cell population and function. (A) The percentage of peritoneal immune cells assessed from
the surface markers level (CD11b+) in RBDS-treated and untreated leukemic mice. The experiment was performed in triplicate. Data are expressed as mean
±SEM (n = 10). (B) Flow cytometry analysis of peritoneal macrophages phagocytic activity as measured in pHrodo Red positive cells. Data are expressed as
mean±SEM (n = 10). (C) Immunofluorescence intensity illustrated by pHrodo Red positive cells represented the phagocytotic activity of the cells.

doi:10.1371/journal.pone.0146869.g008
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cells, p53 tumor suppressor and Bax pro-apoptosis proteins were subsequently increased in
association with a decrease of Bcl-2 anti-apoptosis. These proteins changes during the early
apoptosis stage were associated with the changes of mitochondrial membrane and the autocat-
alytic activation of caspase-3 enzymes (cleaved caspase-3) which eventually signaled the cells to
undergo apoptosis [24]. We observed that DNA fragmentation and apoptosis effects in the
RBDS-treated cells were concentration-dependent, and when the treatment was prolonged
with the higher concentration, the apoptosis (annexin-V staining) could be extended into the
late-stage which was an irreversible phenomenon. This cell death inducing effect of the RBDS
or its more defined chemical constituent, gramisterol, was consistent with our previous study
of the Riceberry bran DCM extract in human acute myeloid leukemia cells [17]. In comparison
based on the IC50, gramisterol exerted a higher efficacy than the RBDS and the DCM extract,
respectively.

Administration of RBDS containing gramisterol to mice receiving intraperitoneal transplan-
tation of WEHI-3 cells for a total 28 d remarkably abolished the abnormal leukemia-like condi-
tions, improved the mice immune function and increased the mice survival rate. During the
leukemic induction, both innate and adaptive immune responses gradually decreased in mice.
Without any treatment, some mice died within 17 d from weakness and distribution of the
tumor cells through the blood circulation. At the end, tumor cells accumulated in the spleen
and liver. The RBDS-treated leukemic mice had increased numbers of most functional-related
immune cells in the peripheral circulation. For example CD+3 T cells subpopulation is involved

Fig 9. Pathway analysis of gramisterol effect on immune cells.Western blot analysis of pSTAT1 level in spleen cells (lanes 1–4) and peritoneal cells
(lanes 5–8) after treatments with i) gramisterol, ii) culture supernatant containing cytokines released from RBDS-treated leukemic mice spleen cells plus a
minor supplementation of cytokine IFN-γ, iii) the combination of both gramisterol and the cytokines. β-actin was used as an internal control. The experiment
was performed in triplicate. The relative expression of pSTAT1 is shown as mean±SEM.

doi:10.1371/journal.pone.0146869.g009
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in activation of T cells that participate in innate immune response to eliminate the tumor cells
[25]. CD19+ B cells function in B cell development which is associated with antibody produc-
tion [26]. CD11b+ leukocytes including monocytes, macrophage, natural killer (NK), neutro-
phil and B cells are involved in adhesion and leukocytes migration to mediate inflammatory
response, and memory B cell migration [27]. In this experiment, the induced leukemic mice
expressed high level of serum IL-10 which inhibited phagocytotic activities of macrophages
and NK cells leading to innate immune insufficiency [28]. Moreover, IL-10 negatively inhibited
the pro-inflammatory cytokines IFN-γ, TNF-α, IL-12β, and IL-2 that play roles in adaptive
immune response [29]. Administration of RBDS decreased level of serum IL-10 which allowed
myeloid dendritic cells, T-helper cells, and macrophages to achieve tumoricidal capacity [28].
In addition, increase of the pro-inflammatory cytokines was responsible for controlling and
linking of the innate and adaptive immunity that affected the tumor cells. For example, high
level of TNF-α promoted recruitment of CD11b+ cells into the peritoneum causing increase in
amount and their phagocytotic activities. TNF-α also promoted MHC antigen expression
which enhanced the cognate interactions between antigen-presenting cells and T-cells, thus
strengthen the activities of cytotoxic T lymphocytes [30]. Significant increase of IFN-γ (type II
IFN) stimulated macrophage and B cell activities, induced T-helper1 cell differentiation
[31], and participated in IL-12β and IL-2 production [32, 33]. In this case, IFN-γ together with

Fig 10. Gramisterol and IFN-γ inhibited STAT3 phosphorylation in tumor cells.Western blot analysis of
pSTAT3 signaling activation inWEHI-3 cells after treatment with i) gramisterol, ii) culture supernatant containing
cytokines released fromRBDS-treated leukemic mice spleen cells plus a minor supplementation of cytokine
IFN-γ, iii) the combination of both gramisterol and the cytokines. β-actin was used as an internal control. The
experiment was performed in triplicate. The relative expression of pSTAT3 was shown asmean±SEM.

doi:10.1371/journal.pone.0146869.g010
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IL-12β could activate antibody isotype switching that stimulates the complement cascade and
opsonization of tumor cells leading to activation of macrophages and enhancing of NK-cells
cytotoxic activity [34]. Besides, the increase of IL-2 played a role in activation of naïve helper T
lymphocyte proliferation and differentiation to effector T helper cells (TH1) [35], which then
induced phagocyte activation by triggering macrophages [36]. All of these resulted in immune
modulation and improvement of the mice leukemic condition.

Gramisterol exhibited its intracellular targeting toward the normal immune cells as well as
the tumor cells. In this animal model, some normal blood cells were expected to remain in lym-
phoid organs such as the spleen. The splenocytes including hematopoietic cells were eligible
for activation with drugs or external supplements. As mentioned above, during the induced
AML, production of the cytokines IFN-γ, TNF-α, IL-12β, and IL-2 was inhibited by IL-10
resulting in low STATs signaling activity. Gramisterol mediated the immuno-regulatory pro-
cess of the leukemic mice by activation of the splenocytes or hematopoietic cells survival and
functions via pSTAT1 (signal transducer and activator of transcription 1) signaling. The
increased Tyr 701 phosphorylation of STAT1 in gramisterol or cytokines from RBDS-treated
splenocytes culture and IFN-γ treated cells suggested that the undifferentiated immune
associated cells including T-lymphocytes could be stimulated to survive and perform normal
functions. Mechanistically, pSTAT1 was translocated into the nucleus, and acted as a transcrip-
tional control for expression of genes controlling T-cell proliferation, differentiation and
migration. In addition, STAT1 could be induced during the proliferative response of T-cell
receptor stimulation by IFN-γ [37]. Therefore, combination of gramisterol and IFN-γ treat-
ment could enhance splenocytes activity in fighting the immune deficient condition in AML.
Besides, gramisterol targeted WEHI-3 tumor cells by induction of apoptosis via interruption of
an oncogenic transcription factor, pSTAT3 which was overexpressed in primary human
tumors included AML as well as the WEHI-3 cells [38]. The decreased Tyr 705 phosphoryla-
tion of STAT3 in gramisterol or cytokines from RBDS-treated splenocytes culture and IFN-γ
treated cells resulted in transcription inhibition of the genes for growth and proliferation of the
tumor cells. Thus, combination of gramisterol and IFN-γ treatment could eliminate the tumor
cells in AML.

Although STATs could be activated by many factors including carcinogens, growth factors,
oncogenes, and inflammatory cytokines [39], we found that different STATs were activated in
cells after treatment with gramisterol. Generally, the binding of IL-10 to the receptor on
immune cells activates tyrosine kinase-2 (TYK-2) and induces phosphorylation of its down-
stream molecule (STAT3) to increase Bcl-2 expression resulting in cell survival and functions
[40]. However, when WEHI-3 cells received gramisterol with or without cytokines from the
splenocytes culture, phosphorylation of STAT3 was decreased. This evidence strongly suggests
that the inhibitory effect of gramisterol on Bcl-2 induced WEHI-3 survival was an indirect
effect mediated through pSTAT3 signaling. Gramisterol exerted direct inhibition on or disrup-
tion of pSTAT3 transcriptional controlling of WEHI-3 cell survival genes including Bcl-2
expression. This assumption supports the previous study demonstrating that the down-regula-
tion of Bcl-2 can be a result of STAT3 inhibitory effect [41]. The combined inhibitory effect of
gramisterol and IFN-γ against pSTAT3 was significant in a dose-dependent manner leading to
apoptosis of the tumor cells.

Taken together, the data suggested the potential medicinal application of rice bran gramis-
terol as a target anti-cancer drug against AML. This natural health compound is an ingredient
found in the RBDS (yield = 56.6%) which can be DCM extracted from the bran of Riceberry
rice [17]. Gramisterol possesses a potent pSTAT3 signaling inhibition leading to tumor cell
death, but enhances pSTAT1 signaling that mediates hematopoietic cell survival and modulates
the immune functions of T-cells in AML.
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