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Abstract

Orlistat, an inhibitor of fatty acid synthase (FASN), acts as an antitumor agent by blocking de novo fatty acid
synthesis of tumor cells. Although, myelopoiesis also depends on de novo fatty acid synthesis, the effect of orlistat on
differentiation of macrophages, which play a central role in host’s antitumor defence, remains unexplored in a tumor-
bearing host. Therefore, the present investigation was undertaken to examine the effect of orlistat administration on
macrophage differentiation in a T cell lymphoma bearing host. Administration of orlistat (240 mg/kg/day/mice) to
tumor-bearing mice resulted in a decline of tumor load accompanied by an augmentation of bone marrow cellularity
and survival of bone marrow cells (BMC). The expression of apoptosis regulatory caspase-3, Bax and Bcl2 was
modulated in the BMC of orlistat-administered tumor-bearing mice. Orlistat administration also resulted in an increase
in serum level of IFN-γ along with decreased TGF-β and IL-10. BMC of orlistat-administered tumor-bearing mice
showed augmented differentiation into macrophages accompanied by enhanced expression of macrophage colony
stimulating factor (M-CSF) and its receptor (M-CSFR). The macrophages differentiated from BMC of orlistat-
administered mice showed characteristic features of M1 macrophage phenotype confirmed by expression of CD11c,
TLR-2, generation of reactive oxygen species, phagocytosis, tumor cell cytotoxicity, production of IL-1,TNF-α and
nitric oxide. These novel findings indicate that orlistat could be useful to support myelopoesis in a tumor-bearing host.
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Introduction

Sustained myelopoiesis considered essential to overcome
myelosupression in tumor-bearing hosts associated with tumor
progression and chemotherapeutic applications [1–3]. Fatty
acid synthase (FASN)-dependent de novo fatty acid synthesis
is identified as an indispensable necessity of hematopoiesis,
differentiation and activation of macrophages (Mϕ), which play
a central role in host’s antitumor defense [4–9]. Further, the
involvement of FASN in M1/M2 macrophage polarization,
expression of TLRs, IL-1, TNF-α and phagocytosis has been
reported [4–9]. Moreover, inhibition of FASN alters endotoxin
responsiveness of macrophages [9]. Interestingly, FASN
requirement has been demonstrated to vary depending on
stages of macrophage differentiation [7]. Thus FASN plays an
essential role in macrophage differentiation and activation.

FASN dependent de novo fatty acid synthesis is a ubiquitous
necessity of transformed cells for membrane biosynthesis

[10–17]. Consequently, one of the upcoming anticancer
chemotherapeutic regimens depends on inhibition of FASN
[10–14,16,17]. We and others have demonstrated that
exposure of tumor cells to orlistat, a FASN inhibitor; can
manifests tumor-specific cytotoxicity [18–22]. Moreover, impact
of FASN inhibition on cell survival displays cell-specific
variations [8]. Reports indicate that FASN inhibition arrests
membrane-associated functions of macrophages and their
differentiation from monocytes [7]. However, to the best of our
knowledge there is no report regarding the action of orlistat on
myelopoietic differentiation of macrophages in tumor-bearing
hosts. Thus in the present study using a murine model of
transplantable T cell lymphoma, designated as Dalton’s
lymphoma (DL) [20,23–30], we investigated the effect of orlistat
administration on bone marrow homeostasis with reference to
differentiation and antitumor activation of macrophages. DL
originated in the thymus of DBA [H2d] strain of mice as thyoma
[31,32] and can be transplanted in syngenic mice. Our results
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demonstrate that orlistat administration to the tumor-bearing
hosts can augment myelopoietic differentiation of tumoricidal
macrophages.

Materials and Methods

1: Mice and tumor system
Pathogen-free inbred adult mice of BALB/c (H-2d) strain

were used at 8-12 weeks of age. The mice were procured from
the animal house facility of the Banaras Hindu University
approved by the central animal ethical committee and kept in
the animal rooms of the School of Biotechnology. The work
contained in this manuscript was approved by central animal
ethical committee of Banaras Hindu University. The mice
received food and water ad libitum and were treated with
utmost humane care. Dalton’s lymphoma (DL) is maintained in
ascitic form by serial transplantation in BALB/c mice or in an in
vitro cell culture system by serial passage. Irrespective of
whether the DL cells were obtained from the in vitro culture
system maintained as suspension cultures or from the ascitic
fluid they exhibited similar phenotypic features. Serial passage
of DL in mice was carried out by transplanting 1x 105 DL cells
mouse-1 in 0.5 ml phosphate buffered saline (PBS) as
standardised previously in our laboratory [33]

2: Reagents
All reagents used were of tissue culture or analytical grade.

Tissue culture medium RPMI 1640 was purchased from
Hyclone (USA), supplemented with 20 mg/ml gentamycin, 100
mg/ml streptomycin, 100 IU penicillin purchased from Himedia
(India) and 10 % fetal calf serum from Hyclone (USA).
Antibodies against Bcl2, Caspase-3, Bax, IL-1, IL-6, IL-10, IFN-
γ, TNF-α, TLR-2, TGF-β & β-actin and fluorochrome
conjugated antibodies against F4/80, CD11c and their isotype
controls were obtained from Sigma-Alderich (USA), Imgenex
(USA), BD Pharmingen (USA), eBioscience (USA) and
Chemicon (UK). Secondary antibodies conjugated to alkaline
phosphatase were obtained from Bangalore Genie (India).
Primers for RT-PCR (Table. 1) were purchased from Hysel,
India. BCIP/NBT was purchased from Amresco (USA). TUNEL
assay kit was purchased from Invitrogen (USA).

3: Protocol for orlistat administration to tumor-bearing
mice

Orlistat was solubilised and administered to tumor-bearing
mice in group of nine each (Fig.1), following a protocol
described by Kridel et al [21] at a dose of 240mg/kg/day body
weight, reported for therapeutic effect [21,34]. Tumor and bone
marrow cells were harvested on day 16 following tumor
transplantation, which was pre-standardised in preliminary
experiments, representing the full blown tumor bearing stage
[35], beyond which necrosis of tumor is initiated. Thus, at this
stage tumor growth and its ramifications can be conveniently
analysed. The number of tumor-associated macrophages
(TAM) was determined by flow cytometry of peritoneal
exudates cells using Guava Incyte (USA) flow cytometer.

4: Bone marrow cell preparation
Bone marrow cell (BMC) were obtained from the femurs of

DL-bearing mice following a method described earlier [29].
Briefly, the BMC were obtained from the femoral shafts by
flushing with serum-free medium and agitating gently to
prepare a single cell suspension. The BMC suspension was
washed twice with serum-free medium by centrifugation at
200xg at 4°C. Viability of BMC was estimated using the
standard trypan blue dye exclusion test as described previously
[24]. Cell suspension was mixed with an equal volume of 0.4%
trypan blue in PBS and the cells were counted using a
hemocytometer. Cells that did not exclude the trypan blue were
considered nonviable. Standard Leishman Staining was
performed to examine subpopulations of bone marrow cells.

5: MTT assay
Cell survival was determined by MTT assay according to a

method described earlier [20] with slight modifications. MTT [3-
(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide] (5
mg/ml in PBS) was added to each well (50 μl/well) of the
culture plate containing 200 ml medium and incubated at 37°C
for 4 h. The medium was then carefully removed, without
disturbing the dark blue formazan crystals. Fifty μl DMSO was
added to each well and mixed thoroughly to dissolve the
formazan crystals. Plates were then read on a microplate
reader (Labsystems, Finland) at a wavelength of 540 nm.

6: Preparation of L929-conditioned medium
L929-cell conditioned medium (L929CM) was used as a

source of macrophage-colony stimulating factor (M-CSF) [36].

Table 1. Primers for RT-PCR.

Name of Gene Primer sequence
M-CSF F-5’-CGGGCATCATCCTAGTCTTGCTGACTGTT-3’
 R-5’-AAATAGTGGCAGTATGTGGGGGGCATCCT-3’
M-CSFR F-5’-TCATTCAGAGCCAGCTGCCCAT-3’
 R-5’-ACAGGCTCCCAAGAGGTTGACT-3’
β-actin F-5’-GGCACAGTGTGGGTGAC-3’
 R-5’-CTGGCACCACACCTTCTAC-3’

doi: 10.1371/journal.pone.0082396.t001
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L929CM was prepared according to a method described earlier
[29]. L929 cells, obtained from National Centre for Cell
Science, Pune, India, were incubated in RPMI-1640
supplemented with 10% FCS to achieve exponential growth.
Cell-free supernatant was then harvested from the confluent
monolayer of L929 cells, passed through 0.22 mm membrane
filter and kept at -20°C until use.

7: Wright Giemsa staining
Apoptotic cell population was enumerated by Wright Giemsa

as described earlier [37]. Cell suspension was smeared on a
slide, air dried, fixed in methanol, stained with Wright Giemsa
staining solution, mounted on glycerine and analyzed under
light microscope (Carl Zeiss, Germany) at 400x magnification.
Apoptotic cells were identified on the basis of morphological
features that included contracted cell bodies, condensed,
uniformly circumscribed and densely stained chromatin, and
membrane bound apoptotic bodies containing one or more
nuclear fragments. The percentage of apoptotic cells was
determined by counting more than 300 cells in at least three
separate randomly selected microscopic fields.

8: TUNEL assay
Apoptotic cells were identified by TUNEL assay kit following

the manufacturer’s instructions as described earlier [23].
Briefly, cells were fixed in 1% (w/v) paraformaldehyde solution
in PBS at 4°C for 15 min followed by incubation in 70% ethanol
at -20°C for 30 min. Cells were then incubated in DNA labeling
solution containing TdT enzyme and BrdUTP at 37°C for 60
min followed by washing with rinse buffer and incubation in
Alexa Fluor 488 dye-labeled anti-BrdU antibody for 30 min at
room temperature. Apoptotic cells were identified both under
phase contrast and fluorescence optics. Cells which fluoresced
brightly were apoptotic when observed under fluorescence
optics of fluorescence microscope (Nikon, Japan). The
percentage of apoptotic cells was determined by counting more

than 300 cells in at least three separate randomly selected
microscopic fields.

9: Bone marrow colony assay
Bone marrow colonies were prepared according to a method

described earlier using culture medium containing
methylcellulose [29]. Briefly, BMC (1x104cells/ml) were
suspended in a mixture containing 0.9% (w/v) methylcellulose
with 30% (v/v) FCS and 20% (v/v) L929CM. The mixture was
gently vortexed, plated in a 35 mm plastic culture dish (Greiner,
Germany) and incubated at 37°C in a humidified atmosphere of
5% CO2 in air for 10 days. Bone marrow colonies were counted
after ten days of incubation. An aggregate of more than 25
cells was counted as a single colony-forming unit (CFU).
Colonies of different types were identified on the basis of their
morphological features. Those with macrophage-like
morphology were designated as CFU-M, granulocyte-
macrophage morphology as CFU-GM and granulocyte
morphology as CFU-G.

10: Culture and isolation of bone marrow-derived
macrophages (BMDM)

BMDM were obtained as described previously [28]. Briefly,
BMC were flushed from femoral shafts with chilled serum-free
medium. A single cell suspension of BMC was prepared and
incubated in plastic tissue culture flasks for 2 h to remove
adherent bone marrow macrophages. The non-adherent BMC
(2.5 x106cells/ml) were incubated for 10 days in medium
containing L929CM (20% v/v). The BMDM thus obtained were
scrapped by cell scrapper and replated in 96 well or 6 well
tissue culture plates at a density of 2.5x105 cells/ml and further
incubated for 24 h in medium alone or containing IFN-γ (100
IU/ml) plus LPS (10 ng/ml). After 24 h of incubation the cell-free
culture supernatant was harvested for ELISA and the cells
were used for other estimations described below. BMDM
cultivated in 6 well tissue culture plates containing glass cover

Figure 1.  Protocol for administering orlistat to tumor-bearing mice.  Mice were transplanted DL cells (1x105cells/0.5 ml PBS)
on day 0 following administration of Vehicle alone (control) or containing orlistat 240mg/kg body weight/day up to day 14 post tumor
transplantation. On day 16 BMC were harvested from femurs.
doi: 10.1371/journal.pone.0082396.g001
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slips were used for estimating phagocytosis and immune-
fluorescence staining.

11: Cytotoxicity assay
% cytotoxicity= O.D.of   DL  cells  incubated  alone+O.D.   of   BMDM  incubated  alone −O.D.  of   DL  cells  incubated  with  BMDM

      _____________________________________________________________________________________________________________X100
O.D.  of   DL  cells  incubated  alone+O.D.of   BMDM  incubated  alone

Macrophagemediated tumor cytotoxicity was assayed by
measuring the killing of target DL cells as described earlier with
some modifications using MTT [25] and standard LDH release
assay following the procedure described by Naama et al. [38].
Tumor cells were co-incubated with BMDM at an effecter to
target cell ratio of 10:1. In MTT method, after 48 h, the
incubation was terminated followed by addition of 50 μl of MTT
solution to the co-culture of BMDM and tumor cells to
determine cell survival as described above. Percent cytotoxicity
was calculated by the following formula.

% LDH release= O.D.   experimental −O.D.   Spontaneous
         __________________________________________X100

     O.D.   Maximum

In LDH release method following coincubation of BMDM with
tumor cells LDH release was estimated by measuring the end
product NAD+, generated from NADH and pyruvate by the
catalytic action of LDH. O.D. was measured at 340nm. %
cytotoxicity was calculated by the following formula.

Experimental = BMDM plus Tumor cells
Spontaneous = Tumor cells alone
Maximum = Lysate of tumor cells

12: Phagocytosis assay
Phagocytic activity of BMDM was carried out as described

earlier [27]. BMDM grown on glass cover slips were incubated
with heat-killed yeast cells (2×108/ml) for 90 min at 37°C in a
CO2 incubator. The non-phagocytosed yeast cells were
washed with warm PBS thrice. Cells were then fixed in
methanol for 2 min. and stained with Giemsa stain for 1 h.
Excess stain was washed out under tap water. The cover slips
were mounted on a slide and phagocytosis was examined
under light microscope.

13: ELISA
A standard ELISA was performed to detect the presence of

indicated cytokines in sera of control and orlistat administered
tumor-bearing mice and BMDM culture supernatent following a
method described earlier [20]. Briefly, polystyrene microwell
plates (Tarsons, Kolkata, India) were coated with 10 μg of
protein sample and incubated overnight at 4°C. In the negative
control, test samples were not added to wells of ELISA plates
and were processed for subsequent steps in the same way as
described for the experimental sets. The plates were washed
with 0.15 M PBS containing 0.1% (v/v) Tween 20 (PBS-
Tween). Unbound sites were saturated with PBS containing 1%
bovine serum albumin (BSA). The plates were again washed
with PBS-Tween followed by addition of antibodies against the
indicated proteins at a dilution of 1:1000. The plates were
incubated at 37°C for 60 min followed by addition of 50 μl of p-
nitrophenyl phosphate (NPP) (1 mg/ml) in enzyme substrate

buffer. The absorbance was measured after 10 min at 405 nm
in an ELISA plate reader (Labsystems, Finland) and the
concentration of cytokines is presented as pg/ml.

14: Western immunoblot analysis
Western immunoblot analysis for detection of indicated

proteins in BMC was carried out following a method described
earlier [37]. BMC were washed with chilled PBS and lysed in
50 µl of lysis buffer (20mM Tris-Cl, pH 8.0, 137 mM NaCl, 10%
(v/v) glycerol, 1% (v/v) Triton X-100, 2 mM EDTA; 1 mM
phenylmethylsulfonyl fluoride, 20 μM leupeptin containing
aprotinin at 0.15 U ml-1) for 20 min at 4°C. Protein content in
each sample was determined by using standard Bradford
method. Twenty µg of Triton X-100 solubilized proteins was
separated on 10% SDS-polyacrylamide gel at 20 mA. The gel
was processed further for immunoblotting. The separated
proteins were transferred onto a nitrocellulose membrane
(Sartorius, Germany) (1.5 h at 150 mA), immunoblotted with
antibodies against indicated proteins and probed with a
secondary antibody: anti-rabbit IgG conjugated to alkaline
phosphatase and detected by a BCIP/NBT solution (Amresco,
USA). Equal loading of proteins was determined by using equal
cell number for preparation of lysates, loading of equal protein
content and immunoblotting of β-actin.

15: RT–PCR for expression of mRNA
RT–PCR analysis for the expression of mRNA of

macrophage colony stimulating factors (M-CSF) and its
receptor (MCSF-R) in BMC was carried out according to a
method described earlier [23] using a one step RT–PCR cell to
cDNA kit (Ambion, USA). Primer sequences for various genes
are shown in Table 1. PCR was performed for 15 min to make
cDNA at 50°C. The amplification was carried out for 30 cycles
with initial denaturation at 94°C for 2 min followed by annealing
(annealing temperature as per respective primer design) for 30
sec and elongation at 72°C for 30 sec. The samples were
separated on an agarose gel (1%) containing ethidium bromide
(0.3 μg/ml). Bands were visualized and analyzed on a UV-
transilluminator (Biorad, Australia).

16: Measurement of intracellular reactive oxygen
species (ROS)

ROS measurement was carried out as described by Furuta
et al [39] with slight modifications. BMDM (1x106 cells/ml) of
control and orlistat groups were washed followed by incubation
with HBSS containing the fluorescent dye
dichlorodihydrofluorescein diacetate, (DCFDA) at a final
concentration 0.1mM. The cells were further incubated at 37°C
for 45 min, followed by washing with PBS. The cells stained
with the dye were visualized under fluorescence microscope
(Nikon, Japan) at a magnification of 400× and photographed.

17: Immunofluorescent staining
Immunofluorescence staining of bone marrow derived

macrophage (BMDM) was carried out using a protocol
described earlier [25] with slight modification. Briefly, BMDM
grown on cover slips were incubated in PBS containing FITC
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conjugated anti-F4/80, TLR-2 or PE conjugated anti-CD11c for
30 min at 37 °C. After incubation, cells were washed with PBS
and fixed in a mixture of acetic acid and ethanol (5:95) for 10
min at -10°C. Cells were then observed under fluorescence
microscope (Nikon, Japan) in at least four randomly selected
microscopic fields at 400x magnification.

18: Nitrite assay
The concentration of stable nitrite NO2

-, the end product from
NO generation, was determined by the method described
earlier on the Griess reaction [23]. Test samples were
incubated with an equal volume of Griess reagent [1 part of 1%
(w/v) sulfanilamide in 2.5% H3PO4 plus 1 part of 0.1% (w/v)
naphthyl ethylene diaminedihydrochloride; two parts being
mixed together within 12 h of use and kept chilled] at room
temperature for 10 min in a 96-well microtiter plate. The
absorbance at 540 nm was determined with an automatic
ELISA plate reader (Labsystem, Finland). Nitrite content was
quantified by extrapolation from a standard curve of NaNO2 in
each experiment. In all the experiments nitrite content in the
wells containing medium without cells was also measured and
subtracted.

19: Statistical analysis
Experiments were conducted thrice in triplicate. The

statistical significance of differences between test groups was
analyzed by Student’s t test. The difference was considered
significant when p was less than 0.05.

Results

1: Orlistat administration to tumor-bearing mice
augments bone marrow Cellularity

Since there is no report regarding the effect of orlistat
administration to tumor-bearing hosts on bone marrow
homeostasis, we investigated if orlistat administration to tumor-
bearing mice can alter bone marrow cellularity. As shown in
Figure 2a, the number of viable BMC was significantly higher in
orlistat-administered tumor-bearing mice compared to
untreated control. Further to investigate if the observed
augmentation of bone marrow cellularity is associated with an
altered cell survival, BMC (1x106 cells/ml) harvested from
control and orlistat-administered tumor-bearing hosts were
cultured for 24 h in 96 well culture plates followed by MTT
assay for estimating cell survival (Figure 2c) or processed for
enumeration of apoptotic population by Wright Giemsa staining
(Figure 2d) and TUNEL assays (Figure 2e). BMC obtained
from orlistat-administered tumor-bearing hosts showed a
significantly augmented cell survival accompanied by a
declined in apoptotic population compared to respective
controls. We also examined the effect of orlistat administration
on different subpopulations of BMC. As shown in Figure 2b,
differential count of BMC harvested from control and orlistat
administered tumor-bearing hosts revealed a significant
increase in the count of myeloblasts and monocytes compared
to control, indicating that orlistat administration augmented the
differentiation of macrophage precursors.

In order to understand the molecular mechanism(s) of
orlistat-dependent augmentation of BMC survival, we checked
the expression pattern of some key cell survival regulatory
molecules. As shown in Figure 3 (a, b) BMC of orlistat-
administered tumor-bearing hosts showed an inhibition in the
expression of pro-apoptotic Caspase-3 and Bax proteins
accompanied by an increased expression of anti-apoptotic
Bcl2. In order to explore the underlying regulatory
mechanism(s), sera obtained from control and orlistat-
administered tumor-bearing mice were analysed for the level of
IL-10, TGF-β and IFN-γ, which are reported to regulate BMC
survival and differentiation of macrophage precursors [40–45].
Results are shown in Figure 3c. Level of TGF-β and IL-10
significantly declined accompanied by an elevation of IFN-γ in
the serum of orlistat-administered tumor-bearing mice
compared to respective controls.

2: Orlistat administration to tumor-bearing hosts
augments myelopoiesis

Since, we observed an improved BMC survival following in
vivo administration of orlistat to tumor-bearing hosts, in the next
part of the investigation we checked if it was also associated
with modulation of myelopoesis. BMC harvested from control
and orlistat-administered tumor-bearing mice were allowed to
differentiate in macrophage lineage in response to M-CSF in
vitro. Results are shown in Figure 4. Orlistat administration
resulted in a significant increase in the count of CFU-M (Figure
4a) displaying larger size compared to control (Figure 4b).
BMDM, which were determined to be F4/80+ve, showed a
better macrophage spreading with longer cytoplasmic
extensions in orlistat group compared to control (Figure 4c). As
BMC of orlistat-administered tumor-bearing mice displayed an
increased responsiveness to M-CSF for differentiation in Mϕ
lineage, we examined if these BMC also showed an altered
expression of M-CSF and M-CSFR genes. BMC of orlistat-
administered tumor-bearing mice showed an increased
expression of M-CSF and M-CSFR compared to control (Figure
4d,e).

3: Effect of orlistat administration to tumor-bearing
mice on induction of tumor cell apoptosis

In order to assess the antitumor potential of orlistat, tumor-
bearing mice were administered with vehicle alone (control) or
containing orlistat as described in material and methods.
Tumor cells were harvested on day 16 post tumor
transplantation followed by enumeration of apoptotic tumor
cells by Wright-Giemsa staining and TUNEL assay. Results are
shown in Figure 5. Orlistat administration to tumor-bearing
mice resulted in a significantly augmented population of
apoptotic tumor cells compared to control, which indicates that
at the administered dose orlistat declined tumor load.

4: BMDM of orlistat-administered tumor-bearing mice
display characteristic features of M1 subtype of Mϕ.

Considering the fact that BMDM differentiated from the BMC
of orlistat-administered tumor-bearing hosts showed an
augmented differentiation into macrophages, in the next part of
the investigation we studied the responsiveness of these
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BMDM to activation signals of LPS and IFN-γ to determine their
functional status and M1/M2 polarization. BMDM of control and
orlistat-administered groups were incubated for 24 h in medium
alone or containing LPS+IFN-γ followed by estimation of M1

macrophage markers: NO (Figure 6a), level of IL-1, IL-6 &
TNF-α in the culture supernatant (Figure 6b), phagocytosis
(Figure 6c), expression of ROS (Figure 6 d,e), tumor
cytotoxicity (Figure 6f,g) and pattern of cell surface-associated
functional proteins: CD11c & TLR-2 (Figure 6h). BMDM
obtained from the BMC of orlistat-administered group showed a

significantly increased production of NO along with IL-1, IL-6
and TNF-α in culture supernatent which was significantly up-
regulated following in vitro treatment with IFN-γ + LPS.
Similarly, the BMDM differentiated from the BMC of orlistat-
administered group showed an augmented expression of ROS,
phagocytosis and Mϕ-mediated tumoricidal activity, further
enhanced upon treatment with IFN-γ + LPS. The expression of
CD11c and TLR-2 was also found to be augmented in the
BMDM of orlistat-administered group compared to control
(Figure 6h).

Figure 2.  Effect of orlistat administration to tumor-bearing mice on BMC count, survival and apoptotic population.  Viable
cells in BMC harvested from the femur of control and orlistat-administered tumor-bearing mice were enumerated by trypan blue dye
exclusion test (a). A differential count of the BMC population was performed by Leishman staining (b). BMC (1x106 cells/ml) of
control and orlistat-administered groups were incubated for 24h in 96 well culture plates followed by estimation of cell survival by
MTT assay (c). Induction of apoptosis was estimated by Wright Giemsa staining (d) and TUNEL assay (e). Values are mean ± SD of
three independent experiments done in triplicate.* p<0.05 vs. values of respective control.
doi: 10.1371/journal.pone.0082396.g002
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5: Effect of orlistat on count of F4/80+ TAM
In view of the observations indicating that orlistat augmented

macrophage differentiation, we also examined if orlistat
administration modulated the number of F4/80+ TAM. The
number of TAM declined in orlistat-administered group
compared to untreated control (Figure 7 a,b).

Discussion

In the present study the effect of orlistat administration on the
process of myelopoesis in tumor-bearing hosts was examined.
BMC harvested from orlistat-administered tumor-bearing hosts
showed an enhanced differentiation into Mϕ displaying M1

phenotype in response to M-CSF. Next, we attempted to
examine the possible mechanisms underlying myelopoietic
action of orlistat in tumor-bearing hosts. The likelihood that

Figure 3.  Orlistat administration to tumor-bearing mice alters the expression pattern of cell survival regulatory
molecules.  Cell lysates of BMC (1x106 cells/ml) harvested from control and orlistat-administered tumor bearing mice were
processed for western blot analysis to examine expression pattern of the indicated cell survival regulatory proteins (a,b). Bars
shown in (b) are the densitometric scan of bands shown in (a). Data shown is from a representative experiment out of three
independent experiments with similar results. Sera harvested from control and orlistat-administered tumor-bearing mice on day 16
post-tumor transplantation were immunodetected by ELISA for the level of the indicated cytokines (c). Values in (c) are mean ± SD
of three independent experiments done in triplicate.*p<0.05 vs. values of respective control.
doi: 10.1371/journal.pone.0082396.g003
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orlistat could directly modulate the proliferative ability of BMC
was, however, ruled out as in vitro treatment of BMC with
orlistat at a dose range which manifest killing of tumor cells in
vitro, did not alter their survival (data not shown). Thus it is
likely that the myelopoietic action of orlistat on BMC in a tumor-
bearing host of indirect nature. This proposition is further
strengthened by previous reports which demonstrate that
orlistat acts locally [13,21,46] and its systemic diffusion to
distant anatomical locations, like bone marrow, is not well
reported. Nevertheless, there is no report showing any harmful
effect of orlistat on bone marrow cells in tumor bearing host. It

is further reported that the action of orlistat varies depending on
the fatty acid requirements of individual cell type
[10–14,16,17,19–22]. Moreover, it is suggested that
consequences of FASN inhibition may differ according to the
stage of Mϕ differentiation [7].

The observed augmentary effect of orlistat on BMC survival
and myelopoietic differentiation might also be dependent on
tumor growth retardation. Indeed, in the present study we
demonstrated that orlistat administration to tumor-bearing mice
resulted in an augmented population of apoptotic tumor cells,
indicating a declined tumor load. This is further corroborated in

Figure 4.  Orlistat augments differentiation of BMDM associated with increased expression of M-CSF and M-CSFR.  BMC
(1x104 cells/ml) harvested from control or orlistat-administered tumor-bearing mice were cultured in vitro in the presence of L929
culture medium (20%v/v) as a source of M-CSF, for 10 days to allow the BMC to differentiate into colonies. Colonies were counted
based on cellular morphology of each colony forming unit (CFU) displaying features of CFU-M, CFU-GM and CFU-G phenotype (a).
CFU-M obtained from the BMC of control group displayed lesser number of Mϕ-like cells compared to orlistat-treated group where
the colonies were denser with larger macrophage like cells, as indicated by arrows (b). BMC (1x106 cells/ml) obtained from control
or orlistat-administered tumor-bearing mice were also processed for RT-PCR to detect expression of mRNA for MCSF and M-
CSFR. Bars shown in (e) are densitometric scan of bands shown in (d), which are from a representative experiments out of 3
experiments with similar results. BMDM grown on glass cover slips in petri-dishes were stained with Wright Giemsa stain (c upper
panel) and F4/80 FITC-conjugated antibody (c lower panel). As indicated by arrows BMDM of orlistat administered group showed
increased size, spreading and cytoplasmic extensions. Plates shown are from a representative experiment. Values shown in (a) are
mean ± SD of three independent experiments done in triplicate.*p<0.05 vs. values of respective control.
doi: 10.1371/journal.pone.0082396.g004
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our another report demonstrating that administration of orlistat
to DL-bearing hosts retarded tumor progression [47]. We and
others have previously reported that orlistat induces tumor cell
death [19–22,47]. Indeed, some previous reports from our and
other laboratories have also indicated that reduction of tumor
load per se is associated with an improved myelopoiesis
[25–27,48–50]. As tumor growth and its inhibition are also
associated with alteration in cytokine repertoire
[20,25,27,47–49,51–53], the role of cytokine-dependent
modulation of BMC survival and differentiation is not ruled out.
This notion is supported by two lines of evidences: (1) our
previous finding has shown that exposure of tumor cells to
orlistat triggers a decline in production of IL-4 and IL-10 [20,47].
Indeed both of these cytokines have been reported to suppress
haematopoiesis and Mϕ differentiation [54–62]: (2) Analyses of
the serum cytokines pattern in orlistat-administered tumor-
bearing hosts, as observed in this study, also showed a decline
in the level of TGF-β and IL-10 along with elevation of IFN-γ.
IFN-γ has been reported to potentiate myelopoiesis through
multiple mechanisms [59–62]. Nevertheless, TGF-β has been
reported to suppress myelopoiesis in tumor-bearing hosts
[63–65]. Further, the findings of the present study also indicate
that the BMC harvested from orlistat-administered hosts
showed an inhibition in the induction of apoptosis along with
modulation in the expression of cell survival regulatory.
Moreover, we also observed an up-regulation in the expression

M-CSF and M-CSFR, which have been reported to usher
lineage specific Mϕ differentiation [54–58,61]. The expression
of M-CSF and M-CSFR is in turn also regulated by cytokines
[54–56,59–62]. This could be correlated to the findings of this
study showing modulated cytokine level in serum of orlistat-
administered tumor-bearing mice. Moreover, IFN-γ has been
reported to modulate the expression of M-CSF and its receptor
[40,42,44,60]. These cytokines are also implicated in
modulating the expression of apoptosis regulatory Bcl2, Bax
and Caspase-3 proteins [20,27,37,56,59–69]. On the basis of
these correlations, it is suggested that the improved survival of
BMC in tumor-bearing hosts, following administration of orlistat,
could be attributed to prolonged BMC survival, enabling an
adequate expression of receptors for cognate and non-cognate
interactions leading to an augmented myelopoesis and
differentiation of Mϕ. This notion is supported by the results
showing that orlistat administration resulted in a rise in the
population of macrophage precursors, indicating augmented
macrophage differentiation.

We also observed that BMDM differentiated from the BMC of
orlistat-administered tumor-bearing mice showed augmented
phagocytosis, tumoricidal activity, expression of cell surface
receptors like CD11c, TLR-2 and production of ROS, NO, IL-1
and TNF-α. These features indicate that these BMDM
displayed a typical M1 Mϕ phenotype which is required for
antitumor activity. Although orlistat is an inhibitor of FASN

Figure 5.  Effect of orlistat administration to tumor-bearing mice on apoptotic tumor cell population.  Tumor cells (1x106

cells/ml) harvested from control and orlistat administered tumor-bearing mice were analysed for apoptotic cells by Wright-Giemsa
(a) and TUNEL assay (b). Values shown in (a) & (b) are mean ± SD of three independent experiments done in triplicate.*p<0.05 vs.
values of respective control.
doi: 10.1371/journal.pone.0082396.g005

Orlistat Ushers Myelopoiesis in Tumor Bearing Host

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e82396



which is reported to be required by Mϕ for phagocytic ability
and other activation associated functions [4–9], orlistat-
administration to tumor-bearing mice did not inhibit the
expression of FASN in BMC or BMDM (data not shown). The
reason for this could be that orlistat poorly diffuses through
systematic route to distant tissues [10,14,21,46]. These
observations further reinforce the conclusion that the action of
orlistat in augmenting the cell survival and differentiation of
BMC in tumor-bearing hosts is of indirect nature. Interestingly,

we observed that despite an augmentation in the differentiation
of BMC precursors in macrophage lineage in orlistat-
administered tumor-bearing hosts, the number of TAM showed
a decline. This could possibly be due to the inhibitory action of
orlistat on differentiation of TAM following their direct exposure
to its therapeutic dose in the tumor microenvironment. Indeed,
macrophages have been reported to be dependent on the
activity of FASN for various membrane associated functions
[7,8]. Moreover, other report also indicates the inhibitory action

Figure 6.  BMDM obtained from BMC of orlistat-administered groups display M1 Mϕ phenotype.  BMDM differentiated from
BMC of control or orlistat-administered tumor-bearing mice were incubated in vitro for 24h in medium alone or containing IFN- γ
(100IU/ml) + LPS (10ng/ml) followed by estimation of NO (a), indicated cytokines by ELISA in culture supernatant (b), assay of ROS
expression (d,e), phagocytosis (c), BMDM-mediated tumoricidal activity (f,g) and expression of cell surface functional markers:
CD11c and TLR2 (h). Values shown in (a,b,e,f,g) mean ± SD of three independent experiments done in triplicate.*p<0.05 vs. values
of respective control. *#p<0.05 vs. values for orlistat and LPS + IFN-γ treated control groups. Arrows indicates increased
phagocytosis (c), expression of ROS (d) and CD11c & TLR-2 (h) in BMDM of orlistat group treated with IFN-γ + LPS.
doi: 10.1371/journal.pone.0082396.g006
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of FASN inhibitors on macrophage phenotype and their
differentiation from monocytes [7]. However, the inhibitory
action of orlistat on TAM in tumor microenvironment does not
subdue its therapeutic value, as orlistat administration
potentiated the differentiation of macrophages, which may help
in augmenting antitumor immune responses, unlike other
anticancer drugs which manifest immunosuppresion [1,70].
Summary of the proposed mechanism(s) underlying the
myelopoietic action of orlistat in a tumor-bearing host is
presented in Figure 8, indicating the role of modulated cytokine

repertoire and expression of cell survival and differentiation
regulatory molecules.

Taken together these findings indicate the worthiness of
orlistat in a tumor-bearing host to inhibit tumor growth while
also sustaining myelopoietic differentiation of tumoricidal
macrophages. Conventional chemotherapeutics regimens on
the other hand in general inhibit myelopoiesis. Thus the
observations of the present study will be of immense help in
further research on optimizing the use of orlistat for such dual
benefits in tumor-bearing hosts.

Figure 7.  Enumeration of F4/80+ TAM following orlistat administration to tumor-bearing host.  Peritoneal exudates cells
obtained from control (a) and orlistat administered (b) tumor-bearing hosts were analysed for the number of TAM by flow cytometry
using FITC conjugated antibody against macrophage marker F4/80. Data shown is from a representative experiment out of three
independent experiments done in triplicate with similar results.
doi: 10.1371/journal.pone.0082396.g007
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Figure 8.  Summary of the suggested mechanisms underlying myelopoietic action of orlistat.  Myelopoietic action of orlistat
in tumor bearing hosts leads to augmented differentiation of Mϕ with M1 phenotype. Modulated expression of cytokines, cell survival
and differentiation regulatory molecules play a central role.
doi: 10.1371/journal.pone.0082396.g008

Orlistat Ushers Myelopoiesis in Tumor Bearing Host

PLOS ONE | www.plosone.org 12 December 2013 | Volume 8 | Issue 12 | e82396



Acknowledgements

The authors express gratitude to Dr. S.D. Singh of Parul
Pathology and Dr. Vijay, Institute of Medical Sciences, Banaras
Hindu University, for helping in differential count of cells.

Author Contributions

Conceived and designed the experiments: SK AK SMS.
Performed the experiments: SK AK. Analyzed the data: SK AK
SMS. Contributed reagents/materials/analysis tools: SK AK
SMS. Wrote the manuscript: SK AK SMS.

References

1. Maxwell MB, Maher KE (1992) Chemotherapy-induced
myelosuppression. Semin Oncol Nurs 8: 113-123. doi:
10.1016/0749-2081(92)90027-Z. PubMed: 1621002.

2. Biesma B, Vellenga E, Willemse PH, de Vries EG (1992) Effects of
hematopoietic growth factors on chemotherapy-induced
myelosuppression. Crit Rev Oncol Hematol 13: 107-134. doi:
10.1016/1040-8428(92)90020-Q. PubMed: 1384547.

3. Rostad ME (1990) Management of myelosuppression in the patient
with cancer. Oncol Nurs Forum 17: 4-8. PubMed: 2105482.

4. Murphy BS, Sundareshan V, Cory TJ, Hayes D Jr., Anstead MI et al.
(2008) Azithromycin alters macrophage phenotype. J Antimicrob
Chemother 61: 554-560. PubMed: 18230686.

5. Gea-Sorlí S, Bonjoch L, Closa D (2012) Differences in the inflammatory
response induced by acute pancreatitis in different white adipose tissue
sites in the rat. PLOS ONE 7: e41933. doi:10.1371/journal.pone.
0041933. PubMed: 22870264.

6. Nicolaou G, Goodall AH, Erridge C (2012) Diverse bacteria promote
macrophage foam cell formation via Toll-like receptor-dependent lipid
body biosynthesis. J Atheroscler Thromb 19: 137-148. PubMed:
22123216.

7. Ecker J, Liebisch G, Englmaier M, Grandl M, Robenek H et al. (2010)
Induction of fatty acid synthesis is a key requirement for phagocytic
differentiation of human monocytes. Proc Natl Acad Sci U S A 107:
7817-7822. doi:10.1073/pnas.0912059107. PubMed: 20385828.

8. Kurokawa J, Arai S, Nakashima K, Nagano H, Nishijima A et al. (2010)
Macrophage-Derived AIM Is Endocytosed into Adipocytes and
Decreases Lipid Droplets via Inhibition of Fatty Acid Synthase Activity.
Cell Metab 11: 479-492. doi:10.1016/j.cmet.2010.04.013. PubMed:
20519120.

9. Hauton D, Evans RD (2002) Utilisation of fatty acid and triacylglycerol
by rat macrophages: the effect of endotoxin. Cell Physiol Biochem 12:
293-304. doi:10.1159/000067899. PubMed: 12438765.

10. Liu H, Liu JY, Wu X, Zhang JT (2010) Biochemistry, molecular biology,
and pharmacology of fatty acid synthase, an emerging therapeutic
target and diagnosis/prognosis marker. Int J Biochem Mol Biol 1: 69-89.
PubMed: 20706604.

11. Mashima T, Seimiya H, Tsuruo T (2009) De novo fatty-acid synthesis
and related pathways as molecular targets for cancer therapy. Br J
Cancer 100: 1369-1372. PubMed: 19352381.

12. Kuhajda FP (2006) Fatty acid synthase and cancer: New application of
an old pathway. Cancer Res 66: 5977-5980. doi:
10.1158/0008-5472.CAN-05-4673. PubMed: 16778164.

13. Menendez JA, Lupu R (2007) Fatty acid synthase and the lipogenic
phenotype in cancer pathogenesis. Nat Rev Cancer 7: 763-777. doi:
10.1038/nrc2222. PubMed: 17882277.

14. Flavin R, Peluso S, Nguyen PL, Loda M (2010) Fatty acid synthase as
a potential therapeutic target in cancer. Future Oncology 6: 551-562.
doi:10.2217/fon.10.11. PubMed: 20373869.

15. Kusakabe T, Maeda M, Hoshi N, Sugino T, Watanabe K et al. (2000)
Fatty acid synthase is expressed mainly in adult hormone-sensitive
cells or cells with high lipid metabolism and in proliferating fetal cells. J
Histochem Cytochem 48: 613-622. doi:10.1177/002215540004800505.
PubMed: 10769045.

16. Menendez JA (2010) Fine-tuning the lipogenic/lipolytic balance to
optimize the metabolic requirements of cancer cell growth: Molecular
mechanisms and therapeutic perspectives. Biochim Biophys Acta 1801:
381-391. doi:10.1016/j.bbalip.2009.09.005. PubMed: 19782152.

17. Swinnen JV, Brusselmans K, Verhoeven G (2006) Increased
lipogenesis in cancer cells: new players, novel targets. Curr Opin Clin
Nutr Metab Care 9: 358-365. doi:10.1097/01.mco.
0000232894.28674.30. PubMed: 16778563.

18. Fujiwara J, Sowa Y, Horinaka M, Koyama M, Wakada M et al. (2012)
The anti-obesity drug orlistat promotes sensitivity to TRAIL by two
different pathways in hormone-refractory prostate cancer cells. Int J
Oncol 40: 1483-1491. PubMed: 22328338.

19. Chuang HY, Chang YF, Hwang JJ (2011) Antitumor effect of orlistat, a
fatty acid synthase inhibitor, is via activation of caspase-3 on human

colorectal carcinoma-bearing animal. Biomed Pharmacother 65:
286-292. doi:10.1016/j.biopha.2011.02.016. PubMed: 21723078.

20. Kant S, Kumar A, Singh SM (2012) Fatty acid synthase inhibitor orlistat
induces apoptosis in T cell lymphoma: Role of cell survival regulatory
molecules. Biochim Biophys Acta Gen Subj 1820: 1764-1773. doi:
10.1016/j.bbagen.2012.07.010.

21. Kridel SJ, Axelrod F, Rozenkrantz N, Smith JW (2004) Orlistat is a
novel inhibitor of fatty acid synthase with antitumor activity. Cancer Res
64: 2070-2075. doi:10.1158/0008-5472.CAN-03-3645. PubMed:
15026345.

22. Pallasch CP, Schwamb J, Königs S, Schulz A, Debey S et al. (2008)
Targeting lipid metabolism by the lipoprotein lipase inhibitor orlistat
results in apoptosis of B-cell chronic lymphocytic leukemia cells.
Leukemia 22: 585-592. doi:10.1038/sj.leu.2405058. PubMed:
18079738.

23. Kumar A, Kant S, Singh SM (2013) alpha-Cyano-4-hydroxycinnamate
induces apoptosis in Dalton’s lymphoma cells: role of altered cell
survival-regulatory mechanisms. Anticancer Drugs 24: 158-171. doi:
10.1097/CAD.0b013e3283586743. PubMed: 22932131.

24. Shanker A, Singh SM, Sodhi A (2000) Ascitic growth of a spontaneous
transplantable T cell lymphoma induces thymic involution - 1.
Alterations in the CD4/CD8 distribution in thymocytes. Tumor Biol 21:
288-298. doi:10.1159/000030134. PubMed: 10940825.

25. Vishvakarma NK, Singh SM (2011) Augmentation of myelopoiesis in a
murine host bearing a T cell lymphoma following in vivo administration
of proton pump inhibitor pantoprazole. Biochimie 93: 1786-1796. doi:
10.1016/j.biochi.2011.06.022. PubMed: 21722701.

26. Singh SM, Singh N, Shrivastava P (2006) Effect of alcoholic extract of
Ayurvedic herb Tinospora cordifolia on the proliferation and myeloid
differentiation of bone marrow precursor cells in a tumor-bearing host.
Fitoterapia 77: 1-11. doi:10.1016/j.fitote.2005.05.002. PubMed:
16326030.

27. Kumar A, Bharti AC, Singh SM (2012) Effect of aspirin administration
on reversal of tumor-induced suppression of myelopoiesis in T-cell
lymphoma bearing host. Blood Cells Mol Dis 48: 238-246. doi:10.1016/
j.bcmd.2012.02.006. PubMed: 22421408.

28. Bharti AC, Singh SM (2001) Gangliosides derived from a T cell
lymphoma inhibit bone marrow cell proliferation and differentiation. Int
Immunopharmacol 1: 155-165. doi:10.1016/S1567-5769(00)00004-7.
PubMed: 11367513.

29. Gupta V, Singh SM (2007) Gender dimorphism in the myeloid
differentiation of bone marrow precursor cells in a murine host bearing
a T cell lymphoma. J Reprod Immunol 74: 90-102. doi:10.1016/j.jri.
2007.01.003. PubMed: 17275917.

30. Bharti AC, Singh SM (2000) Induction of apoptosis in bone marrow
cells by gangliosides produced by a T cell lymphoma. Immunol Lett 72:
39-48. doi:10.1016/S0165-2478(00)00156-5. PubMed: 10789680.

31. Goldie H. MDF (1951) Growth characteristics of free tumor cells
transformed serially in the peritoneal fluid of mouse. Cancer Res 11:
73-80

32. Klein G (1951) Comparative studies of mouse tumors with respect to
their capacity for growth as ‘Ascitic tumors’ and their average nucleic
acid content. Exp Cell Res 2: 518-524. doi:
10.1016/0014-4827(51)90038-9.

33. Singh MP, Singh G, Singh SM (2005) Role of host’s antitumor immunity
in exercise-dependent regression of murine T-cell lymphoma. Comp
Immunol Microbiol Infect Dis 28: 231-248. PubMed: 15857662.

34. Carvalho MA, Zecchin KG, Seguin F, Bastos DC, Agostini M et al.
(2008) Fatty acid synthase inhibition with Orlistat promotes apoptosis
and reduces cell growth and lymph node metastasis in a mouse
melanoma model. Int J Cancer 123: 2557-2565. doi:10.1002/ijc.23835.
PubMed: 18770866.

35. Singh V, Singh MP, Singh SM (2008) Cell density-dependent
alterations in tumorigenic potential of a murine T-cell lymphoma:
implication in the evolution of multidrug resistance in tumor cells.
Anticancer Drugs 19: 793-804. PubMed: 18690091.

Orlistat Ushers Myelopoiesis in Tumor Bearing Host

PLOS ONE | www.plosone.org 13 December 2013 | Volume 8 | Issue 12 | e82396

http://dx.doi.org/10.1016/0749-2081(92)90027-Z
http://www.ncbi.nlm.nih.gov/pubmed/1621002
http://dx.doi.org/10.1016/1040-8428(92)90020-Q
http://www.ncbi.nlm.nih.gov/pubmed/1384547
http://www.ncbi.nlm.nih.gov/pubmed/2105482
http://www.ncbi.nlm.nih.gov/pubmed/18230686
http://dx.doi.org/10.1371/journal.pone.0041933
http://dx.doi.org/10.1371/journal.pone.0041933
http://www.ncbi.nlm.nih.gov/pubmed/22870264
http://www.ncbi.nlm.nih.gov/pubmed/22123216
http://dx.doi.org/10.1073/pnas.0912059107
http://www.ncbi.nlm.nih.gov/pubmed/20385828
http://dx.doi.org/10.1016/j.cmet.2010.04.013
http://www.ncbi.nlm.nih.gov/pubmed/20519120
http://dx.doi.org/10.1159/000067899
http://www.ncbi.nlm.nih.gov/pubmed/12438765
http://www.ncbi.nlm.nih.gov/pubmed/20706604
http://www.ncbi.nlm.nih.gov/pubmed/19352381
http://dx.doi.org/10.1158/0008-5472.CAN-05-4673
http://www.ncbi.nlm.nih.gov/pubmed/16778164
http://dx.doi.org/10.1038/nrc2222
http://www.ncbi.nlm.nih.gov/pubmed/17882277
http://dx.doi.org/10.2217/fon.10.11
http://www.ncbi.nlm.nih.gov/pubmed/20373869
http://dx.doi.org/10.1177/002215540004800505
http://www.ncbi.nlm.nih.gov/pubmed/10769045
http://dx.doi.org/10.1016/j.bbalip.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19782152
http://dx.doi.org/10.1097/01.mco.0000232894.28674.30
http://dx.doi.org/10.1097/01.mco.0000232894.28674.30
http://www.ncbi.nlm.nih.gov/pubmed/16778563
http://www.ncbi.nlm.nih.gov/pubmed/22328338
http://dx.doi.org/10.1016/j.biopha.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21723078
http://dx.doi.org/10.1016/j.bbagen.2012.07.010
http://dx.doi.org/10.1158/0008-5472.CAN-03-3645
http://www.ncbi.nlm.nih.gov/pubmed/15026345
http://dx.doi.org/10.1038/sj.leu.2405058
http://www.ncbi.nlm.nih.gov/pubmed/18079738
http://dx.doi.org/10.1097/CAD.0b013e3283586743
http://www.ncbi.nlm.nih.gov/pubmed/22932131
http://dx.doi.org/10.1159/000030134
http://www.ncbi.nlm.nih.gov/pubmed/10940825
http://dx.doi.org/10.1016/j.biochi.2011.06.022
http://www.ncbi.nlm.nih.gov/pubmed/21722701
http://dx.doi.org/10.1016/j.fitote.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16326030
http://dx.doi.org/10.1016/j.bcmd.2012.02.006
http://dx.doi.org/10.1016/j.bcmd.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22421408
http://dx.doi.org/10.1016/S1567-5769(00)00004-7
http://www.ncbi.nlm.nih.gov/pubmed/11367513
http://dx.doi.org/10.1016/j.jri.2007.01.003
http://dx.doi.org/10.1016/j.jri.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17275917
http://dx.doi.org/10.1016/S0165-2478(00)00156-5
http://www.ncbi.nlm.nih.gov/pubmed/10789680
http://dx.doi.org/10.1016/0014-4827(51)90038-9
http://www.ncbi.nlm.nih.gov/pubmed/15857662
http://dx.doi.org/10.1002/ijc.23835
http://www.ncbi.nlm.nih.gov/pubmed/18770866
http://www.ncbi.nlm.nih.gov/pubmed/18690091


36. Tomida M, Yamamotoyamaguchi Y, Hozumi M (1984) Purification of a
Factor Inducing Differentiation of Mouse Myeloid Leukemic M1-Cells
from Conditioned Medium of Mouse Fibroblast L929-Cells. J Biol Chem
259: 978-982.

37. Kumar A, Kant S, Singh SM (2012) Novel molecular mechanisms of
antitumor action of dichloroacetate against T cell lymphoma: Implication
of altered glucose metabolism, pH homeostasis and cell survival
regulation. Chem Biol Interact 199: 29-37. doi:10.1016/j.cbi.
2012.06.005. PubMed: 22705712.

38. Naama HA, Mack VE, Smyth GP, Stapleton PP, Daly JM (2001)
Macrophage effector mechanisms in melanoma in an experimental
study. Arch Surg 136: 804-809. doi:10.1001/archsurg.136.7.804.
PubMed: 11448395.

39. Furuta E, Pai SK, Zhan R, Bandyopadhyay S, Watabe M et al. (2008)
Fatty acid synthase gene is up-regulated by hypoxia via activation of
Akt and sterol regulatory element binding protein-1. Cancer Res 68:
1003-1011. doi:10.1158/0008-5472.CAN-07-2489. PubMed: 18281474.

40. Winston BW, Krein PM, Mowat C, Huang Y (1999) Cytokine-induced
macrophage differentiation: a tale of 2 genes. Clin Invest Med 22:
236-255. PubMed: 10664866.

41. Dubinett SM, Huang M, Dhanani S, Wang JY, Beroiza T (1993) Down-
Regulation of Macrophage Transforming Growth-Factor-Beta
Messenger-Rna Expression by Il-7. J Immunol 151: 6670-6680.
PubMed: 8258684.

42. Held TK, Xiao WH, Liang Y, Kalvakolanu DV, Cross AS (1999) Gamma
interferon augments macrophage activation by lipopolysaccharide by
two distinct mechanisms, at the signal transduction level and via an
autocrine mechanism involving tumor necrosis factor alpha and
interleukin-1. Infect Immun 67: 206-212. PubMed: 9864217.

43. O’Farrell AM, Liu Y, Moore KW, Mui ALF (1998) IL-10 inhibits
macrophage activation and proliferation by distinct signaling
mechanisms: evidence for Stat3-dependent and -independent
pathways. EMBO J 17: 1006-1018. doi:10.1093/emboj/17.4.1006.
PubMed: 9463379.

44. Delneste Y, Charbonnier P, Herbault N, Magistrelli G, Caron G et al.
(2003) Interferon-gamma switches monocyte differentiation from
dendritic cells to macrophages. Blood 101: 143-150. doi:10.1182/
blood-2002-04-1164. PubMed: 12393446.

45. Oswald IP, Wynn TA, Sher A, James SL (1992) Interleukin-10 Inhibits
Macrophage Microbicidal Activity by Blocking the Endogenous
Production of Tumor-Necrosis-Factor-Alpha Required as a
Costimulatory Factor for Interferon-Gamma-Induced Activation. Proc
Natl Acad Sci U S A 89: 8676-8680. doi:10.1073/pnas.89.18.8676.
PubMed: 1528880.

46. Zhi J, Melia AT, Eggers H, Joly R, Patel IH (1995) Review of limited
systemic absorption of orlistat, a lipase inhibitor, in healthy human
volunteers. J Clin Pharmacol 35: 1103-1108. doi:10.1002/j.
1552-4604.1995.tb04034.x. PubMed: 8626884.

47. Kant S, Kumar A, Singh SM (2013) Tumor growth retardation and
chemosensitizing action of fatty acid synthase inhibitor orlistat on T cell
lymphoma: Implication of reconstituted tumor microenvironment and
multidrug resistance phenotype. Biochim Biophys Acta http://dx.doi.org/
10.1016/j.bbagen.2013.09.020.

48. Vishvakarma NK, Singh SM (2010) Immunopotentiating effect of proton
pump inhibitor pantoprazole in a lymphoma-bearing murine host:
Implication in antitumor activation of tumor-associated macrophages.
Immunol Lett 134: 83-92. doi:10.1016/j.imlet.2010.09.002. PubMed:
20837061.

49. Vishvakarma NK, Kumar A, Kant S, Bharti AC, Singh SM (2012)
Myelopotentiating effect of curcumin in tumor-bearing host: role of bone
marrow resident macrophages. Toxicol Appl Pharmacol 263: 111-121.
doi:10.1016/j.taap.2012.06.004. PubMed: 22714040.

50. Kim R, Emi M, Tanabe K, Arihiro K (2006) Tumor-driven evolution of
immunosuppressive networks during malignant progression. Cancer
Res 66: 5527-5536. doi:10.1158/0008-5472.CAN-05-4128. PubMed:
16740684.

51. Ohno M, Natsume A, Wakabayashi T (2012) Cytokine therapy. Adv
Exp Med Biol 746: 86-94. doi:10.1007/978-1-4614-3146-6_7. PubMed:
22639161.

52. Toh B, Chew V, Dai XL, Khoo K, Tham M et al. (2012) Immune
predictors of cancer progression. Immunol Res 53: 229-234. doi:
10.1007/s12026-012-8288-4. PubMed: 22407576.

53. Chow MT, Möller A, Smyth MJ (2012) Inflammation and immune
surveillance in cancer. Semin Cancer Biol 22: 23-32. doi:10.1016/
j.semcancer.2011.12.004. PubMed: 22210181.

54. Stanley ER, Berg KL, Einstein DB, Lee PSW, Pixley FJ et al. (1997)
Biology and action of colony-stimulating factor-1. Mol Reprod Dev 46:
4-10. doi:10.1002/(SICI)1098-2795(199701)46:1. PubMed: 8981357.

55. Roth P, Stanley ER (1992) The biology of CSF-1 and its receptor. Curr
Top Microbiol Immunol 181: 141-167. doi:
10.1007/978-3-642-77377-8_5. PubMed: 1424779.

56. Sabat R, Grutz G, Warszawska K, Kirsch S, Witte E et al. (2010)
Biology of interleukin-10. Cytokine Growth Factor Rev 21: 331-344. doi:
10.1016/j.cytogfr.2010.09.002. PubMed: 21115385.

57. Sawada K, Sato N, Koike T (1995) Inhibition of GM-CSF production by
recombinant human interleukin-4: negative regulator of hematopoiesis.
Leuk Lymphoma 19: 33-42. doi:10.3109/10428199509059661.
PubMed: 8574170.

58. Jansen JH, Wientjens GJ, Fibbe WE, Willemze R, Kluin-Nelemans HC
(1989) Inhibition of human macrophage colony formation by interleukin
4. J Exp Med 170: 577-582. doi:10.1084/jem.170.2.577. PubMed:
2666563.

59. Nemunaitis J (1993) Macrophage function activating cytokines:
potential clinical application. Crit Rev Oncol Hematol 14: 153-171. doi:
10.1016/1040-8428(93)90022-V. PubMed: 8357512.

60. Tsuchimoto D, Tojo A, Asano S (2004) A mechanism of transcriptional
regulation of the CSF-1 gene by interferon-gamma. Immunol Invest 33:
397-405. doi:10.1081/IMM-200038662. PubMed: 15624698.

61. Popova A, Kzhyshkowska J, Nurgazieva D, Goerdt S, Gratchev A
(2011) Pro- and anti-inflammatory control of M-CSF-mediated
macrophage differentiation. Immunobiology 216: 164-172. doi:10.1016/
j.imbio.2010.06.003. PubMed: 20619482.

62. Hamilton JA, Filonzi EL, Ianches G (1993) Regulation of Macrophage-
Colony-Stimulating Factor (M-Csf) Production in Cultured Human
Synovial Fibroblasts. Growth Factors 9: 157-165. doi:
10.3109/08977199309010831. PubMed: 8217219.

63. Rorby E, Hagerstrom MN, Blank U, Karlsson G, Karlsson S (2012)
Human hematopoietic stem/progenitor cells overexpressing Smad4
exhibit impaired reconstitution potential in vivo. Blood 120: 4343-4351.
doi:10.1182/blood-2012-02-408658. PubMed: 23018642.

64. Zhou L, Nguyen AN, Sohal D, Ma Ying J; Pahanish P et al. (2008)
Inhibition of the TGF-beta receptor I kinase promotes hematopoiesis in
MDS. Blood 112: 3434-3443. doi:10.1182/blood-2008-02-139824.
PubMed: 18474728. Available online at: doi:10.1182/
blood-2008-02-139824 Available online at: PubMed: 18474728

65. Batard P, Monier MN, Fortunel N, Ducos K, Sansilvestri-Morel P et al.
(2000) TGF-(beta)1 maintains hematopoietic immaturity by a reversible
negative control of cell cycle and induces CD34 antigen up-modulation.
J Cell Sci 113 ( 3): 383-390. PubMed: 10639326.

66. Messmer UK, Reed UK, Brune B (1996) Bcl-2 protects macrophages
from nitric oxide-induced apoptosis. J Biol Chem 271: 20192-20197.
doi:10.1074/jbc.271.33.20192. PubMed: 8702745.

67. Lagasse E, Weissman IL (1997) Enforced expression of Bcl-2 in
monocytes rescues macrophages and partially reverses osteopetrosis
in op/op mice. Cell 89: 1021-1031. doi:10.1016/
S0092-8674(00)80290-1. PubMed: 9215625.

68. Woo KM, Kim HM, Ko JS (2002) Macrophage colony-stimulating factor
promotes the survival of osteoclast precursors by up-regulating Bcl-X.
Exp Mol MedVolumes L: 34: 340-346

69. Wang Y, Mo X, Piper MG, Wang H, Parinandi NL et al. (2011) M-CSF
induces monocyte survival by activating NF-kappaB p65
phosphorylation at Ser276 via protein kinase C. PLOS ONE 6: e28081.
doi:10.1371/journal.pone.0028081. PubMed: 22216091.

70. Vanneman M, Dranoff G (2012) Combining immunotherapy and
targeted therapies in cancer treatment. Nat Rev Cancer 12: 237-251.
doi:10.1038/nrc3237. PubMed: 22437869.

Orlistat Ushers Myelopoiesis in Tumor Bearing Host

PLOS ONE | www.plosone.org 14 December 2013 | Volume 8 | Issue 12 | e82396

http://dx.doi.org/10.1016/j.cbi.2012.06.005
http://dx.doi.org/10.1016/j.cbi.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22705712
http://dx.doi.org/10.1001/archsurg.136.7.804
http://www.ncbi.nlm.nih.gov/pubmed/11448395
http://dx.doi.org/10.1158/0008-5472.CAN-07-2489
http://www.ncbi.nlm.nih.gov/pubmed/18281474
http://www.ncbi.nlm.nih.gov/pubmed/10664866
http://www.ncbi.nlm.nih.gov/pubmed/8258684
http://www.ncbi.nlm.nih.gov/pubmed/9864217
http://dx.doi.org/10.1093/emboj/17.4.1006
http://www.ncbi.nlm.nih.gov/pubmed/9463379
http://dx.doi.org/10.1182/blood-2002-04-1164
http://dx.doi.org/10.1182/blood-2002-04-1164
http://www.ncbi.nlm.nih.gov/pubmed/12393446
http://dx.doi.org/10.1073/pnas.89.18.8676
http://www.ncbi.nlm.nih.gov/pubmed/1528880
http://dx.doi.org/10.1002/j.1552-4604.1995.tb04034.x
http://dx.doi.org/10.1002/j.1552-4604.1995.tb04034.x
http://www.ncbi.nlm.nih.gov/pubmed/8626884
http://dx.doi.org/10.1016/j.bbagen.2013.09.020
http://dx.doi.org/10.1016/j.bbagen.2013.09.020
http://dx.doi.org/10.1016/j.imlet.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20837061
http://dx.doi.org/10.1016/j.taap.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22714040
http://dx.doi.org/10.1158/0008-5472.CAN-05-4128
http://www.ncbi.nlm.nih.gov/pubmed/16740684
http://dx.doi.org/10.1007/978-1-4614-3146-6_7
http://www.ncbi.nlm.nih.gov/pubmed/22639161
http://dx.doi.org/10.1007/s12026-012-8288-4
http://www.ncbi.nlm.nih.gov/pubmed/22407576
http://dx.doi.org/10.1016/j.semcancer.2011.12.004
http://dx.doi.org/10.1016/j.semcancer.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22210181
http://dx.doi.org/10.1002/(SICI)1098-2795(199701)46:1
http://www.ncbi.nlm.nih.gov/pubmed/8981357
http://dx.doi.org/10.1007/978-3-642-77377-8_5
http://www.ncbi.nlm.nih.gov/pubmed/1424779
http://dx.doi.org/10.1016/j.cytogfr.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21115385
http://dx.doi.org/10.3109/10428199509059661
http://www.ncbi.nlm.nih.gov/pubmed/8574170
http://dx.doi.org/10.1084/jem.170.2.577
http://www.ncbi.nlm.nih.gov/pubmed/2666563
http://dx.doi.org/10.1016/1040-8428(93)90022-V
http://www.ncbi.nlm.nih.gov/pubmed/8357512
http://dx.doi.org/10.1081/IMM-200038662
http://www.ncbi.nlm.nih.gov/pubmed/15624698
http://dx.doi.org/10.1016/j.imbio.2010.06.003
http://dx.doi.org/10.1016/j.imbio.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20619482
http://dx.doi.org/10.3109/08977199309010831
http://www.ncbi.nlm.nih.gov/pubmed/8217219
http://dx.doi.org/10.1182/blood-2012-02-408658
http://www.ncbi.nlm.nih.gov/pubmed/23018642
http://dx.doi.org/10.1182/blood-2008-02-139824
http://www.ncbi.nlm.nih.gov/pubmed/18474728
http://dx.doi.org/10.1182/blood-2008-02-139824
http://dx.doi.org/10.1182/blood-2008-02-139824
http://www.ncbi.nlm.nih.gov/pubmed/18474728
http://www.ncbi.nlm.nih.gov/pubmed/10639326
http://dx.doi.org/10.1074/jbc.271.33.20192
http://www.ncbi.nlm.nih.gov/pubmed/8702745
http://dx.doi.org/10.1016/S0092-8674(00)80290-1
http://dx.doi.org/10.1016/S0092-8674(00)80290-1
http://www.ncbi.nlm.nih.gov/pubmed/9215625
http://dx.doi.org/10.1371/journal.pone.0028081
http://www.ncbi.nlm.nih.gov/pubmed/22216091
http://dx.doi.org/10.1038/nrc3237
http://www.ncbi.nlm.nih.gov/pubmed/22437869

	Myelopoietic Efficacy of Orlistat in Murine Hosts Bearing T Cell Lymphoma: Implication in Macrophage Differentiation and Activation
	Introduction
	Materials and Methods
	1: Mice and tumor system
	2: Reagents
	3: Protocol for orlistat administration to tumor-bearing mice
	4: Bone marrow cell preparation
	5: MTT assay
	6: Preparation of L929-conditioned medium
	7: Wright Giemsa staining
	8: TUNEL assay
	9: Bone marrow colony assay
	10: Culture and isolation of bone marrow-derived macrophages (BMDM)
	11: Cytotoxicity assay
	12: Phagocytosis assay
	13: ELISA
	14: Western immunoblot analysis
	15: RT–PCR for expression of mRNA
	16: Measurement of intracellular reactive oxygen species (ROS)
	17: Immunofluorescent staining
	18: Nitrite assay
	19: Statistical analysis

	Results
	1: Orlistat administration to tumor-bearing mice augments bone marrow Cellularity
	2: Orlistat administration to tumor-bearing hosts augments myelopoiesis
	3: Effect of orlistat administration to tumor-bearing mice on induction of tumor cell apoptosis
	4: BMDM of orlistat-administered tumor-bearing mice display characteristic features of M1 subtype of Mϕ.
	5: Effect of orlistat on count of F4/80+ TAM

	Discussion
	Acknowledgements
	Author Contributions
	References


