ANTICANCER RESEARCH 39: 3815-3822 (2019)
doi:10.21873/anticanres.13531

In Vivo Effectiveness of Orlistat in the Suppression
of Human Colorectal Cancer Cell Proliferation
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Abstract. Background/Aim: Fatty acid synthase (FASN)
provides palmitate for cell membrane formation in
colorectal cancer (CRC) cells, however, palmitate is also
available in the blood of CRC patients. The aim of this study
was to examine whether orlistat, a FASN inhibitor, is able
to attenuate CRC cell growth despite the availability of
extracellular palmitate. Materials and Methods: Palmitate
concentrations were measured in serum from CRC patients
and healthy controls. HT-29 CRC cells were treated with
orlistat and palmitate. Results: Treatment of CRC cells with
orlistat caused a dose-dependent inhibition of cell
proliferation. In turn, delivery of extracellular palmitate at
doses lower than those found in the serum of CRC patients
reversed inhibition by orlistat concentrations of up to 10
uM. Conclusion: Inhibition of CRC cell proliferation by
orlistat is reversed by palmitate which is present at high
levels in the serum. Therefore, orlistat may be effective in
vivo only at high concentrations.

Colorectal cancer (CRC) is one of the leading causes of
mortality among cancer patients, and the search for new
therapies is still underway. Due to advances in screening
techniques and improvements in treatments, the death rate
from colorectal cancer has been decreasing in the United
States and Europe. However, a trend of increasing incidence
of the disease has been observed in recently developed

Correspondence to: Tomasz Sledzinski, Department of
Pharmaceutical Biochemistry, Faculty of Pharmacy, Medical
University of Gdansk, Gdansk, Poland. Tel: +48 583491465, e-mail:
tomasz.sledzinski@gumed.edu.pl

Key Words: Colorectal cancer, fatty acid synthase, orlistat, palmitate.

countries (1). This cancer tends to affect men and women
equally, but men tend to develop it at a younger age (2).
CRC can often be sporadic; however, hereditary forms are
also common in this entity (2). Recent evidence shows that
CRC is associated with considerable changes in lipid
composition and metabolism in cancer cells (3, 4). One of
the alterations characteristic of many cancers is enhanced
lipogenesis, a process that provides lipids for cell membrane
formation in rapidly proliferating cancer cells (5). Some
authors have reported overexpression of fatty acid synthase
(FASN), the major enzyme which produces palmitic acid, in
CRC tissue (6-8). Furthermore, FASN levels in the serum of
colorectal cancer patients are significantly higher than that
in healthy individuals; thus, this enzyme may be a potential
tumor marker (9). FASN knockdown has been associated
with the inhibition of CRC cell proliferation (10). Moreover,
FASN expression increases with tumor progression in certain
tumor types, including colorectal cancer and is associated
with increased disease aggressiveness and diminished
survival and response to classical chemotherapeutic agents
(11-13). Thus, research on inhibitors of FASN as potential
anticancer  therapies is underway (5). Orlistat
(tetrahydrolipstatin) is a drug used for the treatment of
obesity. Orlistat is an inhibitor of pancreatic and gastric
lipase, and its action leads to decreased absorption of dietary
fat (14). This agent, which is administered by the oral route,
is minimally absorbed by the gastrointestinal tract and
reduces the lipid supply from outside sources. However,
orlistat is also an inhibitor of FASN (15, 16). Three studies
have reported the antiproliferative effect of orlistat on CRC
cells (17-19). Generally, cancer cells show a preference for
endogenous fatty acids; however, the delivery of exogenous
fatty acids is also required to support some malignancies
(20). Despite the inhibition of FASN by orlistat, it is possible
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that CRC cells take up palmitic acid from the bloodstream
in quantities allowing further proliferation. Thus, the aim of
this study was to examine whether treatment of CRC cells
with palmitate can reverse the antiproliferative action of
orlistat.

Materials and Methods

Patients. The study included serum and tissue samples from 66
patients (42 men and 24 women) with a mean age of 68.1+11.2
years and a mean BMI of 26.1+5.3 kg/m2. Patients presented with
locally advanced cancer at stage I (n=2) or stage II (n=58) and 6
with regionally advanced malignancies with metastases to regional
lymph nodes (stage III). None of the patients received preoperative
neoadjuvant treatment. Tissue samples were collected from both
the tumor and normal large intestinal mucosa at least 5 cm from
the tumor interface. Each sample was divided into two parts: one
was used for molecular analysis and the other was used for the
preparation of routine hematoxylin and eosin (H&E)-stained
microscopy slides for histopathological examination. The material
for the molecular studies was frozen in liquid nitrogen immediately
after collection and stored in aliquots at —80°C until analysis.
Moreover, 5 ml blood samples were collected from all CRC
patients and from 20 healthy controls (10 men and 10 women;
mean age, 44.0x13.1 years; mean BMI 25.6+4.4 kg/m2). The
control group comprised healthy volunteers referred for an annual
medical checkup who had demographic and socioeconomic
characteristics similar to those of CRC patients. Fasting blood
samples were collected into tubes without anticoagulant, left at
room temperature for 30 min to allow clotting, and centrifuged at
3,000 x g for 15 min and 4°C. After centrifugation, serum samples
were stored in aliquots at —80°C until analysis. The protocol of the
study was compliant with the Declaration of Helsinki of the World
Medical Association and was granted approval from the Local
Bioethics Committee at the Medical University of Gdansk
(decision no. NKBN/487/2015). Written informed consent was
obtained from all the subjects prior to the study.

Determination of FASN mRNA levels in patient tissues. Total RNA
was purified from cancer and normal colon tissue from patients with
CRC (n=44) using RNeasy Plus Universal Kits (Qiagen, Hilden,
Germany). RNA was reverse transcribed using recombinant Moloney
murine leukemia virus reverse transcriptase and random hexamer
primers (RevertAid First Strand cDNA Synthesis Kit, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Duplicates of each sample were assayed via relative
quantitative polymerase chain reaction (PCR) using a CFX Connect
Real-Time System (Bio-Rad, Hercules, CA, USA). $-Actin was used
as the reference gene. Melting analysis was carried out at the end of
the amplification cycle to verify the nonspecific amplification. The
cycle number at which any particular sample crossed that threshold
(Ct) was then used to determine the fold difference. The fold
difference was calculated as 2-AACt,

Solid phase extraction of lipids. Total lipids were extracted from
serum aliquots with a chloroform:methanol mixture (2:1, v/v)
according to the procedure of Folch et al. (21). Solvents were
evaporated under a nitrogen stream, and samples were re-dissolved
in chloroform. Subsequently, lipids were fractionated using a solid
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phase extraction (SPE) protocol modified from that of Kaluzny et
al. (22). Briefly, samples were loaded onto Strata NH2 aminopropyl
cartridges (3 ml, 500 mg, 55 um) preconditioned with two volumes
of hexane. Acylglycerides and cholesterol were washed out with 6
mL of chloroform:isopropanol (2:1, v/v) and discarded. Free fatty
acids (FFAs) were eluted with 2% acetic acid in diethyl ether and
dried under a nitrogen stream.

Analysis of palmitate content by gas chromatography-mass
spectrometry (GC/MS). Fatty acid methyl esters (FAME) were
prepared for analysis of palmitate content by GC/MS. FFA
derivatization was performed using a mixture of 10% boron
trifluoride in methanol at 55°C for 1.5 h, and 1 ml of water was
added. FAME were extracted three times with 1 ml hexane, and the
solvent was evaporated under a nitrogen stream. Analysis was
conducted with a GC-EI-MS QP-2010SE (Shimadzu, Kyoto, Japan).
FAME were separated on a Zebron ZB-5MSi capillary column (30 m
length x0.25 mm i.d. x0.25 um film thickness) with the following
GC oven temperature program: 60-300°C (4°C/min) with a 60-min
overall run time. Helium was used as the carrier gas, and the column
head pressure was set at 100 kPa. The electron impact source for
mass spectrometric detection was operated at 70 eV. Acquisition of
mass spectra was conducted in full scan mode with a mass scan range
of m/z 45-700. 19-Methylarachidic acid was used as the internal
standard. Identification of fatty acids was performed using reference
standards (37 FAME Mix, Sigma-Aldrich, St Louis, MO, USA) and
the NIST 2011 reference library.

Measurement of free fatty acid concentrations. As the GC/MS
analysis provides a percent fatty acid profile, to calculate the exact
concentration values, the total concentration of free fatty acids was
measured by the enzymatic method. Concentration determination
was based on an in vitro enzymatic colorimetric assay method by
a HR Series NEFA-HR (2) (FUJIFILM Wako Chemicals Europe
GmbH, Neuss, Germany). Briefly, the standard curve was
determined using a standard kit included in the assay. Seven
microliters of each investigated serum sample were placed in a
measuring dish, and two reagents were subsequently added in
minute 1 (reagent 1) and minute 3 (reagent 2). The addition of
reagent 1, which contained acyl-CoA synthase, to the sample
resulted in acyl-CoA formation, the acyl-CoA was further oxidized
by acyl-CoA oxidase that resulted in H,O, formation. Then, in the
reaction catalyzed by peroxidase (reagent 2), H,O,, 3-Methyl-N-
Ethyl-N-(3-Hydroxyethyl)-Aniline (MEHA) and 4-aminoantipyrine
(4-AA) formed bluish-purple pigments. The NEFA concentration
was obtained by measuring the absorbance of the bluish-purple
pigment in maximum absorption mode at 550 nm. Measurements
for each sample were performed twice for verification of accuracy.

Cell culture. The human colon adenocarcinoma cell line (HT-29)
was obtained from American Type Culture Collection (Manassas,
VA, USA). HT-29 cells were cultured in 100 mm culture dishes in
McCoy’s 5A Modified Medium containing 10% heat-inactivated
fetal bovine serum at the atmosphere of 5% CO,, 95% air at 37°C.

Treatment with orlistat. Orlistat was dissolved in dimethyl
sulfoxide (DMSO), (Sigma-Aldrich). HT- 29 cells were seeded in
6-well culture plates at 0.2x10% cells/well and at proper
confluency cells were switched from the standard medium to
either: 1) the same fresh medium 2) medium with DMSO 3)
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Figure 1. FASN mRNA levels in colon cancer tissue from CRC patients (A). Influence of increasing orlistat concentrations on HT-29 cell growth
(B), and number (C) after culture for 72 h. Cultured cells were imaged with an EVOS XL Cell Imaging System. Cell counts were determined on a
Countess I Automated Cell Counter Cell. The results originate from at least three independent experiments. Control groups are cells cultured in
medium; “DMSO” are cells cultured in medium containing DMSO. Data shown are the means+SEMSs. *Significantly different from the control cell
culture without orlistat at p<0.05.

medium supplemented with different concentrations of orlistat 4)  that cells were trypsinized and counted on Countess II Automated
medium supplemented with orlistat and palmitic acid. The cells  Cell Counter (Life Technologies, Carlsbad, CA, USA).
were incubated for 72 h.

Statistical analysis. Statistical analyses were performed in GraphPad
Cell imaging and counting. Cultured cells were photographed with ~ Prism 8. Results are presented as meantSEM of at least three
EVOS XL Cell Imaging System (ThermoFisher Scientific). After  independent experiments. Statistical significance of in vitro
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Figure 2. Concentration of palmitate in the serum of colorectal cancer
patients. Data are presented as the means+SEMs. *Significantly
different from control heathy individuals at p<0.05.

experiments was examined by one-way analysis of variance
(ANOVA) with Dunnett and Tukey’s HSD post-hoc. For gene
expression and FFA assessment, two-tailed Student 7-test was used.
p<0.05 was considered statistically significant.

Results

The mRNA levels of FASN in colon cancer tissue from
CRC patients were significantly higher than those in
normal intestinal mucosa (Figure 1A). Treatment of CRC
HT-29 cells with increasing concentrations of orlistat led to
progressive inhibition of HT-29 cell growth (Figure 1B)
and a decrease in the cell number (Figure 1C). A 50%
inhibition of HT-29 cell proliferation occurred after
treatment with 6-8 uM orlistat. Solid phase extraction
followed by GC/MS revealed that the serum palmitate
content accounted for nearly 40% of the FFA fraction
corresponding to a concentration of approximately 300 uM,
which was significantly higher than that in healthy subjects
(Figure 2). Thus, CRC cells were incubated with 300 uM
palmitate to examine whether the concentration of
exogenous palmitate found in the circulation of CRC
patients can reverse the antiproliferative action of orlistat.
However, under in vitro conditions, palmitate at
concentrations greater than 100 uM inhibited CRC HT-29
cell proliferation (not shown). Thus, cells were treated with
50 uM palmitate and increasing concentrations of orlistat.
We found that in cell cultures treated with orlistat at
concentrations up to 10 puM, cotreatment with 50 uM
palmitate almost completely restored cell viability (Figure
3A). The addition of 50 uM palmitate also increased the
viability of cells treated with higher concentrations of
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orlistat, but the viability percentages were significantly
lower than those in control cells: approximately 50% that
of control cells in cultures treated with 50 uM orlistat and
50 uM palmitate (Figure 3B).

Discussion

Fatty acid synthase plays an important role in tumor cell
development and survival because it provides palmitic acids
needed for the synthesis of membrane phospholipids during
rapid cell growth and proliferation. Moreover, endogenously
synthesized fatty acids act as posttranslational protein
modifiers and modulate gene expression (24). Palmitate and
palmitate-derived lipids are known to play essential roles in
modulating signal transduction and function of proteins
associated with signaling pathways that regulate cell growth
and survival (24). Furthermore, recent studies have
suggested that endogenously synthesized fatty acids are
utilized by [3-oxidation in CRC cells, which supports cancer
cell survival, particularly under conditions of energy stress
(8). Several studies have shown that FASN is specifically
upregulated in many types of malignancies, including
pancreatic, prostate, breast, lung, bladder, ovarian and colon
cancer (15, 19, 25). Our study also documented FASN
overexpression in tumor tissues from colorectal cancer
patients (Figure 1A). Elevated levels of FASN in tumor cells
have been linked to poor prognosis, disease aggressiveness,
aggressive tumor phenotypes and increased risk of death
(13). Because of the strong link between FASN expression
and cancer, this enzyme has become an attractive target for
therapeutic intervention. Several natural and synthetic
FASN inhibitors (e.g., cerulenin, C75, epigallocatechin-3-
gallate, triclosan, and luteolin) have been shown to inhibit
cancer cell growth (13, 26). Orlistat, an irreversible
inhibitor of pancreatic and gastric lipases, has also been
shown to selectively inhibit FASN activity (16). This
agent acts as a tightly binding irreversible inhibitor of
serine hydrolase activity within the thioesterase domain
of FASN (26). It has also been shown that orlistat inhibits
FASN activity and induces cell death in many tumor cell
lines in vitro (13, 15-18, 27, 28) and that it is effective in
inhibiting tumor growth in xenograft models in vivo (16,
17, 28). Our study confirmed that orlistat effectively
inhibits colorectal cancer cell proliferation, similar to the
findings of previous studies (Figure 1B-C). This agent has
also been shown to slightly prolong the survival of mice
(fed a high-fat diet) with fatal hereditary gastrointestinal
cancer (29). Moreover, the in vivo antitumor action of
orlistat has been demonstrated in two models of murine
melanoma (30, 31). However, it has been established that
treatment of mice with orlistat was associated with a
significant increase in the number of aberrant colonic
crypt foci, which are putative precursors of colon cancer
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Figure 3. The effect of co-treatment with 50 uM palmitate and increasing concentrations of orlistat on HT-29 cell growth (A) and number (B) after
culture for 72 h. Cultured cells were imaged with an EVOS XL Cell Imaging System. Cell counts were determined on a Countess Il Automated Cell
Counter. The results originate from at least three independent experiments. Control groups are cells cultured in medium; “DMSO” are cells cultured
in medium containing DMSO. Brighter bars-cells were incubated with palmitate. Data are shown as the means+SEMs. *Significantly different from
the control cell culture without orlistat at p<0.05; *Significantly different from cells cultured with the same dose of orlistat without palmitate at p<0.05.

(32). Recent studies have indicated that this drug could
reduce local 0% methylguanine methyltransferase
mediated protection against DNA damage provoked by
DNA-methylating compounds in epithelial cells of the
gastrointestinal tract, thus chemical
carcinogenesis (33). However, no evidence of an
increased risk of colorectal cancer in humans after the
initiation of orlistat has been found (34).

favoring

The most important and original result of our study is the
demonstration that the antiproliferative effect of orlistat is
abolished by the addition of palmitate (a product of FASN
activity). It should be noted that palmitate (whose production
is inhibited by orlistat) is present in the circulation and is
available to cells. The reversal of orlistat action after
palmitate addition has also been observed in a pancreatic
cancer cell line (PANC-1) (15) and the human hepatoma cell
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line Hep3B (27). Furthermore, we showed that the
concentration of free palmitate in the blood of colorectal
cancer patients is significantly higher than that in control
subjects (Figure 2). We demonstrated for the first time that
the addition of palmitate at an even lower concentration than
that found in patients’ blood almost completely reversed the
effect of orlistat on cultured HT-29 cells (Figure 3). These
results indicate that the potential application of orlistat in the
pharmacotherapy of colorectal cancer may be ineffective
unless high concentrations of this drug are used. It should be
considered that the antiproliferative effects of this agent may
be modulated by the blood concentration of palmitate in
patients. It is worth mentioning that cancer cells generally
show a preference for endogenously synthetized fatty acids,
but the provision of exogenous fatty acids may also be
required in some malignancies (3). In vivo studies have
indicated that FASN plays a central role in tumor cell
development and growth, even in the presence of high levels
of circulating fatty acids. Knockdown or pharmacological
inhibition of FASN selectively induces the death of cancer
cells and a reduction in the tumor volume in xenograft
mouse models, with only a minimal effect on normal cells
(16, 17). This finding indicates that the clinical application
of FASN inhibitors may be reasonable and that the
mechanism of orlistat’s action and effects may be different
in vivo than in vitro.

It is worth noting that FASN is not the only target of
orlistat in cells (35); thus, other possible targets of this agent
should be considered. A chemical proteomic approach has
identified seven new orlistat targets: heat shock protein 90
(HSP90AB1), p-tubulin, annexin A2, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and three ribosomal
proteins (PRL14, PRL9 and PRL7a) (36). Some of these
targets were further validated by experimental techniques
such as western blotting, recombinant protein expression and
site-directed mutagenesis. These findings may have
important implications for considering orlistat as a potential
anticancer drug because several of these new targets play a
role in tumor biology (35). Thus, multiple cellular pathways
can be simultaneously involved in the action of orlistat as a
multitarget drug. However, our study showing that palmitate
abolishes the effect of orlistat indicates that FASN inhibition
is the main mechanism by which orlistat acts in colorectal
cancer cells. On the other hand, the possibility that a new
orlistat target may explain the effectiveness of orlistat in
inhibiting xenograft tumor growth in mouse models (16, 17)
and the previously described in vitro effects beyond the
inhibition of fatty acid synthesis cannot be excluded. These
effects include the inhibition of protein synthesis (18),
induction of ER stress-regulated gene expression (18),
induction of apoptosis via caspase-3 activation (17), and
inhibition of the cell cycle by arresting cells at the G, phase
(17,27). Of course, these processes are essentially related to
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FASN activity. Several studies have revealed important
connections between lipid synthesis pathways and ER stress
response (18, 37), lipid metabolism, microtubule function
(38), and various signaling pathways driving tumor cell
proliferation (24). As described above, palmitate is used not
only as a substrate for the synthesis of other lipids but also
participates in posttranslational modifications of many
proteins, affecting their activity. For example, tubulins are
translationally modified by acylation with palmitate. FASN
inhibition significantly reduces tubulin palmitoylation,
disrupting microtubule organization in tumor cells (39). It is
worth noting that (3-tubulin is one of the newly identified
orlistat targets, indicating that the inhibition of tumor cell
growth by orlistat can occur through various interacting
mechanisms. Another example concerns the palmitoylation
of Wnt proteins which are secreted, palmitoylated
glycoproteins important in embryonic development and
human cancers. It has been shown that FASN inhibition
disrupts oncogenic signaling and tumor growth in xenograft
models through the inhibition of pathways that include
Whnt/B-catenin and c-Myc (24).

It is also worth mentioning another mechanism that—in
our opinion—has not been considered to date. Cancer cells
require increased concentrations of cholesterol (in addition
to phospholipids) for rapid cell growth and proliferation.
However, the concentration of cholesterol in the membranes
must be strictly controlled, so excess cholesterol is stored in
an esterified form in lipid droplets. Palmitate and palmitate-
derived fatty acids (mainly oleic acid) are substrates in the
esterification of cholesterol catalyzed by acyl- coenzyme A:
cholesterol acyltransferase (ACAT). Inhibition of this
enzyme has been shown to increase the levels of free
cholesterol in cell membranes and to inhibit the growth and
division of tumor cells (40). It cannot be ruled out that
inhibition of FASN leads to a reduction in cholesterol
esterification and, consequently, an increase in the level of
free cholesterol, which is toxic to tumor cells. Yekaterina et
al. demonstrated that overexpression of FASN led to the
accumulation of lipid droplets in colorectal cancer cells (8).
Furthermore, Salah er al. recently showed that orlistat
significantly decreased the total cholesterol concentration in
tumor tissue from mice (28). We hypothesize that this
mechanism can be the cause of further substrate deficiency
in the esterification and storage of cholesterol. The
examination of the relationship between cholesterol
metabolism and FASN inhibition in CRC cells seems to be
important and requires further investigation.

In conclusion, we demonstrated that treatment of CRC
cells with orlistat caused a dose-dependent inhibition of cell
proliferation. The most important result of our study is the
prevention of orlistat-induced HT-29 cell death by the
addition of exogenous palmitate at doses lower than those
found in the serum of CRC patients. This result indicates that
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FASN inhibition is the main mechanism of action by which
orlistat inhibits the proliferation of CRC cells. Our results
indicated that the potential application of orlistat in the
pharmacotherapy of colorectal cancer may be ineffective
unless high concentrations of this drug are used.
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