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Abstract. Cancer upregulates glycolysis, glutaminolysis
and lipogenesis, and induces a catabolic state in patients.
The concurrent inhibition of both tumor anabolism and
host catabolism, and the energetic consequences of such an
approach, have not previously been fully investigated. In
the present study, CT26.WT murine colon cancer cells were
treated with the combination of anti-anabolic drugs orlistat,
lonidamine and 6-diazo-5-oxo-L-norleucine (DON; OLD
scheme), which are inhibitors of the de novo synthesis of
fatty acids, glycolysis and glutaminolysis, respectively. In
addition, the effects of OLD scheme sumplemented with
the combination of anti-catabolic compounds, namely
growth hormone, insulin and indomethacin (GII scheme),
were also evaluated. The effects of the compounds used in
combination on CT26.WT cell viability, clonogenicity and
energetic metabolism were assessed in vitro. The results
demonstrated that the anti-anabolic approach reduced cell
viability, clonogenicity and cell cycle progression, and
increased apoptosis. These effects were associated with
decreased oxidative phosphorylation, glycolysis and fuel
flexibility. Furthermore, the anti-catabolic scheme, alone or
supplemented with anti-anabolic compounds, did not favor
tumor growth. These findings indicated that the simulta-
neous pharmacological inhibition of tumor anabolism and
host catabolism exhibits antitumor effects that should be
further evaluated.
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Introduction

Metabolic aberrations are hallmarks of cancer. It has been
reported that the majority of malignant cells reprogram
their metabolism to induce anabolism via increasing glycol-
ysis, glutaminolysis and de novo synthesis of fatty acids
through hexokinase-II (HK2) (1), glutaminase (GLS) (2)
and fatty acid synthase (FASN) (3) upregulation, respec-
tively. Furthermore, cancer progression induces a catabolic
state in patients, characterized by systemic inflammation,
insulin resistance (4), a negative energy balance in the
host (5) and proteolysis/lipolysis to support the survival of
the tumor (6,7).

Colon cancer harbors oncogenic mutations, including Wnt,
KRAS, MYC and TP53 (8). These tumor genes reprogram the
metabolism through re-routing glucose to anabolic path-
ways (9), increasing the expression of FASN and promoting
glutamine metabolism (8). These alterations may occur
early in colon cancer development to favor the tumorigenic
process (10).

Our previous studies demonstrated synergy and antitumor
effects of orlistat, lonidamine and 6-diazo-5-oxo-L-norleucine
(DON; termed ‘OLD’), known to inhibit FASN, HK?2 and
GLS, respectively (11,12) in a number of cancer cell lines but
not in primary lung fibroblasts. However, no studies have been
reported exploring the simultaneous effects of drug combina-
tion regimens against tumor anabolism and host catabolism.
Therefore, in the present study, the OLD scheme supplemented
with the anti-catabolic drugs growth hormone, insulin and
indomethacin (GII scheme) were used. Furthermore, the effects
of the combination of six drugs (OLD + GII schemes) in CT26.
WT cells was also investigated. The results of the present study
demonstrated that OLD and six-drug combination schemes
resulted in reduced cell viability, clonogenic capacity and cell
cycle progression, and induced apoptosis. These effects were
associated with a quiescent energetic phenotype and limited
substrate flexibility, while the three anti-catabolic drugs did not
favor malignant growth.
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Materials and methods

Cell line and culture. In the present study the CT26. WT
(ATCC) cell line was employed. Cells were cultured in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.),
supplemented with 10% fetal bovine serum (Corning Inc.)
and 1% streptomycin/amphotericin (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in a 5% CO, incubator.

Drugs. Orlistat (Psicofarma, S.A., De C.V.), lonidamine
(Sigma-Aldrich; Merck KGaA), DON (Sigma-Aldrich;
Merck KGaA), growth hormone (GH; Merck KGaA),
insulin (Eli Lilly & Co.) and indomethacin (Sigma-Aldrich;
Merck KGaA) were used. Orlistat and indomethacin were
dissolved in absolute ethanol, lonidamine in DMSO (both
from Sigma-Aldrich; Merck KGaA), and DON, GH and
insulin in complete medium. The compounds were used in the
anti-anabolic (OLD, orlistat + lonidamine + DON), anti-catabolic
(GII, GH + insulin + indomethacin), or six-drugs combination
(OLD + GII, named 6 drugs) schemes.

Cell viability and colony formation ability assays. CT26. WT
cells were seeded into 6-well plates (Costar; Corning Inc.)
at a density of 3x10* cells/well in 2 ml complete medium.
Following 24 h pre-incubation, cells were treated for an
additional 72 h with OLD, GII or the six-drug combination
schemes. Optimal doses of the OLD and GII schemes used
in the present study were chosen according to our previous
study (11) and pharmacokinetic data of human studies (13-15),
respectively. The OLD and GII scheme doses are listed
in Table SI. Control cells treated with the same volume of
the corresponding drug vehicles were used to normalize each
drug condition. Fresh complete medium supplemented with
drugs/vehicles was replaced every 24 h. Following 72 h, cells
were detached using a 0.25% trypsin-EDTA solution (Gibco;
Thermo Fisher Scientific, Inc.) and cell viability was evaluated
via trypan blue (Life Technologies; Thermo Fisher Scientific,
Inc.) and the TC10™ Unity Automated Cell Counter (Bio-Rad
Laboratories, Inc.). The cytotoxic effect of each treatment was
expressed as the percentage of cell viability relative to control
cells. Subsequently, 1,000 cells/condition were recovered and
plated into new 6-well plates. Fresh complete medium was
replaced every 48 h for 14 days to allow colony formation.
Finally, colonies were fixed with a methanol/acetic acid solution
(3:1 v/v), dyed with a violet crystal solution (Sigma-Aldrich;
Merck KGaA) and counted with the ImageJ v2.0 software
(National Institutes of Health) (16).

Flow cytometry. A total of 3x10* cells/well were seeded
into 6-well plates and treated as mentioned above.
Subsequently, cells were recovered and dyed with prop-
idium iodide (Sigma-Aldrich; Merck KGaA) for 1 h.
Then, 20,000 cells/sample were analyzed using the BD
FACSCanto™ 1II flow cytometer (BD Biosciences). Cell
cycle analysis was performed with the ModFit LT v2.0
software (Verity Software House, Inc.). In independent
assays, following treatment for 72 h, cells were recovered
and dyed with the Annexin V-FLUOS Staining Kit (Roche).
Apoptosis and necrosis rates were simultaneously analyzed
using flow cytometry (10,000 events/sample) with the
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BD FACSDiva™ v6.1.3 software (BD Biosciences). Each
condition was compared to its control.

Total protein extraction, western blot analysis and densitom-
etry. After the cells were treated with OLD, GII and six-drug
combination and controls for 72 h, cells were washed once with
1X PBS and then harvested with a0.05% trypsin-0.025% EDTA
solution. Detached cells were washed once again with 1X PBS,
and proteins were extracted with radioimmunoprecipitation
buffer (150 mM NaCl; 1.0% IGEPAL CA-630; 0.5% sodium
deoxycholate; 0.1% SDS; 50 mM Tris, pH 8.0) in the presence
of proteinase inhibitors (catalog no. p8340; Sigma-Aldrich,
Merck KGaA). Protein concentration was determined using
a bicinchoninic acid assay and the integrity was assessed by
Coomassie staining. A total of 30 ug protein was separated by
15% SDS-PAGE and transferred onto a polyvinylidene difluo-
ride membrane (cat no. 162-0177; Bio-Rad Laboratories, Inc.).
The membrane was blocked with 5% skim milk in 1X PBS for
1 h at room temperature, and subsequently incubated with the
antibody against Cleaved Caspase-3 (catalog no. 9664; 1:1,000
from Cell Signaling Technology, Inc.), and anti-actin peroxidase
(A3854; 1:10,000; Sigma-Aldrich; Merck KGaA) in blocking
solution (5% skim milk in TBS + 0.1% Tween-20), overnight at
4°C. The secondary antibody was bovine anti-rabbit, (sc-2370,
Santa Cruz Biotechnology, Inc.), which was diluted 1:1,000
and the incubation was performed for 1 h at room temperature.
Protein bands were visualized using the chromogenic substrate
Clarity Western Enhanced Chemiluminescence Substrate
(catalog no. 1705060; Bio-Rad Laboratories, Inc.). Bands
were densitometrically quantified using the ImageJ software,
version 1.50f (National Institutes of Health).

Oxygen consumption and extracellular acidification rates.
Oxidative phosphorylation, glycolysis and fuel flexibility were
assessed by quantifying oxygen consumption (OCR) and extra-
cellular acidification rates (ECAR) via the Seahorse Bioscience
Extracellular Flux Analyzer XF96e (Seahorse Bioscience).
Briefly, 3x10° cells/well were seeded into XF96 culture micro-
plates (Seahorse Bioscience) with 100 ul complete medium
using a Viaflo Assist robot (Integra Biosciences). Following
24 h pre-incubation, cells were treated for 14 h with the phar-
macological drug combinations or their controls. Subsequently,
1 h prior to each Seahorse assay, cells were equilibrated with
bicarbonate-free low buffered medium (Seahorse Bioscience),
pH 7.4, without any supplements, at 37°C in a non-CO, incu-
bator. All required reagents for each experiment were prepared
in Seahorse assay medium and loaded into the cartridges with
Viaflo Assist for 30 min into Seahorse plates as the experiment
progressed. All results were normalized to the respective controls
according to cellular confluence immediately after each assay.
The cellular confluence was measured by scanning the plate with
IncuCyte® ZOOM equipment (Essen Bioscience), and the results
were analyzed using the Wave software (Seahorse Bioscience).

Oxidative phosphorylation and glycolysis assays. Oxidative
phosphorylation and glycolysis rates were evaluated using the
XF Cell Mito Stress Test and XF Glycolysis Stress Test, respec-
tively. The experimental design for both assays was performed
as described by Zaytseva et al (17). Both OCR (pmoles/min)
and ECAR (mpH/min) were measured to indicate oxida-
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Figure 1. The inhibition of the de novo synthesis of fatty acids, glycolysis and glutaminolysis diminishes cell viability and clonogenicity. (A) Percentage of
cell viability after 72 h of treatment with each scheme. (B) Treated cells with either the OLD control (1), OLD (2), GII control (3), GII (4), 6 drugs control (5),
or 6 drugs (6) conditions, after 72 h. (C) Percentage of colony formation 14 days after the 72 h treatment with each scheme. (D) CT26.WT plates from either
the OLD control (1), OLD (2), GII control (3), GII (4), 6 drugs control (5), or 6 drugs (6) conditions, after 14 days. Data are expressed as mean + SEM. Scale
bars, 300 ym. ““P<0.0001. OLD, orlistat + lonidamine + DON; GII, growth hormone + insulin + indomethacin; 6 drugs, OLD + GII.

tive phosphorylation, while only ECAR was considered for
glycolysis. A total of 12 measurements/assay were conducted
and each drug condition was compared to its control.

Fuel flexibility assay. Fuel flexibility assay was performed using
the XF Mito Fuel Flex Test. This test reveals the dependence of
fuel mitochondrial respiration on glucose, glutamine and fatty
acids and its ability to employ a substrate when the other two are
inhibited. The measurements were performed according to the
manufacturer's protocol and only the OCR values were considered.
The injection order of each inhibitor/pair of inhibitors required
to evaluate the capacity, dependency and energetic flexibility are
presented in Table SII. A total of 15 measurements/assay were
performed and each treatment was compared to its control.

Statistical analysis. All experiments were independently
performed in triplicate, with three internal replicates. Significant
differences were determined using multiple t-tests with
Holm-Sidak correction. The results were analyzed using the
GraphPad Prism v6 software (GraphPad Software, Inc.). Data
are expressed as mean + standard error of the mean (SEM),
and P<0.05 was considered to indicate a statistically significant
difference.

Results

The anti-anabolic scheme reduces CT26 WT cells viability and
clonogenic capacity. The present study investigated whether
the treatment of cells for 72 h with the anti-anabolic (OLD),
anti-catabolic (GII) or six-drug (OLD + GII) schemes affected
cell viability. The results demonstrated that both OLD and

six-drug schemes reduced ~95% of the cell viability (Fig. 1A).
Subsequently, clonogenic assays demonstrated that following
culture for 14 days the colony numbers for both OLD
and six-drug schemes were decreased to ~25% (Fig. 1C).
Representative images for each evaluated condition of cells
following treatment for 72 h and colonies from the clonogenic
assays are presented in Fig. 1B and D. No statistically signifi-
cant effects were detected in cells treated with the GII scheme
compared to the control cells (Fig. 1A-D).

The anti-anabolic drug combination inhibits cell cycle
progression and induces apoptosis-related cell death in CT26.
WT-treated cells. Subsequently, the present study aimed to
identify possible treatment-induced changes on cell cycle. Both
OLD and six-drug schemes induced G,/G; cell cycle arrest and
decreased the proportion of S phase cells. In addition, both
schemes induced sub-G, phase in ~40% of cells, indicating
cell death (Fig. 2A-B). Furthermore, apoptosis and necrosis
rates were evaluated. OLD and six-drug treatments promoted
cell apoptosis, mainly in its early form, without significantly
increasing necrosis (Fig. 2C-D). Representative figures of cell
cycle assays (Fig. 2B) and apoptosis/necrosis rates (Fig. 2D)
are shown for each evaluated condition. In line with cell
viability and clonogenic assays, no changes were observed in
cells treated with the GII scheme. To further corroborate that
cells underwent apoptotic death, the evaluation by western blot
showed the presence of caspase-3 following OLD and six-drug
treatments but not with GII (Fig. 2E and F).

The anti-anabolic drug combination affects the energetic
metabolism of CT26.WT cells. As the employed compounds
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Figure 2. The anti-anabolic drug combinations block cell cycle progression and stimulates apoptosis. (A) Percentage of cells in each phase of cell cycle after
72 h of treatment with each scheme. (B) ModFit diagrams showing cell cycle distribution from either the OLD control (1), OLD (2), GII control (3), GII (4),
6 drugs control (5), or 6 drugs (6) conditions. (C) Percentage of cells either alive, on early apoptosis, on late apoptosis, or on necrosis, after 72 h of treatment
with each scheme. (D) Diva diagrams showing alive (Q1), necrotic (Q2), late apoptotic (Q3), or early apoptotic (Q4) cells, from either the OLD control (1),
OLD (2), GII control (3), GII (4), 6 drugs control (5), or 6 drugs (6) conditions. (E and F) Western blot evaluation (E) and densitometric analysis (F) of cleaved
caspase-3 among all the schemes. Data are expressed as mean = SEM. "P<0.05, “P<0.01, ““P<0.001 and ““P<0.0001. OLD, orlistat + lonidamine + DON; GII,

growth hormone + insulin + indomethacin; 6 drugs, OLD + GII.

modulated metabolism, the cells energy production was subse-
quently investigated. Therefore, both OCR and ECAR rates were
evaluated. First, the treatment timepoint that caused prolonged
metabolic alterations was determined. The results indicated that
cells treated with the compounds for 14 h exhibited the same
effects on oxidative phosphorylation and glycolysis compared
with those noted following treatment for 72 h (data not shown).
Therefore, 14 h treatment was selected for metabolic analysis.

The evaluation of oxidative phosphorylation demon-
strated that both OLD and six-drug schemes showed
reduced OCR and ECAR rates. These effects were preserved
following sequential injections of oligomycin, carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and
rotenone/antimycin A (Fig. 3A and B). Although no signifi-
cant changes were observed in any of the individual oxidative
phosphorylation parameters, treated cells failed to increase
OCR beyond basal levels after FCCP injection, resulting in
decreased OCR values in the spare respiratory capacity of
OLD- and six-drug-treated cells (Fig. 3C).

However, glycolysis analysis showed reduced ECAR
following treatment with OLD or six-drug schemes. This effect
was more pronounced in cells treated with six-drug combina-
tion (Fig. 4A) and this scheme exhibited significantly higher
effects on individual parameters of glycolysis. Therefore,
glycolysis, glycolytic capacity and glycolytic reserve were
reduced (Fig. 4B). Besides, energetic phenotype charts were
constructed using data emerged from the oxidative phosphory-
lation assays, including basal and FCCP-induced maximal
mitochondrial stress measurements. The results demonstrated
that cells treated with either OLD or six-drug schemes exhib-
ited decreased basal OCR and ECAR rates and a quiescent
metabolic phenotype following treatment with FCCP (Fig. 4C).
However, the GII treatment did not increase OCR and ECAR
values as compared with those noted in the control groups.

OLD limits the fuel flexibility in CT26.WT-treated cells. Since
the OLD scheme inhibited glycolysis, glutaminolysis and
de novo synthesis of fatty acids, the dependence and capacity
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Figure 3. Effects of the anti-anabolic drug schemes on the oxidative phosphorylation. (A and B) Mitochondrial respiration measured with the XF Cell Mito
Stress Test. (C) Individual parameters for mitochondrial respiration. All the measurements were done 14 h after treatment. Data are expressed as mean = SEM.
OLD, Orlistat + lonidamine + DON; GII, growth hormone + insulin + indomethacin; 6 drugs, OLD + GII; OCR, oxygen consumption rate; ECAR, extracellular

acidification rate.

of treated cells to alter their preferred energetic substrate when
the three metabolic pathways were blocked, were further
investigated (Fig. 5SA and B). The results obtained revealed
that control cells exhibited increased glucose and decreased
glutamine dependency and flexibility (Fig. 5C). Therefore, the
dependency rate on basal conditions was 36.72,28.5 and 10.83%
for glucose, fatty acids and glutamine, respectively. In addition,
the flexibility rates were 38.21, 11.02 and 10.04%, respectively.
However, following treatment with OLD scheme for 14 h, cells
dramatically changed their metabolic flexibility from glucose and
glutamine and increased their dependency on glucose (Fig. 5D).
The metabolic dependency from both glutamine and fatty acids
increased to comparable levels, at 41.37 and 36.9%, respectively.
Finally, the flexibility from glucose, glutamine and fatty acids
was reduced to approximately negative values.

Discussion
The present study demonstrated that the simultaneous use of OLD

inhibitors and the six-drug scheme exhibited antitumor effects
in vitro, associated with reduced cellular energy production.

Currently, targeting the abnormal metabolism in cancer as
anovel form of therapy is gaining momentum (18,19). Although
cancer metabolism inhibitors have not yet been applied in
routine clinical practice, pre-clinical and early-phase clinical
studies with lonidamine and DON demonstrate they were
well-tolerated in cancer patients (20). Intravenous orlistat has
not being tested in humans, but it was well-tolerated in mice at
therapeutical plasma concentration (21,22).

The present study aimed to investigate the antitumor
effects of the combination of lonidamine, an inhibitor of
glycolysis (23); DON, an inhibitor of glutaminolysis (24);
and orlistat, which inhibits the de novo synthesis of fatty
acids (25). It has been reported that these anabolic pathways
are hyper-functioning in malignancies, thus these drug
schemes were used to inhibit cancer anabolism (18,19). In
addition, tumor progression induces a pro-inflammatory and
catabolic state in the host, resulting in cancer-associated
cachexia (26,27). Therefore, the OLD scheme in combination
with GH, insulin and indomethacin (GII scheme) was employed
to reduce systemic inflammation and lipolysis, and to promote
protein biosynthesis and glucose internalization (28-35).
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OLD and six-drug schemes decreased cancer growth by
inhibiting cell cycle progression at G,/G, and S phases, and
promoting cell apoptosis. To the best of our knowledge, the
application of a triple drug scheme that inhibits tumor anabo-
lism has not yet been reported. A study demonstrated that the
concomitant treatment with lonidamine and DON showed
higher anti-leukemia effects compared to those noted when
each inhibitor was administered separately (36). Additionally,
in non-small cell lung cancer combined lonidamine and gluta-
minase inhibitor-968 treatment induced potent cytotoxicity and
growth inhibition (37). Regarding the GII combination treat-
ment, although the GH-cancer relationship has been a subject
of discussion (38), previous in vitro and in vivo studies have
demonstrated that it does not exhibit pro-tumor effects (39-41).
Furthermore, although insulin promotes malignant cell prolif-
eration and invasiveness in vitro (42,43), however, contradictory

effects have been reported regarding cancer survival and risk
in patients (44-46). According to these studies, in the present
model, GII treatment did not show pro-tumor effects, although
Gll-treated cells expressed GH and insulin receptors, as well
as cyclooxygenase (data not shown). All these molecules are
targeted by the GII treatment scheme. Therefore, the absence of
tumor-promoting effects cannot be attributed to the lack of GH
and insulin receptors, and cyclooxygenase expression.
Interestingly, the OLD and six-drug schemes significantly
reduced glycolysis, as demonstrated by diminished ECAR
values. These findings suggested that OLD and six-drug, but not
GII treatment, shifted the energy response to a more quiescent
metabolic state. The extent of glycolysis inhibition was equiva-
lent to that noted in a previous study with lonidamine treatment
in non-small cell lung cancer, employing the Seahorse method-
ology as well (35). On the other hand, OLD treatment increased
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cellular dependence on the oxidation of glucose and glutamine,
and reduced fuel flexibility on both substrates. These findings
are well-suited to a more quiescent energetic phenotype.

In summary, the present study demonstrated that the
concomitant blockade with OLD scheme exhibited antitumor
effects and dramatically affected the energetic machinery of
CT26.WT colon cancer cells. Currently, several novel inhibi-
tors of glycolysis, glutaminolysis and de novo synthesis of fatty
acids, as well as anti-cachectic agents, are under pre-clinical
and clinical investigation. This study revealed the antitumor
effects of OLD treatment, in order to inhibit tumor anabolism,
and the lack of pro-tumor effects of the GII scheme.
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