Clinical and Experimental Gastroenterology

Dovepress
open access to scientific and medical research

Clinical and Experimental Gastroenterology downloaded from https://www.dovepress.com/ on 05-May-2022
For personal use only.

Open Access Full Text Article

ORIGINAL RESEARCH

Importance of Mevalonate Pathway Lipids on the
Growth and Survival of Primary and Metastatic
Gastric Carcinoma Cells

Natalia Ortiz 1
Juan Carlos Delgado-Carazo2
Cecilia Díaz1,3
1

Departamento de Bioquímica, Escuela
de Medicina, Universidad de Costa Rica,
San José, Costa Rica; 2Escuela de Biología,
Universidad de Costa Rica, San José,
Costa Rica; 3Instituto Clodomiro Picado,
Facultad de Microbiología, Universidad de
Costa Rica, San José, Costa Rica

Purpose: This preclinical study aims to determine the effect of drugs that alter isoprenoids
and cholesterol metabolism in the homeostasis of gastric carcinoma cell lines in the search
for new therapeutic targets for stomach cancer.
Materials and Methods: Primary (AGS) and metastatic (NCI-N87) gastric cancer cell
lines were treated with simvastatin and terbinafine, two inhibitors of the mevalonate pathway,
and avasimibe, an inhibitor of cholesterol esterification. Cell viability and growth were
measured as well as cholesterol levels and the expression of the hydroxy methyl-glutaryl
CoA reductase (HMGCR) and the LDL receptor (LDLR).
Results: Primary and metastatic gastric carcinoma cells show different sensitivity to drugs
that affect isoprenoid synthesis and the metabolism and uptake of cholesterol. Isoprenoids are
involved in the growth and viability of both types of cells, but the role of free and esterified
cholesterol for metastatic gastric cell survival is not as evident as for primary gastric cancer
cells. Differential expression of LDLR due to mevalonate pathway inhibition suggests
variations in the regulation of cholesterol uptake between primary and metastatic cancer
cells.
Conclusion: These results indicate that at least for primary gastric cancer, statins and
avasimibe are promising candidates as potential novel antitumor drugs that target the
metabolism of isoprenoids and cholesterol of gastric tumors.
Keywords: cholesterol, isoprenoids, gastric cancer, metastasis, simvastatin, terbinafine,
avasimibe
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Mevalonate pathway is one of the most important and conserved biosynthetic
processes in animal cells and one of the most highly regulated, probably due to
energetic costs and the toxicity of some of the intermediate metabolites and
cholesterol itself.1 Membrane lipids are essential compounds that regulate the
biophysical and biochemical properties of cell membranes,2–4 including regulation
of fluidity and microdomains dynamics.5,6 Cholesterol and other lipids derived from
the mevalonate pathway, such as isoprenoids that anchor proteins to the mem
branes, have also been implicated in the survival and metastatic behavior of several
types of cancer.7 Even when cholesterol metabolism has been extensively studied in
steroid hormone-dependent tumors such as breast and prostate cancer,8,9 due to the
high importance of mevalonate-derived lipids in cell homeostasis, their role is not
limited to these tumors.10
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Gastric cancer is the third cause of death by cancer in
the World.11 Eastern Asia is the region with the highest
incidence and mortality, but Eastern and Central Europe
and Latin America also present high mortality rates.12
In terms of primary gastric cancer treatment, the main
procedure consists of tumor resection (partial or total
gastrectomy), but the incidence of local recurrence and
peritoneal and distant metastasis is very high, making
systemic chemotherapy (mostly palliative) also part of
the treatment.13
The liver is one of the main organs of dissemination for
gastric tumors, and in their way of reaching other organs,
gastric primary tumor cells go through intra- and extra
vasation, migration and colonization of other tissue envir
onments. Therefore, due to all these new characteristics
that metastatic tumors display, they cannot be clinically
treated in the same way that primary tumors are,14 since,
some of these differences could make them resistant to
primary tumor therapies. Also, since metastasis is what, in
most of the cases, results in the lethality of the patients, it
has been recognized that this is precisely the process that
deserves better characterization, to finally develop suc
cessful strategies of treatment that specifically recognize
the particularities of these tissues.
In the case of gastric cancer, the information regarding
cholesterol and other metabolites derived from the meva
lonate pathway is very limited. However, an interesting
study performed by Chushi and collaborators15 has shown
that the first rate-limiting enzyme of the pathway, the
hydroxy methyl-glutaryl CoA reductase (HMGCR) is
overexpressed in gastric cancer, suggesting that it could
be a putative oncogene, as suggested for other tumors.10
They also showed that increasing the expression of
HMGCR in gastric cancer cells accelerates their growth
and migration abilities. These and other findings related to
the participation of lipids such as cholesterol, in the reg
ulation of cell growth and death of tumor cells, add to the
widely recognized concept that metabolic reprogramming
is one of the hallmarks of cancer.3,16–20
Interestingly, the second-rate limiting enzyme of this
pathway, squalene epoxidase, a downstream enzyme that
catalyzes the first oxygenation step in sterol biosynthesis,21
has recently been shown to be overexpressed in some
tumors.22 This enzyme has also been postulated as
a metabolic oncogene due to its effect increasing in vitro
cell growth and survival (by apoptosis inhibition) and by
accelerating tumor growth in mouse models.22
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Some inhibitors of the mevalonate pathway have been
clinically tested for gastric cancer23 and the potential antiproliferative and pro-apoptotic effects of cholesterollowering drugs such as statins, is a highly investigated
topic.3,7,16,24,25 Other drugs that interfere with the mevalonate
pathway such as bisphosphonate zoledronic acid, and farne
syl and geranylgeranyl transferase inhibitors, which affect
protein isoprenylation, have also been clinically tested.26
The goal of the present study was to study the potential
differences in the role of mevalonate pathway lipids in the
homeostasis of two intestinal gastric carcinoma cell lines
with characteristics associated with different stages of
differentiation, one from a primary tumor and the other
from advanced liver metastasis. The obtained results could
have implications in future therapeutic decisions based on
cholesterol metabolism of gastric tumors.

Materials and Methods
Cell Culture
AGS (CRL-1739) and NCI-N87 (CRL-5822) cell lines were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The AGS cells correspond
to a gastric adenocarcinoma located in the stomach whereas
the NCI-N87 cells correspond to a gastric carcinoma derived
from a metastasis to the liver. Both cell lines were main
tained in RPMI-1640 media (R8758; Sigma-Aldrich) sup
plemented with 10% fetal bovine serum (FBS) (F2442;
Sigma-Aldrich) and 100 U/mL penicillin-streptomycin
(15,140,122; GibcoTM), at 37°C in a humid atmosphere
containing 5% CO2.

Growth Curve Analysis
Initially, 1.5×104 AGS and NCI-N87 cells were plated in
24-wells plates, and every two days, the solution with cells
was diluted 1:2 in Trypan blue. The cells were counted
using a Neubauer camera. For each cell line, the duplica
tion time (DT) between days 2 and 4 was determined
according to the following formula: DT = T ln2/ln(Xf/
Xi), where T corresponds to the incubation time, Xf to
the final cell number and Xi to the initial number of cells.

Inhibition of HMG CoA Reductase
Simvastatin (S6196 Sigma-Aldrich) was the drug applied
to inhibit the enzyme. To activate the drug, the protocol
described by Dong and collaborators27 was followed.
Briefly, 8 mg of simvastatin were dissolved in 0.2 mL of
pure ethanol and 0.3 mL of 0.1 N NaOH were added later.
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Ethanol was evaporated by exposure to nitrogen gas
(99.99%). Subsequently, the solution was heated for 2
h at 50°C in a dry bath and then neutralized with HCl to
a pH close to 7.2. The solution was brought to a final
volume of 4 mL with deionized water (final concentration
of 5 mM) and aliquots were stored at −80°C until use.
Suspensions of 8,000 AGS and 16,000 NCI-N87 cells
were incubated with different concentrations of the drug
(3–100 µM) for 24, 48 and 72 h in media supplemented
with 10% FBS.
Mevalonolactone (2.5 µM) (M4667 Sigma-Aldrich),
and isoprenoids geranylgeranyl pyrophosphate (GGPP,
7.5µM) (G6025 Sigma-Aldrich) and farnesyl pyropho
sphate (FPP, 7.5 µM) (F6892 Sigma-Aldrich) were incor
porated to evaluate the role of some of the intermediary
metabolites of the mevalonate pathway in the effect
induced by simvastatin. Cells were incubated simulta
neously for 48 h with simvastatin and each one of the
metabolites in media supplemented with 10% FBS.

Inhibition of Squalene Epoxidase
Terbinafine (T8826 Sigma-Aldrich) was dissolved in
dimethyl sulfoxide (DMSO) to a final concentration of 150
mM. DMSO concentration was less than 0.1% and no toxic
effect was observed on the cells. Suspensions of 8,000 AGS
and 16,000 NCI-N87 cells were incubated for 48 h with
different concentrations of the inhibitor (5–150 µM) dis
solved in media supplemented with 10% FBS.
Additionally, 48 h-cell viability was determined in the pre
sence of terbinafine in Advanced RPMI media (12633012;
Thermo Fisher Scientific, Inc) containing 1% FBS.

Inhibition of Cholesterol Esterification
For this purpose, the drug avasimibe (PZ0190 SigmaAldrich) (CI-1011), an inhibitor of Acyl-CoA:
Cholesterol O-Acyltransferase (ACAT-1), was used. The
same number of cells utilized previously was incubated for
48 h with the inhibitor at different concentrations (1.25–80
µM) in RPMI media containing 10% FBS. A combination
of Avasimibe and Terbinafine was also tested at a low dose
(80% viability) of Avasimibe.

Cell Viability Assay
To assess the effect of each of the enzymatic inhibitors in
cell viability, MTT assay was performed. After the treat
ments, media with the inhibitors (and additional metabo
lites) was removed and MTT solution (0.5 mg/mL final
concentration) dissolved in the RPMI media was applied
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for 2 h at 37°C. Then, the media was removed, and the
formazan crystals that precipitated were dissolved in 96%
ethanol. The absorbance was measured at 570 nm. As
a second approach to determining mainly the effect on
cell proliferation, Sulforhodamine B assay as described
by Vichai and Kirtkara,28 was performed.
After the cells were incubated with simvastatin or
terbinafine, they were fixed in 10% trichloroacetic acid
(TCA) for 1 h at 4°C. Cells were stained with 0.04%
Sulforhodamine B solution for 30 min at room tempera
ture. Then, the wells were rinsed with 1% acetic acid.
Protein-bound dye was dissolved in 10 mM Tris base
solution and the absorbance was measured at 530 nm.
The absorbance values of cells incubated with only
media were referenced as 100% of viability. To determine
the percentage of cell growth relative to a non-treated
control, a plate without treatment was also fixed before
the addition of the inhibitors.

Free Cholesterol Staining and
Quantification
AGS and NCI-N87 cells were plated in black 96-well plates.
Then, cells were treated with the inhibitors: simvastatin or
terbinafine for 48 h. Cells were fixed with 4% paraformal
dehyde for 10 min at room temperature and to neutralize it,
cells were incubated in 1.5 mg/mL glycine solution for 10
min at room temperature. Cells were incubated in a 0.05 mg/
mL solution of filipin (F9765 Sigma-Aldrich) in phosphatebuffered saline (PBS) supplemented with 10% FBS for 2
h protected from light at room temperature. For a positive
control, the cells were incubated with 5 mM methyl-βcyclodextrin (MβCD) (C4555 Sigma-Aldrich) for 1
h. Images were acquired by fluorescence microscopy with
a 20x objective under the same conditions of LED exposure,
integration time and gain in BioTek Cytation 3 Imaging
Multi-Mode Reader. Gen5 Image 3.09 software was used
to quantify the fluorescence intensity. All images from each
cell line were included in the experiment and an automatic
setting was applied for preprocessing for DAPI and
Brightfield channels. The Cellular analysis tool was used
to select only the areas containing cells in the brightfield
images. For this, the threshold value for AGS and NCI-N87
was 750 and 4000, respectively. The object size selection
was set between 15 and 500 µm for both cell lines. The
software estimated The Object Sum Intensity [Tsf (DAPI
377,447)] and the Object Sum Area [Tsf (Bright Field)] and
the relative Object Sum Intensity/Object Sum Area was
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calculated for all images (at least 2 images from 5 indepen
dent wells). The mean value and standard deviation were
determined, and statistical analyses were performed.

cDNA synthesis, the RevertAid First Strand cDNA
Synthesis kit (K1622; Thermo ScientificTM) was used.

RT-PCR
Intracellular Lipid Droplets Staining and
Fluorescence Quantification
AGS cells were plated in black 96-well plates. Then, cells
were treated with the inhibitors: terbinafine or avasimibe
for 48 h. Cells were fixed with 4% paraformaldehyde and
incubated in a 0.5 µg/mL solution of Nile red (19123
Sigma-Aldrich) in PBS for 10 minutes at 37°C. Images
were acquired by fluorescence microscopy in the RFP
filter (531, 593 nm) with a 4 and 20X objective under
the same conditions of LED exposure, integration time and
gain, in a BioTek Cytation 3 Imaging Multi-Mode Reader.
Gen5 Image 3.09 software was used to quantify the fluor
escence intensity. Fluorescence quantification was per
formed as described in the previous section. For each
treatment, at least 4–6 pictures (4X) were analyzed with
a minimum of 300 events counted per image. The thresh
old value was 4000 and the object size selection was set
between 5 and 100 µm. Two independent experiments
were performed. For each experiment, the mean value
and standard deviation were determined, and statistical
analyses were performed.

RNA Extraction and cDNA Synthesis
AGS cells (350,000) and NCI-N87 cells (700,000) were
plated in 6-well plates and allowed to adhere overnight.
Then, they were treated with simvastatin or terbinafine for
48 h in cell culture media supplemented with 10% FBS. Cell
lysates were stored in RNAlaterTM Stabilization Solution
(AM7020; InvitrogenTM) at −80°C, until use. For the RNA
isolation, the NucleoSpin RNA II kit (740955; Macherey
Nagel) was used, as recommended by the manufacturer. For

PCR reactions were carried out in a total volume of 25 µL,
using 22.5 µL of PCR SuperMix (10,572; InvitrogenTM), 0.5
µL of Nuclease Free Water and 0.5 µL of each primer
(GAPDH 10µM; HMGCR 50 µM and LDLR 50 µM) on
a 2720 Applied Biosystems Thermal Cycler with the follow
ing conditions: 94°C for 3 min, followed by 35 cycles of
denaturing at 94°C for 15 s, annealing at 53.4°C for 30 s and
extension at 72°C for 35 s. PCR products were analyzed in
1.8% agarose gels and DNA was stained with SYBR® Safe
DNA gel stain (Invitrogen; S33102). The acquisition of gel
images was performed using ImageQuantTM LAS 500 (GE
Healthcare Life Sciences). Band intensity quantification was
carried out by scanning densitometry using ImageJ v1.49
software (National Institutes of Health). The ratio between
the sample RNA to be determined and GAPDH was calculated
to normalize for initial variations in sample concentration.
The sequences of the primers and the expected product
sizes are summarized in Table 1.

Statistical Analysis
For all the viability assays, dose–response curves were
done, and the half-maximal inhibitory concentration
(IC50) was calculated using the Slide Write Plus 6.10
software. All quantitative experiments were repeated
three independent times (in triplicate each) and data
are expressed as the mean ± standard error. To evaluate
the significance of the results, an independent t-test or
one-way ANOVA followed by Bonferroni´s post hoc
test was applied, using GraphPad Prism 5 and IBM
SPSS Statistics 22 software. The level of significance
was set at p < 0.05.

Table 1 Primers Used in RT-PCR Reactions for AGS and NCI-N87 Cells
Target

Orientation (5ʹ- 3ʹ)

Sequence

Product Size (bp)

HMGCR

Forward
Reverse

ACAAGCAAGACTGGGACCTT
TCATTAGGCTCGGCAAGCAA

300

LDLR

Forward

CAATGTCTCACCAAGCTCT

258

Reverse

TCTGTCTCGAGGGGTAGCT

Forward
Reverse

GTGAACCATGAGAAGTATGACAA
CATGAGTCCTTCCACGATAC

GAPDH
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Figure 1 Characterization of gastric cancer cell lines. (A) Light image of AGS and NCI-N87 cells; both cell lines are classified in the same histological subtype of tumor
according to Lauren’s criteria. (B) Growth curve and proliferation rates of both cell lines. (C) Free cholesterol content measured by filipin staining. (D) Viability at 48 h of
AGS and NCI-N87 cells after levels of FBS were reduced. Values are expressed as the mean ± standard error of three independent experiments performed in triplicate.
**p<0.01, ***p<0.001.

Results
Characteristics of Gastric Carcinoma Cell
Lines

Inhibition of HMGCR by Treatment with
Simvastatin and Incorporation of
Mevalonolactone, FPP and GGPP

Cell lines used in this study belong to the intestinal
subtype of gastric carcinoma, being AGS from
a primary tumor and NCI-N87 from a secondary
tumor that metastasized to the liver. AGS cells are
moderately differentiated and conserve a rapid rate of
division. Metastatic NCI-N87 cells are highly differen
tiated and divide more slowly (Figure 1A and B). Both
cell lines have the same basal cholesterol content
(Figure 1C).

The role of isoprenoids and cholesterol in the proliferation
and viability of these two cell lines was determined by testing
the effect of some inhibitors on its endogenous synthesis
(Figure 2A and B). The experiments were done in the pre
sence of full serum concentration (10% FBS) to ensure cells
contained normal levels of cholesterol and isoprenoids.
Figure 3 shows the effect of simvastatin treatment on
AGS and NCI-N87 cells. The statin was able to induce
a very rapid decrease in cell growth/viability in AGS cells
at 24, 48 and 72 h, whereas NCI-N87 cells were significantly
more resistant to the drug (Table 2; Figure 3A and B).
An additional experiment using sulforhodamine B,
instead of MTT, was performed to determine whether the
decrease in cell viability was due to growth inhibition or
cytotoxicity. This difference is calculated based on the
results of an untreated plate, so normal proliferation can
be followed during the time of the experiment. The effect
of simvastatin was mainly due to the inhibition of cell
growth (Supplementary Figure 1A and B).
To determine the cholesterol content in cells treated
with simvastatin, AGS, and NCI-N87 cells were stained

When these cells were deprived of FBS for 48 h (0
or 2% of serum present in culture media), only AGS
cells showed a decrease in cell viability (Figure 1D),
which could be related to the different rate of division.
When serum was reduced to 2%, AGS cell viability was
close to 80%, in comparison to the cells grown under
standard conditions (10% FBS). The total lack of serum
reduced AGS viability to almost half (~57%). On the
contrary, there was no effect on the viability of NCIN87 cells grown in serum-free media or at 2% FBS
(Figure 1D).
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sera-containing factors), viability significantly decreased
when the FBS was reduced to 1%, an effect that was not
observed on NCI-N87 cells (Table 3).
When cell cholesterol was quantified by filipin staining
at the terbinafine IC50 concentration (at 48 h), the levels of
this lipid decreased in both cell lines, independently of the
concentration of FBS in the media (Figure 5B and C).

Potential Regulatory Feedbacks After
Inhibition of the Mevalonate Pathway
Figure 2 Schematic representation of the mevalonate pathway and cholesterol
synthesis/esterification. (A) Upstream inhibition of the mevalonate pathway with
the HMGCR inhibitor drug simvastatin. (B) Specific inhibition of cholesterol synth
esis with the drug terbinafine and cholesterol esterification with the drug avasimibe.

with fluorescent filipin. A simvastatin-induced reduction in
fluorescence intensity was observed only in AGS cells
(Figure 3C). In NCI-N87 cells, there was no effect on
cholesterol levels after the treatment with simvastatin. As
a positive control, both cell lines were treated with MβCD
(5 mM) for 1 h, to remove all membrane cholesterol and
did the filipin staining.
To determine the role of cholesterol or other mevalo
nate-derived molecules (isoprenoids) in cell proliferation,
the experiments were performed with simvastatin at the
IC50 for 48 h, in the presence of mevalonolactone, FPP,
or GGPP. The recovery of cell growth was measured
comparing the IC50 values after the simvastatin treatment
alone. A complete recovery was observed in both cell
lines when mevalonolactone was added to the media
(Figure 4A).
The replenishment of the cells with FPP or GGPP in
a co-treatment with simvastatin resulted in GGPP restor
ing the viability in both cells. The incorporation of FPP
did not affect the decrease in cell proliferation
(Figure 4B).

Inhibition of Squalene Epoxidase by
Treatment with Terbinafine
A drug that affects the downstream enzyme in the mevalo
nate pathway, the squalene epoxidase (Figure 2B), was used
to determine whether the effect in cell viability was directly
associated with the presence of the cholesterol molecule (and
not to isoprenoids). Resistance to the drug was observed in
both cell lines (Figure 5A, Table 3). In AGS cells (cultured in
advanced media to avoid cell death due to the lack of other
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Determination of mRNA levels of HMGCR by RT-PCR
showed a similar behavior when cells were treated with
simvastatin or terbinafine, evidenced by an increase in
gene expression in both cell lines, indicating that normal
feedback in the mevalonate pathway due to a decrease in
cholesterol levels was triggered (Figure 6).
To test whether HMGCR could be affected by squalene
accumulation due to terbinafine inhibition of its target
enzyme,29 a control experiment was carried out in the pre
sence of mevalonolactone. No compensatory effect in cell
viability was observed, indicating the absence of an indirect
effect of terbinafine on HMGCR activity (data not shown).
Since the effect of terbinafine was performed in media
containing different concentrations of LDL-cholesterol
(1% and 10% FBS-supplemented media), mRNA levels
of LDLR were measured and, surprisingly, a high reduc
tion in gene expression was observed on NCI-N87 cells.
The same effect was not detected on AGS cells, suggesting
some differences in the compensatory mechanism of cho
lesterol uptake between both cell lines (Figure 6).

Inhibition of Cholesterol Esterification by
Treatment with ACAT-1 Inhibitor
Avasimibe
An inhibitor of cholesterol esterification was used to determine
whether free (non-esterified) cholesterol accumulation affected
cell viability in primary and metastatic gastric cancer cell lines
(Figure 2B). At 48 h, the IC50 value for the AGS cell line was
35.8 ± 7.4 µM, and for the NCI-N87 cell line was 60.7±4.5,
showing a significant difference (p < 0.001) (Figure 7A).
To determine whether the loss of cell viability induced
by terbinafine in AGS cells was due to squalene-induced
toxicity, a combination of both treatments (terbinafine at
its IC50 and 15 µM avasimibe) was applied, and potentia
tion of the effect was observed (Figure 7B). That was
expected if the toxicity was due to squalene accumulation,
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Figure 3 Effect of HMGCR inhibition in the proliferation and viability of AGS and NCI-N87 cells. (A) Dose–response curve of cells after 48 h of treatment with simvastatin.
Values are expressed as the mean ± standard error of three independent experiments performed in triplicate. (B) Morphology of cell lines after treatment with simvastatin
for 48 h. (C) Left panel: cholesterol content determination by filipin staining of cells treated with simvastatin at IC50 values for 48 h. As a positive control, cells were treated
with 5 mM MβCD. Right panel: filipin fluorescence quantification adjusted by area. Values are expressed as mean ± standard error of at least ten independent images.
***p<0.001.

because of the reported protective effect carried out on the
cells, by lipid droplets.29
To measure squalene accumulation, we stained AGS
cells with Nile red, a fluorescent probe that stains lipid
droplets, the reservoirs of esterified cholesterol and, as

mentioned, the squalene buffering structures. As expected,
terbinafine increased Nile red staining whereas avasimibe
caused a decrease in lipid droplets observed as a decline in
the fluorescence staining (Figure 7C and D).

Discussion
Table 2 IC50 Values of Simvastatin in Primary (AGS) and
Metastatic (NCI-N87) Gastric Cancer Cell Lines
Half Maximal Inhibitory Concentration (IC50) Values (μM)

AGS
NCI-N87

24 h

48 h

72 h

46.10 ± 1.55
> 400

7.70 ± 0.63***
93.55 ± 6.44

6.15 ± 0.53***
39.63 ± 1.50

Notes: Data represent the mean ± standard error of three experiments performed
in triplicate. Asterisks represent significant differences between cell lines at the
same time point. ***p<0.001.
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Several alterations in cancer cell metabolism, with impor
tant consequences in growth and survival, have been
extensively described, some of them as the result of the
dysregulation of key enzymes of specific cellular
pathways.4,7 This special pattern of characteristics dis
played by tumors has been included as one of the hall
marks of cancer, which is described as metabolic
reprogramming and specifically in the case of this
study, lipid metabolism reprogramming.16–20
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Figure 4 Replacement of intermediary metabolites of the mevalonate pathway. (A) Cell lines were co-incubated with simvastatin and mevalonolactone for 48 h. (B) Cell
lines were co-incubated with simvastatin and FPP or GGPP for 48 h. Values are expressed as mean ± standard error of three independent experiments performed in
triplicate. **p<0.01, ***p<0.001.

Figure 5 Inhibitory effect of squalene epoxidase in AGS and NCI-N87 cell viability. (A) Dose–response curve of cells after treatment with terbinafine for 48 h in media
supplemented with 10% FBS. Values are expressed as mean ± standard error of three independent experiments performed in triplicate. (B) Determination of cholesterol
after staining AGS and NCI-N87 cells with filipin. Cells were treated with terbinafine at IC50 value for 48 h in media supplemented with 1% (advanced media) or 10% FBS.
(C) Filipin fluorescence quantification was adjusted by area. Values are expressed as mean ± standard error of at least ten independent images. ***p<0.001.

The mevalonate pathway is a very conserved and essen
tial process, which not only culminates with the synthesis of
cholesterol but also produces several other very important
molecules required to cell proliferation, survival, migration
and invasion.2,3 The effects of a dysregulated mevalonate
pathway and other aspects of cholesterol cell homeostasis in
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human cancers, especially in the case of metastatic tumors,
remain virtually unexplored.
In the mevalonate pathway, the two enzymes that have
been postulated as rate-limiting ones are HMGCR (inhibited
by statins), which, from a regulatory point of view, represents
the most important enzyme of the process,2 and squalene
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Table 3 IC50 Values of Terbinafine in Primary (AGS) and
Metastatic (NCI-N87) Gastric Cancer Cell Lines
Half Maximal Inhibitory Concentration (IC50) Values (μM)
at 48 h
10% FBS

1% FBS

AGS

74.00 ± 3.23

37.79 ± 2.66*

NCI-N87

91.89 ± 0.33

102.95 ± 14.00

Notes: Data represent the mean ± standard error of three experiments performed
in triplicate. Asterisks represent significant differences at the same cell line under
different FBS content. *p<0.05.

epoxidase (also known as squalene monooxygenase), an
enzyme that recently has gained some attention as the secondrate limiting enzyme of the process.22 Both enzymes are
regulated by cell cholesterol content, but with some variations
in their control mechanisms.21 Squalene epoxidase partici
pates in the cholesterol synthesis-committed segment of the
pathway, so in the presence of terbinafine, a clinically used
inhibitor of this enzyme, sterol production could be directly
separated from isoprenoid synthesis. Interestingly, although
this enzyme is far from being as well characterized as
HMGCR, it has been demonstrated that very promising che
mopreventive natural compounds, such as resveratrol and
green tea polyphenols, for instance, do inhibit the monoox
ygenase and decrease serum cholesterol,21 which makes it
a very interesting target for cancer prevention.
Clear differences between these cell lines in response
to the treatment with simvastatin were observed since
AGS were sensitive whereas NCI-N87 cells were more
resistant. Interestingly, at 48 hours of treatment, choles
terol levels were significantly lowered only in AGS cells,
and since LDL-cholesterol was highly present in the
media, both cells should be able to easily internalize this
lipid. However, highly proliferating cancer cells, such as

AGS, could have increased requirements of cholesterol
(and isoprenoids), the reason why statins have been pro
moted as chemopreventive agents and a treatment option
for several tumors.7 Inhibition of cell proliferation was the
main effect observed with this treatment and our results in
the presence of mevalonolactone and isoprenoids suggest
that protein geranylgeranylation was relevant (in both cell
lines), for this process. However, another metabolite is
likely to be considered important because the compensa
tion with GGPP was not total, as with mevalonolactone.
Simvastatin is affecting both cell lines since HMGCR
transcript concentration increased as expected, due to the
normal feedback triggered by low cholesterol, but perhaps
in the case of AGS, due to a higher requirement, the
normal levels of this lipid could not be reached as easily.
After targeting the lower part of the mevalonate path
way with terbinafine, both cell lines were closer in terms
of resistance, since this treatment was less effective than
the one obtained with simvastatin, and filipin staining
shows that membrane cholesterol decreased in both cell
lines. In AGS cells, the resistance was significantly lower
at 1% FBS, making the cells more sensitive to terbinafine.
However, the differential effect induced by FBS did not
correlate with the decrease in membrane cholesterol,
which could indicate that the effect in cell viability
induced by terbinafine could be due to other factors.
Mahoney and collaborators29 have recently shown that,
in neuroendocrine cancer cells, an inhibitor of squalene
monooxygenase decreases cell viability, but that the effect
was not due to cholesterol decrease but to squalene accumu
lation. They also postulated a protective effect of lipid dro
plets (formed by esterified cholesterol and phospholipids)
against the toxicity caused by squalene. Following this line
of thought, an inhibitor of ACAT-1, the main enzyme

Figure 6 Semiquantitative RT-PCR of HMGCR and LDLR in AGS and NCI-N87 cells. Left panel: effect of simvastatin and terbinafine at IC50 values after 48 h on HMGCR
and LDLR mRNA expression. GAPDH expression was used as an internal control of expression. Right panel: relative expression of HMGCR and LDLR determined against
GAPDH. Values are expressed as mean ± standard error of two independent experiments.
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Figure 7 Effect of the inhibition of cholesterol esterification in the viability of AGS and NCI-N87 cells. (A) Incubation of the cells with avasimibe was done for 48 h. Values
are expressed as mean ± standard error of three experiments performed in triplicate. (B) Co-incubation of avasimibe at a low dose (80% viability) and terbinafine. Values are
expressed as mean ± standard error of three independent experiments each performed in triplicate. **p<0.01, ***p<0.001. (C) Nile red staining of intracellular lipid droplets
in AGS cells. (D) Fluorescence quantification adjusted by area. Values are expressed as mean ± standard error of at least 4 independent images. *p<0.05, ***p<0.001.

responsible for cholesterol esterification and the formation of
lipid droplets, was tested, and toxicity was observed on both
cell lines. As was predicted if squalene accumulation was
responsible for the toxicity, terbinafine potentiated the effect
of avasimibe. To confirm our hypothesis about the direct role
of squalene in the cytotoxicity observed, we quantified lipid
droplets and evidenced an increase in the presence of these
structures after terbinafine treatment, which clearly suggests
squalene accumulation inside the cells.
In the case of metastatic cells such as NCI-N87, they
could have a different capacity to deal with free choles
terol (non-esterified), an alteration that resulted in less
sensitivity to avasimibe than in AGS. NCI-N87 cells, on
the other hand, did not change their sensitivity to terbina
fine at low FBS, probably because they are more resistant
to the accumulation of squalene than AGS cells.
Contrary to expected, NCI-N87 cells displayed
a decrease in the expression of LDLR due to drug treat
ments. Interestingly, lower levels of LDLR have been
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observed in advanced-stage prostate cancer cells, suggest
ing that, to provide cholesterol, some advanced and meta
static cancer cells could rely more on this lipid synthesis
than on its uptake.30 It is possible that the regulatory
mechanisms triggered in gastric metastatic cells to
increase cell cholesterol could be different than the ones
present in primary gastric cancer cells, favoring, in the
metastasis, the synthesis of new cholesterol over the
uptake. This interesting possibility needs to be clarified
in the future through more sensitive approaches such as
RT-qPCR, to better understand the effect of the drug
treatments on gene expression of key proteins involved
in cholesterol homeostasis, such as the LDLR, for
instance, and others.
These results show that isoprenoids and another metabo
lite, probably cholesterol, are both important for maintaining
cell growth and viability in AGS cells, but NCI-N87 are both
resistant to simvastatin and terbinafine, which indicated that
these lipids are less relevant for the survival of these
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metastatic cells. Another alternative could be that metastatic
cells display distinct compensatory mechanisms to adjust
their lipid homeostasis, something that has been suggested
at least, for prostate cancer cells.
Some studies have previously evidenced that not all
cancer cells are sensitive to statins and it has been sug
gested that sensitivity to these drugs is associated with
epithelial–mesenchymal transition (EMT), postulating
that statins are more effective on more aggressive (inva
sive-metastatic) cancer cells.31 Also, Kuzu and
collaborators32 showed that statins were more effective in
mesenchymal-like cancer cells. Even when AGS cells
were originated from a primary tumor, according to their
phenotype, they have EMT features, such as the absence
of normal E-cadherin expression. NCI-N87 cells, on the
contrary, which are derived from a tumor that had already
metastasized (to the liver), have a more epithelial-like
phenotype.22 NCI-N87 cells are also highly differentiated
and show a lower proliferation rate than AGS cells.
Interestingly, in recent studies, Raghu et al33 have sug
gested that the expression of E-cadherin could be asso
ciated with resistance to atorvastatin-induced growth
suppression of several cancer cells and Warita et al34
observed that E-cadherin exogenous expression trans
formed statin-sensitive cells into partially resistant ones.
Another cell feature that could be important in the resis
tance of NCI-N87 to these treatments is the presence of HER2.
However, the inhibition of this pathway alone was not enough
to induce a significant decrease in cell growth and viability, but
there is a possibility that it could overcome, at least partially,
the resistance to chemotherapy. Cholesterol is the main com
ponent of lipid rafts and it is very well established that mod
ulating membrane cholesterol content strongly alters the
movement, interactions and activities of lipid raft proteins,
such as death receptors, growth factor receptors and onco
genes, such as EGFR and HER2, for instance, important for
several types of cancer, including gastric tumors.
In terms of clinical treatment, gastric cancer patients
get a very late diagnosis and a poor prognosis, so it is
imperative to find more effective treatment options, espe
cially for advanced and metastatic gastric cancer. For
aggressive and highly invasive primary gastric tumors
and secondary recurrences, statins could be an interesting
treatment option, maybe in combination with other drugs,
since, according to our results, the IC50 of simvastatin for
AGS cells is relatively low and in the predicted anti-tumor
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in vivo range. That is not the case for the metastatic cell
line NCI-N87, which is clearly highly resistant to the drug.
For more differentiated metastatic gastric cancer, on
the other hand, other therapeutic strategies must be devel
oped to successfully sensitize these tumors and overcome
their resistance to conventional therapies. The cholesterol
esterification process or the LDL-cholesterol uptake could
be interesting target options that remained to be explored.
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