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Abstract. Gastric mucosa tumors may present as two distinct 
major entities: Diffuse and intestinal subtypes. There is no 
standard treatment for advanced or metastatic gastric cancer. 
The mevalonate pathway and cholesterol homeostasis are 
important processes in cancer cells that may be highly relevant 
in terms of cell growth, survival and metastatic potential. Two 
model cell lines representing intestinal (NCI‑N87) and diffuse 
(Hs746T) metastatic gastric tumor histological subtypes 
were treated with different drugs that alter membrane lipid 
metabolism to determine whether cell proliferation, viability 
and migration were affected. The results indicated that the 
cells exhibited significant differences in proliferation when 
treated with the cholesterol‑lowering drug simvastatin, but 
not with terbinafine, another compound that affects choles‑
terol synthesis. Only simvastatin affected migration in both 
cell lines. Reposition studies with mevalonolactone, farnesyl 
pyrophosphate and geranylgeranyl pyrophosphate in the 
presence of high and low FBS concentrations indicated that 
both isoprenoids and cholesterol reversed the antiproliferative 
effects of simvastatin in gastric cancer cells. The cell lines 
used in the present study had different sensitivities to several 
potential anti‑neoplastic agents that affect the synthesis 
of membrane lipids. The diffuse gastric cancer cells were 
particularly sensitive to simvastatin, suggesting it as an option 
for combination treatment.

Introduction

Gastric cancer is the fifth most common tumor type worldwide, 
with more than one million newly diagnosed cases reported 
each year and considered to be the third‑leading cause of 
death by cancer (1). Although several classifications have been 

suggested for gastric adenocarcinoma, the most widely used 
classification is based on Lauren's histological criteria, which 
divide gastric mucosa tumors into two distinct main entities: 
Diffuse and intestinal subtypes (2,3).

The standard treatment for primary gastric cancer is radical 
surgery. However, as that the incidence of hematogenous and 
peritoneal metastasis is high, systemic chemotherapy is also 
part of the protocol, which does not discriminate between 
the two types of gastric carcinoma, mainly resulting in poor 
survival outcomes (4‑7).

In addition, there is no standard treatment for advanced 
or metastatic gastric cancer. Chemotherapeutic treatment 
consisting of several drug combinations, including 5‑fluoro‑
uracil or capecitabine together with oxaliplatin or cisplatin, 
are currently being used. These treatments are occasionally 
used in combination with either an anthracycline or docetaxel 
and irinotecan (3,8,9). Although several meta‑analyses have 
indicated that drug combinations result in better outcomes 
compared to single‑agent chemotherapy (1  month above 
the 6.7 months of additional overall survival observed with 
monotherapy), clinically effective doses result in high toxicity 
for the patient (9,10). Targeted therapy in combination with 
chemotherapy, mainly for HER2‑positive disease (10‑30% of 
patients with gastric cancer), is also the first‑line treatment for 
this specific group, but patients risk developing rapid tumor 
resistance to monoclonal antibody‑based therapy (10‑14).

Several studies suggested that cancer cells have higher 
requirements for cholesterol (15‑17) and have elevated levels 
of membrane cholesterol rich‑lipid rafts compared to normal 
cells. In addition, it was hypothesized that altering these micro‑
domains, such as cyclodextrin‑induced cholesterol depletion, 
may be a potential approach to treat cancer metastasis (18).

Membrane cholesterol is produced in the mevalonate 
pathway, which is one of the most important biosynthetic 
processes in animal cells (19‑21). This sterol and other lipids 
derived from this pathway, such as isoprenoid groups that 
post‑translationally modify membrane proteins, have been 
implicated in the survival and metastatic behavior of several 
types of cancer (22). Inhibitors of this pathway, such as plasma 
cholesterol‑lowering statins, which inhibit the first rate‑limiting 
enzyme hydroxy methyl glutaryl CoA reductase (HMGCR) and 
exert in vitro anti‑proliferative and pro‑apoptotic effects (21), 
have been clinically tested in patients with cancer (20,22,23). 
Other drugs that interfere with the mevalonate pathway, such 
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as zoledronic acid and farnesyl and geranylgeranyl transferase 
inhibitors that affect protein isoprenylation, have also been 
tested. Terbinafine, an inhibitor of the mevalonate pathway 
squalene epoxidase (24), was suggested to be a possible treat‑
ment option for several hepatocellular carcinoma tumors (25).

The present study assessed the toxic activity and growth 
and migration inhibition of agents that affect membrane lipid 
synthesis in cell lines widely used as models for advanced‑stage 
intestinal and diffuse gastric carcinomas, which represent two 
genetic and phenotypically‑different molecular tumors. The 
present study indicated their differential sensitivity to several 
potentially effective anticancer agents.

Materials and methods

Cell culture. NCI‑N87 (ATCC CRL‑5822) and Hs746T (ATCC 
HTB‑135) cell lines were obtained from the American Type 
Culture Collection. The two cell lines were established from 
gastric carcinomas that metastasized to the liver (NCI‑N87) 
and the left leg muscle (Hs746T). The NCI‑N87 cell line is 
derived from an intestinal gastric tumor, whereas Hs746T cells 
originate from a diffuse gastric tumor. The cells were main‑
tained in RPMI‑1640 medium (cat. no. R8758; Sigma‑Aldrich; 
Merck KGaA) supplemented with 10% FBS (cat. no. F2442; 
Sigma‑Aldrich; Merck KGaA) and 100 U/ml penicillin‑strep‑
tomycin (cat. no. 15140122; Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified atmosphere containing 5% CO2.

Growth curve analysis. Initially, 1.5x104 cells were seeded in 
24‑wells plates. Cells were counted using a hemocytometer in 
a 1:2 dilution with Trypan blue every 2 days. For each cell line, 
the dividing time (DT) between days 2 and 4 was determined 
using the following formula: DT=T ln2/ln (Xf/Xi), where T is 
the incubation time, Xf the final cell number and Xi the initial 
number of cells (26).

Cell viability assay. An MTT assay was used to determine the 
effect of various drugs on the metastatic gastric cancer cell 
lines. Once the cells were subjected to different treatments, the 
medium was removed and a solution of MTT in RPMI‑1640 
medium (0.5 mg/ml) was added. Cells were incubated for 
2 h and the medium was subsequently removed. Precipitated 
formazan crystals were dissolved in 95% ethanol. Cells that 
were incubated with medium alone were used as a control 
and defined as having 100% viability. Absorbance values 
were determined at a wavelength of 570 nm using a micro‑
plate reader (BioTek Cytation 3 Imaging Multi‑Mode Reader; 
BioTek Instruments, Inc.).

Cisplatin‑induced cytotoxicity. NCI‑N87 (1.6x104) and 
Hs746T (8x103) cell suspensions were cultured in 96‑well 
plates and allowed to attach overnight. Cells were incubated 
with different concentrations of cisplatin solution (6‑500 µM; 
Pfizer, Inc.) in 10% FBS supplemented with RPMI‑1640 
medium for 48 h. The viability assay was then performed as 
mentioned above.

Inhibition of HMGCR. Simvastatin (cat.  no.  S6196; 
Sigma‑Aldrich; Merck KGaA) was used to inhibit HMGCR. 
To activate the drug, the protocol described by Dong et al (27) 

was used. NCI‑N87 (1.6x104) and Hs746T (8x103) cell suspen‑
sions were cultured in 96‑well plates and allowed to attach 
overnight. Cells were incubated with different concentrations 
of the drug (3‑100 µM) for 48 h in 10% FBS supplemented 
RPMI‑1640 medium. This range of simvastatin concentrations 
was based on previous studies (28,29).

Mevalonolactone (1.25 µM; cat. no. M4667; Sigma‑Aldrich; 
Merck KGaA) and the isoprenoids geranylgeranyl pyro‑
phosphate (GGPP; cat.  no. G6025; Sigma‑Aldrich; Merck 
KGaA) and farnesyl pyrophosphate (FPP; cat.  no. F6892; 
Sigma‑Aldrich; Merck KGaA) were used to evaluate the effect 
of intermediary metabolites of the mevalonate pathway. Cells 
were incubated simultaneously for 48  h with simvastatin 
and metabolites in medium supplemented with 10% FBS. In 
addition, the effect of the incorporation of the metabolites in 
low‑cholesterol media was evaluated using Advanced RPMI 
media (cat.  no.  12633012; Thermo Fisher Scientific, Inc.) 
containing 1% FBS.

Inhibition of squalene epoxidase. Terbinafine (cat. no. T8826; 
Sigma‑Aldrich; Merck KGaA) was dissolved in DMSO to a 
final concentration of 150 mM. The same number of cells used 
for simvastatin treatment was incubated for 48 h with different 
concentrations of inhibitor (5‑150 µM) dissolved in medium 
supplemented with 10% FBS. The DMSO concentration 
in the medium was <0.1%, which was not toxic to the cells. 
For the control groups, cells were incubated with the same 
DMSO concentrations utilized in the treatment groups. This 
range of terbinafine concentrations was based on previous 
studies (30,31). Cell viability at 48 h in the presence of terbin‑
afine in Advanced RPMI media containing 1% FBS was also 
assessed.

Membrane cholesterol staining. NCI‑N87 and Hs746T cells 
were plated in 96‑black‑well plates. Subsequently, cells were 
treated with inhibitors, simvastatin or terbinafine for 48 h at 
the IC50 value. Cells were fixed with 4% paraformaldehyde 
for 10 min at room temperature. Cells were then incubated in 
1.5 mg/ml glycine solution for 10 min at room temperature. 
Subsequently, the cells were incubated in 0.05 mg/ml solution 
of filipin (cat. no. F9765; Sigma‑Aldrich; Merck KGaA) in 
PBS supplemented with 10% FBS for 2 h at room temperature 
and protected from light. As a positive control for the staining, 
cells were incubated with 5  mM methyl‑β‑cyclodextrin 
(MβCD; cat. no. C4555; Sigma‑Aldrich; Merck KGaA) for 
1 h to extract cholesterol from the plasma membrane. Images 

Table I. IC50 values for cisplatin and simvastatin on Hs746T 
and NCI‑N87 cells for 48 h.

Drug	 Hs746T	 NCI‑N87

Cisplatin	 39.2±1.8	 26.8±2.3a

Simvastatin	 2.3±0.2	 141.7±2.8b

aP<0.05 and bP<0.001; comparison of IC50 values for each treatment 
between cell lines. Values are expressed as the mean ± standard error 
of three independent experiments performed in triplicate.
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were acquired by fluorescence microscopy with a x20 objec‑
tive under the same conditions of LED exposure and gain on a 
BioTek Cytation 3 Imaging Multi‑Mode Reader.

Gen5 Image+ 3.09 software (BioTek Instruments, Inc.) 
was used to quantify the fluorescence intensity. An experi‑
ment for each cell line that included all the images (control 
and treatments) was set and automatic image preprocessing 
for DAPI and Brightfield channels were applied. The Cellular 
Analysis Tool was used to select the areas that contained only 
cells in the Brightfield images. For experiments with Hs746T 
cells, the threshold value was set to 7,000 and object size 
selection was between 20 and 200 µm. For NCI‑N87 cells, the 
parameters were set to a threshold value of 4,000 and object 
size selection was between 20 and 500 µm. For both cell lines, 
the primary edge objects were included, and the entire image 
was analyzed.

The Object Sum Intensity [Tsf (DAPI 377,447)] and the 
Object Sum Area [Tsf (Bright Field)] were estimated using 
the software. For each experiment, 4‑11 different images were 
analyzed. The relative Object Sum Intensity/Object Sum Area 
was estimated for all images. The mean value was determined, 
and statistical analyses were performed.

Wound‑healing assay and inhibition of cell migration. 
NCI‑N87 and Hs746T cells were grown on 24‑well plates 
at a density of 1x106 and 3x105 cells/well, respectively, and 
allowed to adhere overnight in the presence of 10% FBS. 
Wounds were scraped in the middle of the well with a sterile 
pipette tip. Prior to treatment, cell monolayers were washed 
twice with culture media to remove floating cells. Treatment 
with simvastatin (10  µM) and terbinafine (20  µM) was 
performed in duplicate samples for each cell line in media 
containing 10% FBS. A total of 2 light microscopy images 
were captured on the BioTek Cytation 3 from two visual fields 
of the wells. Images were acquired at 0 and 24 h for Hs746T 
cells and 0 and 48 h for NCI‑N87 cells. The percentage of 
migration was calculated by the average obtained from three 
random measurements and expressed as a percentage of the 
control (time 0 for each group) using ImageJ v1.49 software 
(National Institutes of Health).

Sulforhodamine B assay. To determine the effect on cell 
proliferation of simvastatin and terbinafine during the afore‑
mentioned wound‑healing assay, as well as the effect of the 
presence of FBS in the media, the Sulforhodamine B assay 

Figure 1. Major characteristics of the two metastatic gastric cancer cell lines. (A) Microscopy images displaying the morphological features (scale bar, 100 µm). 
Hs746T cells derive from a diffuse tumor and were obtained from a metastatic site (left leg). NCI‑N87 cells have conserved properties of an intestinal tumor 
and are derived from a gastric metastasis to the liver. (B) Growth curve and cell division rates of the two metastatic cell lines. (C) Membrane cholesterol content 
in NCI‑N87 and Hs746T cells measured by filipin staining. Ns, no significance.
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was performed as previously described (32). Treated cells were 
fixed in 10% trichloroacetic acid for 1 h at 4˚C and stained 
with 0.04% Sulforhodamine B solution (cat.  no.  S1402; 
Sigma‑Aldrich; Merck KGaA) for 30 min at room tempera‑
ture. Subsequently, the wells were rinsed with 1% acetic acid 
to remove the excess dye. Protein‑bound dye was dissolved in 
10 mM Tris base solution and the absorbance was measured 
at  530  nm, using a microplate reader (BioTek Cytation 3 
Imaging Multi‑Mode Reader). To determine the percentage of 
cell proliferation relative to a non‑treated control, cells without 
treatment were also analyzed.

Statistical analysis. For all cell viability assays, dose‑response 
curves were plotted and the IC50 value was calculated using 
Slide Write Plus 6.10 software (Advanced Graphics Software, 
Inc). To evaluate the significance of differences in results 
between two groups, an independent t‑test was performed. 
One‑way ANOVA was performed to compare three or more 
groups, followed by Bonferroni's post‑hoc test. All results 
were analyzed with GraphPad Prism 5 (GraphPad Software, 
Inc.) and SPSS 22 software (IBM Corp.).

Results

Characteristics of metastatic gastric cancer cell lines. Two 
model cell lines representing the two major subtypes of gastric 
metastatic carcinoma were characterized in terms of prolifera‑
tion and cholesterol content (Fig. 1). Both cell lines, derived 
from different metastasis sites, exhibited significant differ‑
ences in morphology and levels of differentiation (Fig. 1A). 
The two cell lines had a similar proliferation rate (Fig. 1B) and 
membrane basal cholesterol levels (Fig. 1C).

Cisplatin and mevalonate pathway inhibitors induce cyto‑
toxicity. The effect of the chemotherapeutic drug cisplatin 
(commonly used in the treatment of gastric cancer) on the 
viability of Hs746T and NCI‑N87 cells was included for 
comparison. In terms of IC50 values at  48  h, there was a 
significant difference between the two cell lines (Table I), with 
NCI‑N87 having a greater sensitivity to the drug.

Upon inhibition of HMGCR with simvastatin (Fig. 2A), 
there was a strong effect on Hs746T cells, whereas NCI‑N87 
cells were highly resistant. At 48 h of treatment with the drug, 

Figure 2. Inhibitory effect of HMGCR on Hs746T and NCI‑N87 cell viability. (A) Schematic explaining the target site of simvastatin on the mevalonate 
pathway. (B) Dose‑response curve of both cell lines treated with simvastatin for 48 h. Values are expressed as the mean ± standard error of three independent 
experiments performed in triplicate. (C) Left panel: Visualization of membrane cholesterol by filipin staining after both cell lines were incubated with 
simvastatin at the IC50 value for 48 h. As a positive control, cells were treated with 5 mM MβCD to determine a decrease in cell membrane cholesterol (scale 
bars, 50 µm). Right panel: Fluorescence quantification adjusted by area. Values are expressed as the mean ± standard error of ≥4 independent wells. HMGCR, 
hydroxymethyl glutaryl CoA reductase; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; MβCD, methyl‑β‑cyclodextrin; simv, simvastatin; 
C‑, negative control; C+, positive control; Ns, no significance.
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the IC50 on Hs746T cells was 2.3±0.2 µM, whereas the IC50 on 
NCI‑N87 cells was 141.7±2.8 µM (Table I; Fig. 2B). Despite 
the evident difference in cell viability, when staining the cells 
with the macrolide filipin (which binds to free cholesterol) to 
demonstrate the effect of simvastatin on cholesterol metabo‑
lism, the staining intensity was statistically similar to that of 
the negative controls in both cell lines (Fig. 2C). The negative 
controls corresponded to cells without simvastatin treatment, 
and treatment with methyl‑β‑cyclodextrin, a cholesterol 
chelator, was used as a positive control. Of note, all experi‑
ments were performed in media supplemented with 10% FBS, 
which allowed the cells to uptake cholesterol from the media.

Upon treatment with terbinafine, which is an inhibitor 
of squalene epoxidase (Fig. 3A), no significant differences 
were observed in the IC50 values between both cell lines in 
the media supplemented with 10% FBS (Fig. 3B). Reducing 
the concentration of FBS to 1% increased the toxicity of the 
drug in the diffuse gastric tumor Hs746T cell line (Fig. 3C). 
Upon staining of cholesterol with filipin following terbinafine 
treatment a significant reduction in cholesterol levels in both 
cell lines was observed, which was independent of the FBS 
concentration in the media (Fig. 3D).

Effects of treatment in the presence of intermediary 
metabolites mevalonolactone, FPP and GGPP. To determine 
the dependence of cholesterol and other mevalonate‑derived 

molecules (isoprenoids) on cell viability, cells were 
co‑incubated for 48 h with simvastatin in the presence of 
mevalonolactone, FPP or GGPP in media supplemented with 
10 or 1% FBS.

The presence of mevalonolactone in the media resulted 
in the complete recovery of viability in both cell lines, inde‑
pendently of the FBS concentration. Furthermore, among the 
cells replenished with isoprenoids in media supplemented with 
10% FBS, 1.25 µM GGPP was able to restore the viability only 
in Hs746T cells. For NCI‑N87 cells, the dose was increased 
to 7.5 µM to obtain partial recovery (data not shown), since 
1.25 µM did not result in any significant effects in media 
supplemented with 10% FBS. The addition of FPP to the 
media did not affect cell growth in the presence of 10% FBS, 
whereas addition of FPP or GGPP in the media containing 1% 
FBS, resulted in the complete recovery of viability of Hs746T 
and NCI‑N87 cells (Fig. 4).

Effects of simvastatin and terbinafine on cell migration. As 
presented in Fig. 5, simvastatin, but not terbinafine, was able to 
significantly inhibit the migration of both cell lines in media 
containing 10% FBS. For Hs746T cells, the incubation was 
performed for 24 h to avoid the higher toxicity of simvastatin 
at 48 h. In addition, the cytotoxicity and cell proliferation were 
monitored through the entire wound‑healing assay using the 
Sulforhodamine B assay (data not shown), and the control 

Figure 3. Effects of squalene epoxidase inhibition on Hs746T and NCI‑N87 cell viability. (A) Schematic explaining the target site of terbinafine on the 
mevalonate pathway. (B) Dose‑response curve of both cell lines treated with terbinafine for 48 h in 10% FBS‑supplemented media. (C) IC50 values following 
terbinafine treatment for 48 h in media supplemented with 1 or 10% FBS. Values are expressed as the mean ± standard error of three independent experiments 
performed in triplicate. (D) Left panel: Visualization of membrane cholesterol by filipin staining after both cell lines were incubated with terbinafine at the IC50 
value for 48 h in media supplemented with 1 or 10% FBS (scale bars, 50 µm). Right panel: Fluorescence quantification adjusted by area. Values are expressed 
as the mean ± standard error of ≥4 independent wells. *P<0.05, **P<0.01 and ***P<0.001. FPP, farnesyl pyrophosphate; T/Terb, terbinafine; C, control.
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groups were incubated with the same FBS concentration as the 
treatment groups. For NCI‑N87 cells, the inhibition of migra‑
tion was determined at 48 h, as the cells migrated at a rate that 
was 4 times lower than that of Hs746T cells.

Discussion

Advanced intestinal and diffuse subtypes of gastric cancer 
are considered pathologically separate entities with different 

Figure 4. Replenishment of intermediary metabolites of the mevalonate pathway. Hs746T and NCI‑N87 cells were co‑incubated with simvastatin and the 
intermediaries mevalonolactone, FPP and GGPP for 48 h in media supplemented with 1 or 10% FBS. Values are expressed as the mean ± standard error of 
three independent experiments performed in triplicate. *P<0.05, **P<0.01 and ***P<0.001. FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; 
Simv, simvastatin; Mev, mevalonolactone.

Figure 5. Migration of Hs746T and NCI‑N87 cells treated with simvastatin and terbinafine. The effects of simvastatin (10 µM) and terbinafine (20 µM) on the 
migration of Hs746T (24 h) and NCI‑N87 (48 h) were assessed using wound‑healing assays. (A) The migration is expressed as the percentage of the wound 
width at the initial time‑point (time 0) for both control and experimental treatments. Values are expressed as the mean ± standard error of duplicate experi‑
ments. ***P<0.001. (B) Representative images from the wound‑healing assay of controls and cells treated with simvastatin or terbinafine for 24 h (Hs746T) and 
48 h (NCI‑N87).
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origins and causes. However, they are clinically treated 
similarly, even though patients should receive different 
therapies (3). One of the major differences between these two 
pathologies lies in their migration and invasion characteris‑
tics: The diffuse subtype is mainly associated with peritoneal 
dissemination, whereas the risk of liver metastasis is higher in 
the intestinal subtype, due to hematogenous dispersion (33).

Metastatic disease is practically incurable. In terms of 
chemotherapy options, diffuse tumors result in worse prog‑
nosis (34). Patients with the intestinal subtype that overexpress 
HER2 have the option of receiving monoclonal antibody 
therapy with trastuzumab (35). However, ~50% of patients 
exhibit resistance to treatment (11).

In terms of cytotoxic agents used for chemotherapy of 
gastric cancer, the present study evidenced that clinically‑used 
cisplatin alone exerted effects in both cell types, even when 
differences in the IC50 were observed. These results were 
expected, since platinum drugs are alkylating agents that 
bind to DNA and inhibit its replication. Although they target 
dividing cells at the beginning of DNA synthesis, they lack 
specificity, resulting in differences when cells are not synchro‑
nized (36,37). Hs746T cells were more resistant to cisplatin 
treatment probably because, according to their proliferation 
rate, these cells did not exhibit exponential growth, which may 
be a limitation for the comparison. The lack of an exponential 
growth phase may be due to cell contact‑inhibition mecha‑
nisms (38).

Highly proliferating cancer cells have higher requirements 
for cholesterol (16,17). Statins have been used as chemopreven‑
tive agents and a treatment option for several tumor types (22). 
To satisfy their cholesterol requirements, cells may increase its 
endogenous synthesis or obtain cholesterol from outside through 
low density‑lipoprotein (LDL) receptors (15). HMGCR, a meva‑
lonate pathway first rate‑limiting enzyme, has been considered 
as a metabolic oncogene. Although statins have been indicated 
to induce its transcriptional upregulation, several tumor types 
have deficient HMGCR feedback controls (39).

Caruso  et  al  (40) reported that HMGCR activity is 
significantly higher in neoplastic tissues compared with that 
in normal gastric mucosa (in primary gastric tumors), whereas 
no differences were observed between diffuse and intestinal 
subtypes. They also suggested that LDL receptor levels were 
lower in primary gastric neoplastic tissues, but only in the 
diffuse type. This may explain the present results with simvas‑
tatin, since Hs746T diffuse tumor cells were more sensitive to 
the inhibitor compared to the intestinal type, NCI‑N87 cells. 
However, the present study did not indicate a decrease in free 
cholesterol when both cell lines were treated with simvastatin, 
suggesting the triggering of a normal feedback that maintains 
cell cholesterol at normal levels.

In terms of treatment, it has been indicated that the statin 
concentration required to reach antitumoral therapeutic doses 
is 10 times higher than the doses utilized for the treatment of 
patients with hypercholesterolemia (41,42). The doses of statins 
(such as simvastatin) used to treat hypercholesterolemia are 
in the range of 10‑40 mg per day (43), or 0.2‑0.6 mg/kg/day. 
Doses of 1 mg/kg/day would give a serum level of ~0.1 µM, 
and therapeutic doses of 2‑4 µM are well tolerated in animal 
models (44). According to the present results, the IC50 of simv‑
astatin on Hs746T cells was 2.3 µM, which is consistent with 

the aforementioned in vivo tolerated range, whereas the IC50 on 
NCI‑N87 cells was much higher (142 µM).

In the presence of 10% FBS, mevalonolactone and 
GGPP (but not FPP) led to recovery of the cells from simv‑
astatin‑induced toxicity. This indicates that isoprenoids are 
the most important factor for maintaining cell proliferation 
when HMGCR is inhibited under these conditions. However, 
when the FBS concentration was lowered to 1%, FPP also 
led to the recovery from the cytotoxic effects, indicating that 
these cells require isoprenoids and cholesterol to proliferate 
normally. FPP is a downstream precursor metabolite for 
cholesterol and GGPP synthesis in the mevalonate pathway. 
Several proteins utilize FPP for farnesylation. However, to 
be converted into GGPP, FPP requires other metabolites that 
may not necessarily always be present in the cells (45). The 
differences in viability observed with FPP reposition at high 
and low levels of FBS suggest that FPP is being utilized to 
synthesize cholesterol.

Statins have been proposed as an option for the treatment 
of several tumor types (20,22,23). Based on the present results, 
simvastatin may be an alternative treatment for the diffuse 
subtype of gastric carcinoma, even though certain effects may 
be due to other pleiotropic activities of the drug (46).

The present study revealed that the cells exhibited 
resistance upon treatment with the squalene‑epoxidase 
inhibitor terbinafine, which affects the downstream second 
rate‑limiting enzyme of the mevalonate pathway (24), in the 
presence of 10% FBS. However, Hs746T cells have a higher 
sensitivity in the presence of 1% FBS, indicating that choles‑
terol also influences cell viability. Conversely, this does not 
appear to be the case for NCI‑N87 cells, which remained 
resistant to treatment.

The antifungal drug terbinafine has been proposed to be 
a potential agent for the treatment of several specific types 
of liver cancer (47). Terbinafine may also be an option for 
advanced gastric cancer treatment, although the high doses 
required may give rise to complications. In the present study, 
dark precipitates were observed in cells treated with terbin‑
afine, similar to the squalene deposits observed in a previous 
study  (47) and squalene‑induced toxicity also occurred in 
these cancer cells.

Upon testing the effects of simvastatin and terbinafine on 
cell migration, it was indicated that the statin significantly 
affected both cell types. A comparison between cell lines 
was not possible due to the different incubation times used 
for each cell line, which was due to differences in drug 
sensitivity and basal migration ability of these cells. A limi‑
tation of the present study was that FBS was not removed 
from the media, and sera may induce cell proliferation, but 
due to the poor migratory ability observed (especially for 
NCI‑N87), long time‑points had to be used in these experi‑
ments, making it difficult to remove the sera due to loss of 
viability. However, controls were also in the presence of 
10% FBS, which helped to correct for the potential effect 
induced by proliferation.

Terbinafine did not exert any significant effect on cell 
migration, suggesting that the effect of simvastatin may be 
due to the inhibition of protein prenylation. However, since 
the migration experiments were performed in the presence 
of 10% FBS, cholesterol may also have a role in the process. 
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Prenylated proteins such as Rho are associated with migra‑
tion and invasion of cancer cells (48). In addition, the role 
of HMGCR in gastric cancer cell migration has also been 
established (49).

Even when no normal gastric cells were used in the 
present study as a control, since they require specific nutrients 
and growth factors that may affect the interpretation of the 
data, the present study suggested that model cell lines repre‑
senting the two advanced gastric tumor subtypes (intestinal 
and diffuse) respond differently to potential anti‑neoplastic 
agents, including cholesterol and the isoprenoid‑lowering 
drugs simvastatin and terbinafine. Preliminary results from 
our group on primary gastric tumor cells indicated a similar 
level of sensitivity to simvastatin as Hs746T cells (data not 
shown).

Another limitation of the present study is that only one cell 
line from each histological subtype of the tumor was tested; 
however, these are probably some of the best characterized 
gastric cancer cells commercially available and they have 
been widely used as a model of these subtypes of metastatic 
tumors (50,51). They also have interesting features regarding 
the overexpression of two genes that are associated with tumor 
resistance, c‑Met (Hs746T) and HER2 (NCI‑N87). Even 
though the cell signaling pathways associated with these onco‑
genes were not characterized in the present study, this may be 
worth exploring in the future.

The present study provided possible novel therapeutic 
alternatives for advanced gastric cancer, alone or in combi‑
nation with other drugs. The results also established that 
different drug treatment protocols should be provided for these 
two subtypes of gastric tumor, mainly in the advanced stages 
and in the presence of metastases. These two types of gastric 
tumors are different molecular entities at the genotypical and 
phenotypical level, and exhibit resistance to certain drugs and 
treatments. This may be due to their specific genetic alterations 
and levels of differentiation associated with epithelial‑mesen‑
chymal transition events. Hence, this should be taken into 
consideration during the selection of more appropriate and 
effective therapeutic options.
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