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Abstract 
In this study, we lowered the expression of HDAC2 protein, to evaluate the effects of 
simvastatin on the biochemical pathways involved in inflammatory and metastatic 
response. The model used is the non-small cell lung cancer line (GLC-82). Trypan 
blue staining for assessing vital cell number to be seed and MTT assay was used as 
cell proliferation test. Lentivus for HDAC2 was used to silence its mRNA. Western 
blotting analysis was used for protein extracts, and ELISA was done on culture media 
for cytokines (IL-6, IL-8 and TNF-alpha) release. Hydrogen peroxide (H2O2) was 
used to induce oxidative stress. Our results have shown that Lentivirus containing 
the shHDAC2 in GLC-82 cells was able to reduce protein expression of HDAC2. In 
the GLCshHDAC2 cell line obtained, H2O2 induced a significant increase in cyto-
kines release and ERK1/2 phosphorylation (P < 0.01); a significant decrease of RECK 
activation (P < 0.01); a significant increased activation (P < 0.01) of both MMP-2 and 
MMP-9 and an increased activation of NF-κB, MyD88, TRAF-6, TRADD, TRAF-2. 
In GLCshHDAC2 cell, the treatment with simvastatin (30 µM), significantly affected 
all the biochemical markers examinated (P < 0.01). In conclusion, from our report 
emerge, that simvastatin is able per se to inhibit oxidative stress in lung cancer cells, 
overcoming HDAC2 expression. 
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1. Introduction 

There are two major types of lung cancer: Small Cell Lung Cancer (SCLC) and Non- 
Small Cell Lung Cancer (NSCLC). This latter type of lung cancer has an incidence of 
about 85% worldwide [1]. The multifactorial nature of NSCLC did not give yet a clear 
understanding of the molecular mechanisms, involved in its development [2]. It has 
been recognized that histone deacetylases (HDACs) play an important role in bron-
choconstriction, airway inflammation and cancer development [3] [4]. In fact, recently 
HDACs inhibitors are used in clinical trials in many types of cancer. The biochemical 
feature of HDACs enzymes is removal acetyl groups from N-acetyl lysine amino acid 
proteins residue. Those enzymes have been also reported to play a role in both inflam-
mation and metastasis modulating NF-κB and matrix metalloprotinases (MMPs) 
pathways [5] [6] [7]. In particular, NF-κB activated by tumour necrosis factor-alpha 
(TNF-α) induces the activation of inflammatory proteins, e.g. myeloid differentiation 
(MyD) marker MyD88, as well as the secretion of several cytokines (e.g. TNF, Inter-
leukin-1 (IL-1), IL-6, IL-8, and chemokines) [8]. On the other hand, TNF-α activates 
TRADD and TRAF-2 [9] beside the “signalosome” complex recruiting IKK [10], 
transducing signals that activate NF-κB for tumor survival [11]. Survival cell tumor is 
the prelude of metastatic process and in this concern, the matrix metalloproteinase 
(MMP) 2 and 9 are involved in extracellular matrix degradation [12] [13] [14]. This 
leads to consequent neo-angiogenesis, vascular invasion and metastatic potential that 
characterize malignant tumors [15] [16] [17]. In many cancers, high levels of MMP-9 
are associated with reversion-inducing cysteine rich protein with Kazal motifs (RECK) 
protein down-regulation [7] and recently Xu and coworkers [18], documented that in 
hepatoblastoma and neuroblastoma tissues, RECK inhibits the tumor invasion and me-
tastasis through negative regulation of MMPs. In addition, it has been reported that 
Reactive Oxygen Species (ROS) may interfere with signal transduction pathways regu-
lating the functions of NF-κB [19] and are also able to decrease the HDAC2 activity 
[20]. Even if the effects of statins in cancer models have been investigated [21]-[28], to 
date no investigations documented the effects of statins in presence of HDAC2 down-
regulation. In this paper, we evaluated the effects of simvastatin on molecular pathways 
involved in inflammatory and metastatic pathway in non-small cell lung cancer line 
GLC-82, tranfected with shHDAC2 herein indicated as GLCshHDAC2 under oxidative 
stress condition. 

2. Materials and Methods  
2.1. Cell Transfections 

The GLC-82 cells, grown to 70% of confluency on 60 mm tissue culture dishes (Falcon, 
Becton-Dickinson, Lincoln Park, NJ, USA), were transfected using the Calcium phos-
phate precipitation method employing a plasmid DNA mixture including 10 µg of 
plasmid pCMV-delta R8.9, 2 µg of plasmid p-VSV-G, 10 µg of mission shRNA plasmid 
shHDAC2, (Sigma-Aldrich St. Louis USA). In the mixture, an equal volume of 2x HBS 
(280 mm NaCl, 10 mM KCl, 1.5 mm Na2HPO4, 12 mM dextrose, 50 mM Hepes) pH 7.4 
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was added. After 20 min at room temperature the solution was added dropwise to the 
GLC-82 plate. The plates were incubated at 37˚C overnight. This was performed to 
generate GLCshHDAC2 cell line. The efficiency of transfection was estimated by fluo-
rescence microscopy, controlling the transfection in a plate cloned with a p-GFP 
(Green Fluorescent Protein) control. At 24 h after transfection, the cells were main-
tained in a minimum volume of RPMI-3% FBS in order to concentrate a viral titer. 

2.2. Lentiviral Transduction  

Supernatants harvested 48 and 72 h post-transfection were filtered (0.45 µm What-
man), and stored at −80˚C until use. GLC-82 cells were plated on six-well plates (Fal-
con, Becton-Dickinson, Lincoln Park, NJ, USA) with 2 × 105 cell/well, 12 h before in-
fection. Subsequently 2 ml of lentivirus supernatant containing 6 μg/ml polybrene 
(Sigma St. Louis USA) were added to the cells and were submitted to “Spinoculation”, 
centrifuged at 1800 rpm for 40 minutes at a temperature of 32˚C, after 6 h of incuba-
tion cells were infected with a second inoculum of lentivirus supernatant at 37˚C over 
night. The efficiency of the infection was estimated treating the cells with puromycin (2 
µg/ml) (Bio-Australis Smithfield Australia), and by western blotting analysis using an-
tibodies against the silenced proteins (see results). In another set of experiments, an 
empty lentivirus infection was used to evaluate the role of infection in the cell prolifera-
tion as well as in the pathway transduction. Data obtained from this experiment were 
evaluated respect to the data obtained using the control GLC-82 wild type not treated 
cells.  

2.3. Culture and Treatment of Human Lung Cancer Cells  

GLCshHDAC2 cell line, was cultured in RPMI 1640 MEDIUM (Sigma St. Louis U.S.A.) 
supplemented with 10% FBS, penicillin 100 U/ml, streptomycin 100 μg/ml, and fungi-
zone 25 μg/ml (Sigma St. Louis U.S.A.). Lung cancer cells were maintained at 37˚C in a 
humidified 5% CO2 atmosphere then were split 1:2 at confluence, usually weekly, and 
finally they were plated in a 100-mm polystyrene dishes (Falcon, Becton-Dickinson, 
Lincoln Park, NJ, USA). In all experiments, we used cell lines at a passage earlier than 
the 10th. Simvastatin (40 mg) was dissolved in 2 mL of di-methyl-sulfoxide (DMSO, 
100%) and brought to a final volume of 10 mL in the free culture medium (stock solu-
tion, 0.1 M). This stock solution was diluted 1:10 (final solution, 0.01 M) and stored at 
−20˚C. During our study, 30 µL of the final solution (30 μM) were added to each plate. 
When GLCshHDAC2 cells were a 50% of confluence, they were exposed to hydrogen 
peroxide (0.5 mM) (Sigma St. Louis U.S.A) for 2 h and then treated with 30 μM sim-
vastatin for 24 h. The medium was not changed after treatment. The solvent employed 
to dissolve these drugs was used as a control. After that period, the medium was re-
moved for TNF-α, IL-6 and IL-8 evaluation (see later) and cells were processed for 
protein extraction and immunoblotting. 

2.4. Cell Viability and Proliferation 

Cell viability was assessed by light microscopy using trypan blue; cell numbers were 
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evaluated by direct counting, performed using a Burker chamber. Cell proliferation was 
investigated by Methylthiazolyldiphenyl-tetrazolium (MTT) bromide assay, based on 
the conversion by mitochondrial dehydrogenases of the substrate containing a tetrazo-
lium ring into blue formazan, detectable spectrophotometrically. The level of blue for-
mazan was used as an indirect index of cell density (Mosmann, 1983). Briefly, cells (100 
μl/well) were seeded at a density of 1 × 104 cells/ml into 96 well plates (Falcon, Bec-
ton-Dickinson, Lincoln Park, NJ, USA). Before and after treatment with H2O2 and 
Simvastatin, cell viability was assessed on a daily basis by adding 10 μl of filter sterilised 
MTT (Sigma-aldrich Saint Louis U.S.A), 5 mg/ml in PBS, for 2 hours at 37˚C. The me-
dium was then removed and cells were solubilized with acidified isopropanol (Sigma- 
aldrich Saint Louis U.S.A). After complete solubilization, presence of blue formazan 
was evaluated spectrophotometrically at a wavelength of 490 and 655 nm. The optical 
density (O.D.) was calculated as the difference between the absorbance at the reference 
wavelength and that at the test wavelength. Percent viability was calculated as (O.D. of 
drug-treated sample/control O.D.) ×100. All experiments were carried out in quadrup-
licate. 

2.5. Cell Cycle Determination 

After treatment with hydrogen peroxide (0.5 mM) and simvastatin (30 μM), cells were 
centrifuged at 1000 rpm for 5 min, the supernatant was withdrawn and the cell pellet 
washed two times with 2 mL of the PBS. Cells were fixed by incubation with 1 mL of 
70% ethanol for 1 h at −20˚C. After several washes the cells were then resuspended in 1 
mL of staining solution (Propidium Iodide 500 µg/ml, RNAsi 50 µg/ml, NP40 0.1%) 
and incubated in the dark for 1 h at 37˚C. Subsequently the cells were washed three 
times with 2 mL of 1× PBS solution and analyzed through FACScan (Becton Dickinson, 
San Jose, CA) flow cytometer. 

2.6. Protein Extraction and Immunoblot Analysis 

Following treatment, cells were lysed for Western blotting in radioimmuno precipita-
tion assay (RIPA) buffer, as previously described [29]. Nuclear extracts were obtained 
using the NE-PER cell fractionation kit (Thermo Scientific, Rockford, IL, USA). Briefly, 
whole cell lysates or nuclear proteins were then separated on a 12.5% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyviny-
lidene difluoride (PVDF) membranes (Amersham Pharmacia, Little Chalfont, UK). 
Immunoblotting was performed using the monoclonal antibodies listed below. Anti-
body binding was visualized by enhanced chemiluminescence (ECL-Plus; Amersham 
Pharmacia); intensities of experimental bands were analyzed by computer-assisted den-
sitometry and expressed as arbitrary units, as previously described [30]. These experi-
ments were performed in triplicate. All primary antibodies were used in a 1:1000 dilu-
tion in 5% milk/TBS-T unless indicated otherwise. Primary antibody was incubated 
overnight at 4˚C on a rotating wheel. The primary antibodies used were: Anti-p-Erk, 
Anti-NFkB p65, Anti-TRADD, Anti-MyD88, Anti-TRAF6, Anti-TRAF2, Anti-RECK, 
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Anti-MMP-9, Anti-MMP-2, Anti-HDAC2, Anti-Ƴ-Tubulin, Anti-Actin (Santacruz, 
USA). All secondary antibodies were used in a 1:2000 dilution in 5% milk/TBS-T and 
incubated with the blot for 2 h at room temperature. The secondary antibodies used 
were: Goat anti-mouse IgG-HRP conjugated, Goat anti-rabbit IgG-HRP conjugated, 
Donkey anti-goat IgG-HRP conjugated (Santacruz, USA). 

2.7. Enzyme-Linked Immunoabsorbent Assay (ELISA) Assay  

The amount of TNF-α, IL-6 and IL-8 released in the supernatant of treated cells was 
determined by an ELISA assay (Quantikine, R & D system) according to the manufac-
turer instructions. 

2.8. Statistical Analysis 

All data are expressed as mean ± SEM. Statistical evaluation of the results was per-
formed by Anova. Differences identified by Anova were pointed by unpaired Student’s 
t-test. The threshold of statistical significance was set at P < 0.05. 

3. Results 
3.1. Determining the GLCshHDAC2 Cells Line 

Figure 1(a) lane 1 shows the expression of HDA2 in GLC-82 cells (wild type) by west-
ern blotting analysis. In Figure 1(a) lane 2 after infection with lentivirus containing the 
shHDAC2, is highlighted a decreasing in HDCA2 level. The densitometric analysis of 
the targets in A (Figure 1(b)) demonstrates that almost the 70% of HDA2 result de-
creased.  

3.2. Proliferation of GLCshHDAC2 Cells Line  

MTT assay in GLCshHDAC2 cells, show that H2O2 pretreatment induced proliferation  
 

 
Figure 1. Inhibition of histone deacetylase proteins. (a) Expression of HDAC2 protein in GLC 
wild-type and in cells infected with a lentiviral vector containing a shRNA against histone deace-
tylase of type 2 evaluated through western blotting in GLC cells. (b) Densitometry analysis of 
targets in A. 
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(of about 30% more) of those cells respect to the control without H2O2 pretreatment 
(Figure 2(a)). Further 24 hours simvastatin treatment significantly decreased (P < 0.01) 
the cells count prominently in respect to H2O2 pretreatment (Figure 2(b)).  

3.3. Cell Cycle Comparison between GLC-82 and GLCshHDAC2  

As shown in Table 1, in GLCshHDAC2 cells G0/G1 phase increase, while decrease S 
and G2/M-phases respect to GLC-82 wild type. In both cells line simvastatin (30 µM) 
induced a significant increase in G0/G1 phase, and a decrease in S and G2/M-phase re-
spect to control cells (P < 0.01). In contrast, H2O2 (0.5 mM) induced a significant de-
crease of G0/G1 and a significant increase in S and G2/M phase (P < 0.01) compared to 
controls; these effects were significantly reverted by simvastatin treatment (P < 0.01).  

3.4. Activation of Biochemical Signaling Pathway in GLCshHDAC2 

As shown in Figure 3 in the GLCshHDAC2 cell line, the pretreatment with H2O2 fol-
lowed by simvastatin action induced a significant increase in a) ERK1/2 phosphorylation  
 

 
Figure 2. Simvastatin modify both cell growth and the effect of H2O2 on cell proliferation. Effects 
of hydrogen peroxide (H2O2) in presence or absence of a 24 hours of simvastatin treatment (30 
µM) on GLC-82/shHDAC2 inhibited cell counts, expressed as absorbance. *P < 0.01 simvastatin 
vs control; #P < 0.01 H2O2 + simvastatin vs. H2O2. 
 
Table 1. Cell cycle phases evaluation in presence or in absence of H2O2 or H2O2 + Simvastatin. 

Cellular cycle phases %G0/G1 %S %G2/M 

GLC-82 wild type 

Control 35.8 ± 0.8 32.2 ± 0.7 32.0 ± 0.5 

Simvastatin (30 µM) 61.4 ± 0.5 22.2 ± 0.6 16.4 ± 0.4 

H2O2 (0.5 mM) 21.0 ± 0.6 39.7 ± 0.3 39.3 ± 0.7 

H2O2 (0.5 mM) + simvastatin (30 µM) 55.2 ± 0.3 28.3 ± 0.2 16.5 ± 0.3 

GLCshHDAC2 

Control 58.1 ± 1.1 27.3 ± 0.7 14.6 ± 0.4 

Simvastatin (30 µM) 76.0 ± 0.2 11.6 ± 0.8 12.4 ± 0.4 

H2O2 (0.5 mM) 28.4 ± 0.4 39.5 ± 0.3 32.1 ± 0.3 

H2O2 (0.5 mM) + simvastatin (30 µM) 65.2 ± 0.8 17.6 ± 0.5 17.2 ± 0.7 
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Figure 3. Activation of biochemical signaling pathway in GLCshHDAC2. Densitometry graph of 
western blot evaluation in GLCshHDAC2 cells of (a) phosphorylated ERK 1/2 (p-ERKs) expres-
sion following or not H2O2 pretreatment (lane 1 and 3), and in the presence or absence of sim-
vastatin for 24 hours (lane 2 and 4). In (b) RECK (c) MMP-2 and (d) MMP-9 expression in the 
same condition described above. Data represent the mean ± SEM of three experiments. *P < 0.01 
vs control; #P < 0.01 vs. H2O. 
 
pretreatment. Followed by a significant decrease of b) RECK expression (P < 0.01) a 
significant increase (P < 0.01) of both c) MMP-2 and d) MMP-9 expression (Figure 
3(c) and Figure 3(d)). Data represent the mean ± SEM of three independent experi-
ments (lane 2 and 4). *P < 0.01 vs. control; #P < 0.01 vs. H2O2 (lane 1 and 3). In Figure 
4, under the same condition decribed above, it show an increase of a) NF-κB expres-
sion, b) MyD88, c) TRAF-6, d) TRADD and e) TRAF-2 (lane 2 and 4). All of these ef-
fects were significantly (P < 0.01) reverted by simvastatin (30 µM) treatment.  

3.5. TNF-α, IL-6 and IL-8 Secretion by GLCshHDAC2 Cell Line 

ELISA assay in GLCshHDAC2 cells under H2O2 (0.5 mM) show a significantly increase 
(P < 0.01) of TNF-α, IL-6 and IL-8 secretion in cell surnatant media, these effects were  
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Figure 4. Activation of biochemical signaling pathway in GLCshHDAC2. Densitometry graph of 
western blot evaluation in GLCshHDAC2 cells of (a) Nuclear factor-κB (NF-κB) expression fol-
lowing or not H2O2 pretreatment (lane 1 and 3), and in the presence or absence of simvastatin for 
24 hours (lane 2 and 4). In (b) MyD88, (c) TRADD, TRAF-2 and 6 in (d) and (e) expression in 
the same condition described above. Data represent the mean ± SEM of three experiments. *P < 
0.01 vs. control; #P < 0.01 vs. H2O2. 
 
significantly countered (P < 0.01) by a 24 h treatment with simvastatin (30 µM) 
(Figures 5(a)-(c)). 

4. Discussion 

The first important finding of our study is that the effect of simvastatin overcomes his-
tone deacetylase type 2 enzymes (HDAC2) expression in non-small cell lung cancer es-
tablished by lentivirus transfection and herein indicated as GLCshHDAC2. Up today 
the mechanism of action of statins, including simvastatin, on cancer pathways was as-
cribed to the inhibition of this class of enzymes. HDACs play a role in both inflamma-
tion [31] [32] and metastasis [33]. The HDAC2 isoform has been documented overex-
pressed in oral tumors suggesting a correlation with poor prognosis [34]. Bolden et al.  
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Figure 5. TNF-α IL-6 and IL-8 secretion by GLCshHDAC2 
cell line. ELISA assay in GLCshHDAC2 cells of (a) Tumor 
Necrosis Factor-α (TNF-α) secretion following or not H2O2 

pretreatment, and in the presence or absence of simvastatin 
for 24 hours. In (b) IL-8, (c) IL-6. Data represent the mean 
± SEM of three experiments. *P < 0.01 vs. control; #P < 
0.01 vs. H2O2. 

 
on the basis of a detailed literature review, highlighted that HDAC inhibitors can in-
duce anticancer effects, tumor cell apoptosis, cell cycle arrest, differentiation, senes-
cence, modulation of immune responses, and altered angiogenesis [35]. Previously it 
has been reported that statins are potent inhibitor of HDACs [36] supporting their role 
in cancer treatment [37]. In agreement, it has been demonstrated that statins may have 
a cytostatic effect on cancer cells, and can extend cancer patients survival [38]. Cardwell 
and coworkers [39], evaluating 3638 lung cancer patients, documented that simvastatin 
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use was associated with reduced lung cancer mortality. These effects seem to be related 
with anti-oxidant, anti-inflammatory and anti-angiogenic effects of statins [40] and 
could explain the statin’s effects on several pathways related to lung cancer [21] [22] 
[23]. Conversely, studying five head and neck cancer cell lines, it was shown that si-
lencing HDAC2 expression resulted in initiation of tumors growth, suggesting a role of 
HDAC2 in cancer development [41]. In this light, we evaluated the effects of simvasta-
tin on GLCshHDAC2 cells here. HDAC2 expression is strongly reduced by lentiviral 
transfection (Figure 1(a) and Figure 1(b)). We exposed this cell line to hydrogen pe-
roxide (H2O2) and we focused our attention on several biochemical pathways triggered 
by oxidative stress. We documented that in GLCshHDAC2, the cell viability evaluated 
by MTT assay, was significant impaired respect to the control group. Moreover, the cell 
line GLCshHDAC2 was more sensitive to decreasing cell viability under simvastatin 
treatment in presence of oxidative stress induction by H2O2. To evaluate whether down 
regulated HDAC2 expression may modulate the cell cycle progression, we used flow 
cytometry analysis, in order to see changes in cell cycle distribution before and after 
HDAC2 shRNA transfection. We documented cell cycle arrest in G0/G1 phase and a 
decrease of S-phase in GLCshHDAC2. The pretreatment with H2O2, caused an increase 
in cell proliferation in both GLC-82 wild type and GLCshHDAC2 cells, respect to the 
control levels. These effects were significantly reduced by simvastatin, particularly in 
GLCshHDAC2 cells, suggesting a mechanism of action of simvastatin that goes beyond 
the only inhibitory HDACs activity. Taken together, these results suggest that HDAC2 
down-regulation, as well as simvastatin treatment modulates the cell cycle in both wild 
type and in GLCshHDAC2 cell lines.  

Liu et al. showed that in CL-1 human lung cells [42], the HDAC inhibitor trichosta-
tin1 stimulates RECK expression and concomitantly reduces MMP-2 activity and con-
sequently cancer cell invasion. Consistently with these results, in ovarian carcinoma 
cells, Chen et al. [43] found that the HDAC inhibitor suberoylanilide hydroxamic acid, 
decreases the phosphorylation of ERK1/2 and the expression MMP-9, respectively in-
volved in cell proliferation and metastasis. Here we report that the pharmacological ac-
tion of simvastatin is explicated on the diminishing of the post-translation modification 
of ERK1/2. Less phosphorylation of the ERK1/2 denotes a delay in proliferation even in 
presence of oxidative stress, confirmed by cell cycle investigation through flow cytome-
try analysis. In this concern, simvastation in cell line, GLC-82 wild type and GLCsh- 
HDAC2 induced a significant decrease in S phase. Further, simvastatin in GLCsh- 
HDAC2, increased the expression of RECK, while decreased the expression of both 
MMP-2 and MMP-9.  

The above-mentioned biochemical signaling pathways converge towards NF-κB ac-
tivation that in turns, is able to induce also an increased secretion of proinflammatory 
cytokines [21] [22]. The recruitment of MyD88 is able to activate NF-κB. Here MyD88 
is downregulated under simvastatin treatment. Since, NF-κB regulates the transcription 
of genes related to proteins synthesis, including pro-inflammatory cytokines such as 
IL-8, IL-6, TNF-alpha, IL-12 and macrophage inflammatory protein (MIP-1/2) [21] 
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[22] [44], we analyzed NF-κB expression resulted, as expected decreased and the cyto-
kines secretion. In particular TNFα, able to activate TRADD and TRAF-2 (Srivastava, 
Qin et al. 2007) resulted diminished. Moreover, simvastain was able to downregulate 
TRADD expression and both TRAF-2 and 6 in absence or not of oxidative stress stim-
uli and the level of IL-8 and 6. Yang et al. [5], reported that NF-κB-mediates lung in-
flammation, associated with modifications of HDAC2 expression induced by the oxida-
tive stress stimulus of cigarette smoke. Therefore, HDAC2 expression and activity im-
pairment trigger inflammatory pathways and reduce the therapeutic responses to cor-
ticosteroids [45]. In contrast in the present paper, the effects recorded in GLCsh- 
HDAC2 cells after H2O2 exposition, were reverted by simvastatin treatment suggesting 
that its effect overcame HDAC2 expression. 
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