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6. 

 

Abstract 

Glioblastoma is among the most aggressive brain tumors and has an exceedingly poor prognosis. Recently, 

the importance of the tumor microenvironment in glioblastoma cell growth and progression has been 

emphasized. Toll-like receptor 4 (TLR4) recognizes bacterial lipopolysaccharide (LPS) and endogenous ligands 

originating from dying cells or the extracellular matrix involved in host defense and in inflammation. G-

protein coupled receptors (GPCRs) have gained interest in anti-tumor drug discovery due to the role that 

they directly or indirectly play by transactivating other receptors, causing cell migration and proliferation. A 

proteomic analysis showed that the nociceptin receptor (NOPr) is among the GPCRs significantly expressed 

in glioblastoma cells, including U87 cells. We describe a novel role of the peptide nociceptin (N/OFQ), the 

endogenous ligand of the NOPr that counteracts cell migration, proliferation and increase in IL-1 mRNA 

elicited by LPS via TLR4 in U87 glioblastoma cells. Signaling pathways through which N/OFQ inhibits LPS-

mediated cell migration and elevation of [Ca2+]i require -arrestin 2 and are sensitive to TNFR-associated 

factor 6, c-Src and protein kinase C (PKC). LPS-induced cell proliferation and increase in IL-1 mRNA are 

counteracted by N/OFQ via -arrestin 2, PKC and extracellular signal-regulated kinase 1/2; furthermore, the 

contributions of the transcription factors NF-kB and AP-1 were investigated. Independent of LPS, N/OFQ 

induces a significant increase in cell apoptosis. Contrary to what observed in other cell models, a prolonged 

exposure to this endotoxin did no promote any tolerance of the cellular effects above described, including 
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NOPr down-regulation whilst N/OFQ loses its inhibitory role. 
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1.  Introduction 

 

Glioblastoma is the highest grade of glioma and is among the most aggressive, angiogenic and invasive 

brain tumors with an exceedingly poor prognosis [1]. Glioblastomas are histologically heterogeneous, 

containing cancerous cells mostly derived from astrocytes and oligodendrocytes [2]. Current treatments 

include surgery followed by radiotherapy and chemotherapy; however, these treatments frequently fail, and 

relapses are observed in the majority of patients [3].  

Several genetic alterations contribute to the activation of survival signaling pathways and confer 

resistance to apoptosis and therapy [4]. Recent studies have emphasized the importance of the tumor 

microenvironment in glioblastoma cell growth and progression [5] and the contribution of inflammatory 

mediators [6]. Mounting evidence supports that chronic inflammation, which activates cytokines such as 

interleukin 1 (IL-1), is a crucial event in carcinogenesis and tumor progression [7, 8]. Inflammatory 

mediators act via intracellular signaling cascades, which regulate hubs of transcriptional pathways that 

contribute to the survival and rapid growth of malignant cells, with the number of inflammatory stimuli far 

exceeding the limited list of transcription factors that they activate [9]. Therefore, inhibiting transcription 

factors that act at the intersection of several deregulated signaling pathways should hold the promise of a 

better understanding of cancer progression [10]. Among them, nuclear factor (NF)-B and activator protein 

1 (AP-1) are critical regulators of inflammation and cancer. NF-B has been found to be constitutively 
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activated in human glioblastomas [10], where it regulates the transcription of more than 200 dependent 

genes, including cell survival genes, pro-inflammatory cytokines, chemokines and growth factors that 

contribute to cell proliferation and to counteracting cell apoptosis. Most receptors, such as interleukin-1 

receptor, Toll-like receptors (TLRs) and T-cell receptors, activate the NF-B [11] and AP-1 pathways [12]. 

TLRs are membrane-bound pattern-recognition receptors that sense a variety of microbial-

specific motifs named pathogen-associated molecular patterns (PAMPs) to trigger an innate immune 

response and also recognize damage-associated molecular patterns (DAMPs) released from dying 

and injured cells, which play a fundamental role in host defense and inflammation [13]. TLR 

activation by DAMPs initiates rounds of tissue damage and inflammation, leading to chronic 

inflammation associated with cancer and other diseases. Furthermore, necrotic cells, occurring in 

cancer, passively release a variety of DAMPs such as high mobility group box 1 (HMGB1) [14]. 

TLR 4 recognizes bacterial lipopolysaccharide (LPS) and several endogenous DAMPs [14] that 

trigger the activation of complex, cell-dependent molecular reactions mediated by an increase in 

[Ca2+]i and the sequential activation of several signaling pathways, including phospholipase C, c-Src 

kinase, protein kinase C (PKC) and mitogen-activated protein kinases (MAPKs), c-Jun N-terminal 

kinase (JNK), extracellular signal-regulated kinase 1/2 (ERK 1/2) and p38 MAPK, which may lead 

to AP-1 and NF-B activation, mediating cell proliferation and motility [15].  

TNFR-associated factor 6 (TRAF6) is a key adaptor of TLR4 downstream signaling [16]. It has 

been proposed that G-protein coupled receptor (GPCR) regulator -arrestin 2 may act as negative 

regulator of TLR signaling by associating to TRAF6 and preventing signal transduction [17]. 

Calcium plays a key role in intracellular signaling and regulates several tumor cell processes [18]; 

interestingly, low-voltage activated T-type channels are overexpressed in glioblastoma cells, where they 

contribute to controlling the proliferation and migration of tumor cells and to modulating signaling pathways 
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linked to anti-apoptotic functions [19].  

Overwhelming evidence now implicates G-protein coupled receptors (GPCRs), G proteins and their 

downstream signaling targets in cancer initiation and progression, where they can influence aberrant cell 

growth and survival and contribute to the establishment and maintenance of a permissive tumor 

microenvironment [20]. 

Friesen et al. [21] have reported that glioblastoma cells express mu-opioid receptors, members of the 

GPCR superfamily, which, by reducing cAMP, sensitize chemo- and radio-resistant glioblastoma cells for 

doxorubicin-induced apoptosis.  

A recent proteomic analysis of GPCRs expressed in glioblastoma cells has shown that the nociceptin 

receptor (NOPr, also known as ORL1, opioid receptor-like 1) is among the GPCRs significantly expressed in 

glioblastoma cells, including U87 cells [22]. 

The role played by NOPr has been poorly explored in glioblastoma proliferation and signaling. The 

endogenous ligand nociceptin, also known as orphanin FQ (N/OFQ), is a heptadecapeptide that shares 

sequence homology with the opioid peptide dynorphin but displays a very low potency in binding to the 

classical opioid receptors and has a distinct pharmacological profile [23, 24]. The binding of N/OFQ to NOPr 

influences glial cell functions and may counteract the production of proinflammatory cellular events [25] 

whereas it is up regulated by inflammatory mediators in astrocytes [26]. 

In this study, we characterized the inhibitory effects of N/OFQ via NOPr on TLR4-induced cell migration, 

proliferation, increase of [Ca2+]i and IL-1 gene expression in U87 human glioblastoma cells. Signaling 

pathways through which N/OFQ inhibits LPS-mediated cell migration, elevation of [Ca2+]i and cell proliferation 

are sensitive to -arrestin 2 and TRAF6 and require c-Src and PKC kinases. Increase in IL-1 mRNA induced by 

LPS is counteracted by N/OFQ via -arrestin 2, PKC and ERK 1/2; furthermore, the contribution of 

transcription factors NF-kB and AP-1 was investigated. Independent of LPS, N/OFQ induces a significant 
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increase in cell apoptosis.  

Prolonged activation of TLR4 by LPS may induce a state of tolerance that reprograms cellular responses 

to prevent an overstimulation by endotoxins [27]. Conversely, in U87 glioblastoma cells a prolonged exposure 

to LPS does not cause any apparent tolerance, as this agent still promotes cell migration and proliferation 

and elevates IL-1 mRNA whereas down-regulates NOPr expression; thus, N/OFQ loses its inhibitory role on 

LPS-mediated cellular functions mentioned above. 

 

2.  Materials and Methods 

 

2.1 Cell culture, reagents and antibodies 

Human glioblastoma U87 cells were obtained from American Type Culture Collection (Rockville, MD, 

USA). Cells were grown in minimal essential medium (Lonza Group Ltd, Basel, Switzerland) supplemented 

with 2 mM L-Glutamine (Lonza), 1x non-essential aminoacids (Life Technologies, Monza, Italy) and 1x 

antibiotic-antimycotic solution (Life Technologies) (defined cell culture medium), containing 10 % fetal 

bovine serum (Life Technologies) and cultured at 37°C in a humidified atmosphere of 5% CO2. Cells from 

passages 10 to 20 were used. LPS from E. coli (0111:B4), Actinomycin D, GF109203X, Gö6976, PD98059, 

LY294002, SB203580, pertussis toxin from Bordetella pertussis (PTX)   and PP2 were purchased from Sigma-

Aldrich (Milan, Italy) and dissolved in dimethylsulphoxide (DMSO); the final concentration of DMSO was less 

than 0.1% and did not cause any significant effect on the activities tested in this study (data not shown). 

N/OFQ, [NPhe1]N/OFQ(1-13)NH2 NNC 55-0396 were from Tocris (Bristol, United Kingdom) and dissolved in 

cell culture medium (vehicle). Nifedipine (Tocris) was dissolved in ethanol (final concentration was 0.1%). 

Small interfering RNA (siRNA) for human TLR4, TRAF6 and -arrestin 2 or negative control siRNA (ctrsiRNA) 
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were Silencer select pre-designed and validated siRNA obtained from Thermo Fisher Scientific (Walthman. 

Ma, USA). U87 cells were transfected with siRNA or ctrsiRNA (50 nM) by using Lipofectamine RNAiMAX 

(Thermo Fisher Scientific) according to the manufacturer’s protocol and treatments were started 48 h later. 

The transfection efficiency of each duplex siRNA was confirmed by using Block-IT™ fluorescent oligo (Thermo 

Fisher Scientific).  About 80-90% of cells were transfected as confirmed by flow cytometry (data not shown). 

Decoy oligonucleotides were purchased from Life Technologies. Anti phospho-ERK1/2, total ERK1/2, and anti 

phospho-PKC (pan) (βII Ser660) (diluted 1:1000 were from Cell Signaling Technologies (EuroClone, Pero, 

Italy). Anti  actin (diluted 1:5000) was from Abcam (Cambridge, United Kingdom) and anti human TRAF6 (1 

g/ml) was from E&D Systems (Minneapolis, MN, USA).  Immunoreactive (ir)-N/OFQ was assayed employing 

a radioimmunoassay (RIA) kit obtained from Phoenix Pharmaceuticals, Inc. (Burlingame, CA, USA). All other 

reagents were of analytical grade, or of the highest purity available, purchased from Sigma-Aldrich. 

 

2.2  Wound healing assay 

U87 cells were seeded in 60 mm-dishes until they reached 90% confluence. The monolayer of cells was 

wounded by manually scratching the surface with a sterile 200-μL pipette tip to create three definite 

scratches. The cells were gently rinsed twice with phosphate-buffered saline (PBS) to remove non-adherent 

cells; serum-free cell culture medium with indicated treatments was added for 18 h. Images were acquired 

using an inverted phase-contrast microscope (Nikon; 5× objective) equipped with a Nikon digital camera. Six 

images per treatment were measured and analyzed by TScratch program [28], a software tool for automated 

analysis of wound healing assays, comparing open area at 18 hours to that at 0 hours. The migration of cells 

toward the wounds, reflecting the degree of migration or wound healing, was expressed as percentage of 

cell migration calculated as follows: cell migration (%) = [(At 0h – At 18h)/At 0h] × 100, where, At 0h is the area of 

wound measured immediately after scratching, and At 18h is the area of wound measured 18 h after 
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scratching. 

 

2.3.  Cell proliferation assay 

Cell proliferation assay was carried out as previously described [29]. U87 cells were plated on 12-well 

plate and treated for 24 h and treated as described in the results section or maintained in cell culture medium 

containing 10% fetal bovine serum. 5 h before the end of the treatments, [methyl-3H] Thymidine (Perkin 

Elmer, Milan, Italy)  (50 nM final concentration) was added to serum-free cell culture medium and the plate 

was incubated at 37°C. Thereafter, medium was removed and cells were washed twice with PBS. 200 l of 

PBS were added to each well, the cells were scraped off and centrifuged at 13,000 g for 3 min at 4°C; 

supernatants were then discarded, pellets re-suspended in 500 l of cold trichloroacetic acid (10% w/v), 

incubated on ice for 20 min and centrifuged at 13,000 g for 3 min at 4°C. The obtained supernatant was then 

discarded, pellet suspended in 500 l of cold methanol and centrifuged at 3 min for 13,000 g at 4°C. After 

that, the pellet was suspended in 200 l of NaOH 1N and heated at 55°C for 10 min. Samples were then 

neutralized with 200 l of HCl 1N and 350 l of the labeled DNA incubated in counting vials with 4 ml of Filter 

Count scintillation liquid (Perkin Elmer Italia). Vials were vortexed and incubated overnight at room 

temperature and the radioactivity was determined by liquid scintillation spectrometry.  

 

2.4.  Total RNA preparation and real-time RT-PCR analysis 

U87 cells were maintained in cell culture medium containing 10% fetal bovine serum, and, after 

treatments, were collected from tissue culture flasks, centrifuged (500 g for 5 min) and rinsed with 

phosphate-buffered saline. Total cellular RNA was extracted with Trireagent® (Sigma-Aldrich) and digested 

with Rnase-free Dnase (Thermo Fisher Scientific) for 15 min at 25°C according to the manufacturer’s 
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instructions. A 2-g sample was reverse-transcribed using the High Capacity cDNA reverse transcription kit 

(Life Technologies) according to the manufacturer’s instructions. Real-time PCR was employed for relative 

quantification of human IL-1 and human NOPr transcripts using the StepOne Instrument (Life Technologies) 

and the GoTaq qPCR master mix (Promega, Madison, Wisconsin, USA). This ‘hot start’ reaction mix contains 

Taq DNA polymerase, dNTP mix, and the fluorescent dye SYBR Green I for real-time detection of double-

stranded DNA. Reactions were set up in 10 L including 100 ng of target DNA. To amplify human IL-1 cDNA, 

a sense primer (5’-CAAGGGCTTCAGGCAGGCCG-3’) and an antisense primer (5’-TGAGTCCCGGAGCGTGCAGT-

3’) were used at 0.25 M final concentration for producing a 213-bp fragment (261–474 bp;  GenBank 

Accession no. NM_000576.2). To amplify the human NOPr cDNA, a sense primer (5’-

CTCAAGGTCACCATCGTGG-3’) and an antisense primer (5’-AAGCCCAGGAGGATGTCC-3) were used at 0.25 M 

final concentration for producing a 196-bp fragment (603–799 bp; GenBank Accession no. NM_182647.3). 

As a control, a 169-bp fragment of the human L19 ribosomal protein gene was amplified with a sense primer 

(5’-CTAGTGTCCTCCGCTGTGG-3’) and an antisense primer (5’-AAGGTGTTTTTCCGGCATC-3’) at 0.25 M final 

concentration, producing a fragment (62–230 bp; GenBank Accession no. BC062709). Human IL-1  cDNA 

amplification was performed as follows: 95°C for 10 min followed by 40 cycles of 95°C for 30 s, 68°C for 30 s, 

and 72°C for 30 s. Human NOPr and L19 amplifications were carried out as follows: 95°C for 10 min followed 

by 40 cycles of 95°C for 10 s and 60°C for 60 s. After that, the temperature was lowered to 60°C for 30 s and 

the specificity of the reaction was verified by analysis of the melting curve once the appropriate double-

stranded DNA melting temperature had been reached. 

Relative expression of RT-PCR products was determined using the CT method [31]; where CT is the 

threshold cycle, i.e. the cycle number at which the sample’s relative fluorescence rises above the background 

fluorescence and CT = [CT gene of interest (unknown sample) – CT L19 (unknown sample)] - [CT gene of 

interest (calibrator sample)  - CT L19 (calibrator sample)]. One of the control samples was chosen as the 

calibrator sample and used in each PCR. Each sample was run in triplicate and the mean CT was used in the 
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CT equation. L19 was chosen for normalization because this gene showed consistent expression relative 

to other housekeeping genes among the treatment groups in our experiments.  

 

2.5.  Cell apoptosis detection 

Phycoerythrin-conjugated annexin V (annexin-PE) and 7-amino-actynomicin D (7-AAD; Guava Nexin 

Reagent, Merck Millipore, Darmstadt, Germany) were used to determine, by flow cytometry, the percentage 

of viable, early-apoptotic and late apoptotic/necrotic cells. U87 cells were maintained in cell culture medium 

containing 10% fetal bovine serum, and, after treatments, were collected by trypsinization, and resuspended 

in 100 μl of complete medium; the cells were then stained with 100 μl annexin V-PE and 7-AAD for 20 min at 

room temperature in the dark, following manufacturer's instructions, and analyzed on a Guava easyCyte 5 

flow cytometer (Merck Millipore, Vimodrone, Italy). Three populations of cells can be distinguished by this 

assay: viable cells (annexin V-PE and 7-AAD negative), early apoptotic cells (annexin V-PE positive and 7-AAD 

negative), and late stages apoptosis or necrotic cells (annexin V-PE and 7-AAD positive) [32]. 

 

2.6.  Caspase-3/7 activation assay 

U87 Cells (10,000 cells/well) were plated in 96-well black plate, allowed to attach and then exposed to 

different treatments in the presence of cell culture medium containing 10% fetal bovine serum. Afterwards, 

the activation of caspase-3/7 was measured by the fluorescence-based Apo-ONETM Homogeneous Caspase-

3/7 Assay (Promega) following manufacturer’s instructions. Briefly, 100 µl of Caspase-3/7 reagent were 

added to each well and incubated at room temperature for 18 h in a plate shaker at 400 rpm; fluorescence 
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was then measured (Ex 485 nm/Em 528 nm). 

 

2.7.  Calcium microfluorometry 

Variations in intracellular free Ca2+ concentration ([Ca2+]i) were monitored through ratiometric 

microfluorometry using the fluorescent Ca2+ detector fura-2 AM (Molecular Probes; Thermo Fisher Scientific). 

For microfluorometric experiments the control bath saline was 140 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM 

CaCl2, 10 mM 2-[(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]ethanesulfonic acid, N-

[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid, and 5 mM glucose, pH 7.4, with NaOH and 

osmolarity adjusted to 320 mOsm with mannitol. Ca2+- free saline was prepared by removing CaCl2 and by 

adding 0.5 mM EGTA. When using high (100 mM) K+ external solutions for a control test, salts were replaced 

equimolarly.  Stock solutions of compounds under investigation were diluted in control or Ca2+-free media.  

Before Ca2+ measurements, low-density cultured U87 cells, seeded in coverslips, were loaded with Fura-2 AM 

(Sigma-Aldrich) dissolved in standard bath solution for 45 min at 25°C. For microfluorometric analysis cells 

on coverslips were mounted on a perfusion chamber containing 100 l of bath saline. Cells were continuously 

perfused at a rate of 0.5 ml/min with different solutions at room temperature (22-24°C) as previously 

described [33]. Measurements of [Ca2+]i in single cells were performed using an inverted fluorescence 

microscope (Nikon Eclipse TE2000U; Nikon, Italy) equipped with a long-distance dry objective (X40) and 

appropriate filters. The emission fluorescence of selected cells was passed through a 510-nm narrow-band 

filter and acquired with a digital charge-coupled device camera (VTi; Visi-Tech International Ltd., Sunderland, 

UK). Monochromator settings, chopper frequency and data acquisition were controlled by QuantiCell 2000 

(VisiTech). The excitation wavelength was alternated between 340 and 380 nm with a sampling rate of 0.25 

or 0.5 Hz. The fluorescence ratio measured at 340 and 380 nm (F340/F380) was used as an indicator of [Ca2+ 

]i changes. The calibration of the 340/380 ratio in terms of the free Ca2+ concentration was based on the 
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procedure previously described [34]. 

 

2.8.  Western blotting analysis 

Proteins were extracted and western blotting analysis performed as previously described [29, 30]. 

Briefly, U87 cells were plated into 6-well plates until a confluence of 60-70% was reached; then, the cells 

were serum-starved for 16-18 h and subsequently exposed to different treatments in cell culture medium 

alone. To detect ERK1/2 phosphorylation, cells were scraped off and pelleted after 15 min of exposure 

whereas to detect PKC phosphorylation, cells were harvested after 60 min of exposure.  

Proteins (15 g to assay ERK1/2 or 30 g to assay PKC) were separated by SDS-PAGE on 12% (w/v) 

acrylamide/bisacrylamide gels and electrotransfered onto nitrocellulose membranes. Membranes were 

incubated in TBS-T (20 mmol/L Tris–HCl, pH 7.5, 137 mmol/L NaCl, 0.05% (v/v) Tween 20) containing 5% (w/v) 

bovine serum albumin for 1 h at room temperature. Subsequently, the membranes were incubated for 12 h 

with the appropriate primary antibody, rinsed with TBS-T, and incubated with peroxidase-conjugated anti-

rabbit secondary antibodies (Santa Cruz Biotechnology, Dallas, Texas, USA) at 25°C for 1.5 h and the blots 

were developed with ClarityTM Western ECL substrate (Bio-Rad Laboratories, Segrate, Milan, Italy). Blot 

images were digitally acquired by LAS3000 Imager (Fujifilm Corporation, Stamford, CT, USA) and protein 

expression semi-quantitatively analyzed using AIDA software (Raytest Isotopenmessgeraete GmbH, 

Mannheim, Germany). 

 

2.9.  Decoy oligonucleotide approach 

The adopted transcription factor decoy oligonucleotide approach, its efficiency, and specificity are 

described in detail in previous papers [35, 36]. Short, double-stranded oligonucleotides with specific binding 
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sequences for NF-kB or AP-1 transcription factors were introduced into living cells by passive uptake during 

an overnight incubation (16 h) of the cells in the presence of 160 nM oligonucleotides and in serum-free cell 

culture medium. In the cells, transcription factors rather interact with the excess of decoy oligonucleotides 

than binding to the natural regulatory motifs of target genes. The sequences for the decoy oligonucleotides 

were described previously [35] (only the sense strand is given; putative binding sequences are underlined): 

AP-1, 5′-TTACCTATGAGTTATCTTGTTT-3′; mu-AP-1, 5′-CCTAAGGAGAGTCAAGAGAAC-3′; NF-κB 5′-

AAAGTTGAGGGGACTTTCCCAGGCCT-3′; muNF-κB 5′-TATTATGTGGCTTTTCCTAGAATT-3′. Experiments were 

carried out in serum free-cell culture medium or in the presence of 10% fetal bovine serum as indicated in 

the relative figure legend. Efficiency and selectivity of decoy oligonucleotides was ascertained as described 

in the results (see subsection 3.6). 

 

2.10. Dual luciferase assay 

Dual luciferase assay was employed to evaluate LPS- and N/OFQ-mediated effects on NF-kB and AP-1 

activation. U87 cells were plated into 96-well plates and co-transfected with plasmids containing reporter 

constructs: pGL4.74[hRLuc/TK] and pGL4.32[Luc2P/NF-kB-RE/Hygro] or pGL4.44[Luc2P/AP1-RE/Hygro] 

vectors (Promega) to evaluate luciferase activity following manufacturer’s instructions. Cells, 24 h after 

transfection, were exposed to different treatments in cell culture medium containing 10% fetal bovine serum. 

Thereafter, at the end of the treatments, firefly luciferase  activity and renilla luciferase activity (measured 

as a control) were determined by Dual-GloTM Luciferase Reporter Assay (Promega). 

 

2.11.  Saturation binding assay 

Radioligand binding assays were performed as previously described [37]. U87 cell membranes were 
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prepared by homogenizing cells in 50 mM Tris–HCl buffer, pH 7.4, containing 1 mM EDTA, 1 mM 

dithiothreitol, and 1 mM benzamidine, with a Polytron homogenizer. After centrifugation (1000 g for 10 min 

at 4°C), supernatants were centrifuged (18000 x g for 30 min at 4°C) and the pellet suspended in 50 mM Tris–

HCl buffer, pH 7.4, containing 5 mM MgCl2. Protein concentration was determined by the BCA assay kit 

(Thermo Fisher). For saturation binding experiments, cell membranes (40 g/assay tube) were incubated in 

100 mM Tris–HCl, pH 7.4, containing 0.3% bovine serum albumin with increasing concentrations of [125I]-

N/OFQ (150-5000 pM) (Phoenix Pharmaceuticals, Inc.). Non-specific binding was determined in the presence 

of [NPhe1]N/OFQ(1-13)NH2 (10 M). After 90 min incubation at 25°C, bound ligand was isolated by rapid 

filtration on Whatman GF/B filters (Schleicher & Schuell, Dassel, Germany). Filters were washed with 20 mL 

of ice-cold 50 mM Tris–HCl buffer, pH 7.4, and left in scintillation fluid overnight before counting. Data were 

fitted by non-linear least-square regression and the GraphPad Prism software (GraphPad Software Inc., San 

Diego, CA, USA) was used to calculate receptor density (Bmax) and dissociation equilibrium constant (Kd). Data 

are expressed as fmol of [125I]-N/OFQ bound and normalized to cell homogenate protein content. 

 

2.12.  RIA 

Ir-N/OFQ was evaluated in cell culture medium and in cell homogenates by a RIA procedure. U87 cells 

were treated by adding the reagents directly to the medium and at the end of incubation time, aliquots of 

the medium (100 l) were transferred to 1.5 ml tubes and stored at -80°C until RIA procedure was carried 

out. Cells were rinsed with PBS and an extraction solution (10% acetic acid, 0.5 mg/ml BSA, 3 mM 

phenylmethylsulfonyl fluoride) was added; cells were scraped and the cell suspension was transferred to 1.5 

ml tubes, sonicated for 20 s, and frozen and thawed three times. Aliquots were removed for protein assay. 

The remaining homogenate was spun in a microcentrifuge (8,000 x g, 10 min, 4°C) and aliquots of supernatant 

were used to evaluate the content of N/OFQ by a RIA procedure as described [26, 38]. Ir-N/OFQ was 
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estimated by comparison to a standard N/OFQ curve assayed with the same procedure. The detection limit 

was 5 pg/tube and IC50 value of 0.20 ± 0.05 ng/ml (mean ± SD (standard deviation); n = 5). The intra-assay 

and inter-assay coefficients of variation were <5%. Average recovery of radiolabeled N/OFQ added to cell 

culture medium or to cell homogenates was 85 ± 2% and 83 ± 4% (n=7), respectively. The amount of N/OFQ 

in the unknown samples was extrapolated from the standard curve using GraphPad Prism version 5.0 

(GraphPad Software, Inc., San Diego, CA, USA). 

 

2.13.  Statistical analysis 

All data are presented as mean ± SD for the number of experiments indicated and were analyzed by one-

way ANOVA followed by Newman–Keuls test. The GraphPad Prism, version 5.0 (GraphPad Software, Inc.) was 

used, and P values <0.05 were considered significant. 

 

3.  Results 

3.1.  Signaling pathways contributing to LPS-induced migration, proliferation and increase of [Ca2+]i in U87 

cells 

In these experiments, we utilized the human glioblastoma cell line U87 that constitutively expresses TLR4 

[15].  

Previously, it has been reported that LPS is capable of accelerating U87 cell migration in vitro [15]. To 

evaluate any influence of LPS-induced migration, we used a wound-healing assay. As shown in Fig. 1A and 

1B, LPS (10 ng/ml) stimulates cell migration. To determine the role of TLR4 and TRAF6, a protein that 

mediates intracellular signaling activated by TLR4 interacting with various protein kinases [16], on LPS-

mediated cell migration, we transfected U87 cells with a siRNA targeting TLR4 or TRAF6 or with a control 
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siRNA. Knockdown of TLR4 and TRAF6 resulted in complete abolishment of LPS-mediated cell migration (Fig. 

1A and 1B). Western blot analysis ascertained that the expression of TLR4 was significantly reduced in U87 

cells transfected with siRNA compared with the counterparts transfected with a control siRNA (Fig. 1F). 

Similarly, western blot analysis confirmed that TRAF6 levels declined by 82  3% (n=6) in U87 cells exposed 

to a siRNA targeting TLR6  (data not shown). 

To investigate any putative role of c-Src and PKC in LPS-induced cell migration, the c-Src inhibitor PP2 (5 

M) or both the general PKC inhibitor GF109203X (1 M) and the inhibitor of the classical isoforms, Gö6976 

(5 M), were added to U87 cells 30 min prior to LPS addition. PP2 and both PKC inhibitors reduced LPS-

induced migration, with GF109203X shown to be the most effective. Conversely, PD 98059 (10 M), a non-

competitive blocker of ERK 1/2 kinase, did not modify U87 cell migration (Fig. 1B). GF109203X, Gö6976 and 

PD 98059 [39] added alone to U87 cells did not modify cell migration (data not shown).   

To investigate if Ca2+ channels mediate LPS-induced cell migration, two selective blockers were used: 

NNC 55-0396, a mibefradil nonhydrolyzable analogue that blocks T-type Ca2+ channels without L-type Ca2+ 

channel efficacy [40], and the selective L-type channel blocker nifedipine. Interestingly, NNC 55-0396 (10 M) 

but not nifedipine (10 M) blocked LPS-induced cell migration NNC 55-0396 or nifedipine alone did not 

influence cell migration (Fig. 1A and B). 

To identify potential transcription factors that mediate U87 cell migration in response to LPS, we used a 

decoy oligonucleotide approach. As depicted in Fig. 1B, decoy oligonucleotides directed against AP-1, against 

NF-kB or control oligonucleotides (mutated decoy oligonucleotides) did not modify LPS-mediated cell 

migration.  

In agreement with previous studies [15, 41], we observed that LPS (10 ng/ml) after 24 h causes a 

significant increase in U87 cell proliferation.  

Knockdown of TLR4 or TRAF6 in U87 cells by a siRNA resulted in a complete abolishment of LPS-mediated 
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cell proliferation. PP2 and both PKC inhibitors GF109203X and Gö6976 significantly reduced LPS-induced cell 

proliferation. PD 98059, a non-competitive blocker of ERK kinase, prevented the LPS-induced proliferative 

effect. The T-channel antagonist NNC 55-0396 (10 M) and the L-channel blocker nifedipine (10 M) did not 

modify LPS-induced glioblastoma proliferation did not modify cell proliferation when added alone to U87 

cells. A decoy oligonucleotide directed against AP-1 or against NF-B strongly inhibited LPS-mediated cell 

proliferation. In contrast, control oligonucleotides containing mismatches did not bind AP-1 or NF-kB and 

were ineffective (Fig. 1C). These results suggest that neither T-type nor L-type calcium channels contribute 

to modulating LPS-induced cell proliferation, whereas TRAF6, c-Src1 PKC, MAPK or both AP-1 and NF-kB 

transcription factors mediate LPS-induced cell growth and may represent a target for signaling pathways that 

need to be investigated in view of any possible cross-talk between N/OFQ and LPS signaling. 

To investigate any role of Ca2+ on LPS-promoted on cell migration, U87 cells were stimulated with LPS 

(0.1-100 ng/ml), and Ca2+ imaging experiments were performed. To this aim, microfluorometric analysis of 

intracellular calcium dynamics and concentration was performed in a buffered solution containing 2 mM 

calcium ions ([Ca2+]o) by ratiometric calcium imaging and analyses of fura-2-loaded cultured U87 cells. The 

increase in [Ca2+]i signals elicited by LPS occurred with an onset of 4-5 min from solution challenge, reaching 

the peak amplitude within a few seconds, then returning quickly to the baseline. The viability of responding 

cells was checked in every experiment by the application of a high K+ (50 mM) external solution (Figure 1G).   

LPS-triggered Ca2+ responses were maximum at 10 and 100 ng/ml, with an average [Ca2+]i amplitude 

equal to 48% of the baseline value (Fig. 1D). These data agree with Thuringer et al. [15], who studied the role 

of TLR4 in [Ca2+]i elevation promoted by LPS in U87 cells. In all subsequent experiments, U87 cells were 

stimulated with 10 ng/ml LPS. Next, we incubated U87 cells in a Ca2+-free solution and found that LPS still 

induced a [Ca2+]
i increase, although the magnitude was smaller than that in the extracellular solution 

containing Ca2+ (20.7  4.6% of the response elicited by 10 ng/ml LPS in U87 cells incubated in 2 mM Ca2+; 
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n=30); thus, both intracellular Ca2+ release and extracellular Ca2+ entry may contribute to the LPS-induced 

increase in [Ca2+]
i
. Indeed, LPS has been reported to induce both Ca2+ release from the intracellular stores 

and Ca2+ entry in U87 cells [15]. Knockdown of TLR4 or TRAF6 resulted in the complete abolishment of the 

LPS-mediated increase in [Ca2+]
i
. The LPS-induced increase in [Ca2+]i was significantly reduced by the c-Src 

inhibitor PP2 (5M) and NNC 55-0396 (10 M) but not by nifedipine (10 M). (Fig. 1D). 

 

3.2. Signaling pathways mediating LPS-induced elevation of IL-1 mRNA levels in U87 cells 

TLR4 has been shown to promote glioblastoma growth and malignancy via inducing the production of 

cytokines, such as IL-1 [7]. In U87 cells, we observed that LPS (10 ng/ml) caused a time-dependent increase 

in IL-1 mRNA (data not shown) that was significantly increased in comparison with vehicle-treated cells 

following a 24 h exposure. RT-PCR analysis showed that LPS elevates IL-1 mRNA levels.  

Knockdown of TLR4 in U87 cells by a siRNA resulted in a complete abolishment of the LPS-mediated 

increase in IL-1 transcripts. PKC inhibitors GF109203X and Gö6976 and the non-competitive blocker of ERK 

kinase PD 98059 significantly reduced the LPS-induced up-regulation of IL-1 mRNA. A decoy oligonucleotide 

directed against AP-1 but not against NF-kB inhibited LPS-mediated IL-1 mRNA levels. In contrast, 

oligonucleotides containing mismatches, which did not bind AP-1 or NF-kB, respectively, were ineffective. T-

type Ca2+ channel antagonist NNC 55-0396 (10 M) and L-channel blocker nifedipine (10 M) did not modify 

LPS-induced IL-1 transcription (Fig. 1E). Taken together, these data suggest that LPS-stimulated U87 cells 

requires PKC and ERK 1/2 activation and involve the AP-1 transcription factor. 

 

3.3.  N/OFQ counteracts LPS-induced migration, proliferation and increase of IL-1  in U87 cells 

Receptor-binding assays carried out using [125I]-N/OFQ, as described under Materials and Methods, 
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ascertained that NOP receptors were expressed in U87 cell membranes (Bmax= 213  12.5 fmol/mg protein; 

Kd= 0.97  0.25; n=12).   

To evaluate any influence of N/OFQ on LPS-induced migration, we used a wound-healing assay. As shown 

in Fig. 2A and 2B, N/OFQ (1 g/ml) significantly prevented LPS (10 ng/ml)-stimulated cell migration whereas 

it was ineffective when added alone. In preliminary experiments, we ascertained that N/OFQ (1 nM-10 M) 

elicited a concentration-dependent blockade of LPS-mediated cell migration, with a maximal effect at 1 and 

10 M (data not shown); the concentration of 1 M was chosen according to the experiments described in 

the subsection 3.1. This inhibitory effect was prevented by the NOPr antagonist [Nphe1]N/OFQ(1-13)NH2 (10 

M). 

The application of N/OFQ in U87 cells pretreated with NNC 55-0396 failed to produce any further 

inhibition, as N/OFQ may induce inhibition of cell migration through a different mechanism. NOPr is coupled 

to signaling pathways dependent on pertussis toxin (PTX) sensitive Gi/o protein and -arrestin 2 activation 

[42]; interestingly, -arrestin 2 may form a complex with cytoplasmatic proteins that prevent LPS-mediated 

downstream events [43,44]. PTX pretreatment (100 ng/ml; 18 h in advance) did not influence N/OFQ-

mediated inhibition of LPS-induced cell migration. On the contrary, using a siRNA directed against β-arrestin 

2, we investigated the influence of this cytoplasmic protein in mediating the signaling from the activated NOPr 

to LPS-induced cytoplasmatic events. In agreement with Spartà et al. [45], cell transfection with 20 μg of 

siRNA for β-arrestin 2 effectively and specifically reduced its expression by approximately 80% (Fig. 2C). 

After silencing β-arrestin 2, the N/OFQ-mediated inhibition of LPS-induced cell migration was abolished (Fig. 

2A and 2B).  

Taken together, these results suggest that -arrestin 2 but not the subunit Gi/o of NOPr not T-type nor 

L-type Ca2+ channels contribute to modulate N/OFQ-induced inhibition of LPS-induced cell migration. 

LPS (10 ng/ml) after 24 h causes a significant increase in U87 cell proliferation. -arrestin 2, but not PTX 
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(100 ng/ml) or Ca2+ channel blockers NNC 55-0396 and nifedipine, contributes to influencing N/OFQ mediated 

blockade of LPS-induced cell proliferation. N/OFQ by itself does not influence cell proliferation (Fig. 2D). 

N/OFQ counteracts LPS-induced elevation of IL-1 mRNA levels: this effect is sensitive to the 

administration of the NOPr antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M) added 5 min prior to N/OFQ or to 

knockdown of β-arrestin 2 whereas is not influenced by the T-type Ca2+ blocker NNC 55-0396 (Fig. 2E). 

 

3.4.  N/OFQ and NNC 55-0396 induce apoptotic cell death in U87 cells 

Valerie et al. [19] have previously reported that mibefradil, a blocker of T-type Ca2+ channels, increases 

apoptosis in several glioblastoma cell lines, including U87 cells. In agreement with these data, we report that 

both N/OFQ (1 M) and NNC 55-0396 (10 M) promote U87 cell apoptosis. N/OFQ occluded the apoptotic 

effect induced by NNC 55-0396, whereas LPS did not elicit any apoptotic effect. NOP receptor antagonist 

[Nphe1]N(OFQ(1-13)NH2 (10 M) blocks N/OFQ-induced apoptosis. Cell apoptosis was measured by annexin 

V/PI staining (Fig. 3A) or by caspase 3/7 activity (Fig. 3B). By administering a siRNA directed against β-arrestin 

2, no significant N/OFQ-mediated cell apoptosis was observed, whereas a control siRNA was ineffective (data 

not shown).  

 

3.5. N/OFQ counteracts LPS-induced [Ca2+]i increase in U87 cells via -arrestin 2 

The increase in [Ca2+]i promoted by LPS (10 ng/ml) is potently reduced in the presence of N/OFQ (1 M), 

an effect prevented by the NOPr antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M) added 5 min prior to N/OFQ. 

PTX (100 ng/ml; 18 h in advance) does not counteract N/OFQ-mediated antagonism of LPS-induced [Ca2+]i 

whereas knockdown of β-arrestin 2 by a siRNA resulted in a complete abolishment of N/OFQ blockade of LPS-
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mediated cell proliferation. N/OFQ or  [Nphe1]N/OFQ(1-13)NH2 alone do not influence [Ca2+]i (Fig. 4). 

 

3.6.  N/OFQ counteracts the LPS-induced phosphorylation of PKC and ERK in U87 cells 

To elucidate any contribution of PKC- and ERK-dependent signaling pathways in mediating any N/OFQ 

cross-talk with LPS, phosphorylated PKC and ERK were examined by western blot analysis. In preliminary 

experiments, we ascertained that phosphorylation of PKC and ERK was maximally elevated by LPS (10 ng/ml) 

or N/OFQ (1 M) 15 min and 60 min after treatment, respectively; neither LPS nor N/OFQ altered the total 

content of PKC or ERK 1/2 (data not shown). Exposure to N/OFQ (1 M) significantly antagonized LPS-induced 

phosphorylation of PKC and ERK (Fig. 5). The specificity of N/OFQ acting at the NOPr was confirmed by 

utilizing the NOP receptor antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M) (data not shown).  

 

3.7. N/OFQ inhibits the LPS-mediated transcriptional activation of NF-kB and AP-1 reporter genes 

The ability of N/OFQ to inhibit LPS-mediated NF-kB or AP-1 transcriptional activity was determined by a 

dual-luciferase reporter assay. U87 cells were transfected and treated as described under “Materials and 

Methods”. LPS (10 ng/ml) increased NF-kB transcriptional activity by 3.5-fold 2 h after exposure and AP-1 

transcriptional activity by 1.8-fold 6 h after treatment. Luciferase activity was significantly prevented by 1 M 

N/OFQ. This peptide, when added alone to cells, did not influence luciferase activity (Fig. 6). 

LPS-induced luciferase activity was abolished in U87 cells treated with a decoy oligonucleotide direct 

against NF-kB and transfected with a reporter plasmid containing the DNA-binding motif of this transcription 

factor; on the contrary, a mutated oligonucleotide was not effective (Fig. 6A). Similarly, luciferase activity 

induced by LPS in cells transfected with a reporter plasmid containing the AP-1 binding sequence, is blocked 

https://cris.unibo.it/


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/) 

When citing, please refer to the published version. 

 

by a decoy oligonucleotide directed against AP-1 but not by a mutated oligonucleotide (Fig. 6B).   

 

3.8. LPS induces down-regulation of NOPr transcripts and of the density of NOPr binding sites in U87 cells  

To further explore any functional cross-talk between NOPr and TLR4, we investigated the effects of TLR4 

activation upon NOPr expression. LPS (10 ng/ml) added to U87 cells for 24 h caused a significant reduction in 

steady-state levels of NOP mRNA. A time-course analysis revealed that LPS (10 ng/ml) decreased NOPr mRNA 

levels by 30 and 75% at 12 and 24 h, respectively (Fig. 7A). In cells exposed for 24 h to LPS (0.1-10 ng/ml), a 

concentration-dependent effect was observed (data not shown). Knockdown of TLR4 in U87 cells resulted in 

a complete abolishment of LPS-mediated NOPr down-regulation. To better define the mechanism by which 

LPS may act, the transcriptional inhibitor actinomycin D was employed. Challenge of U87 cells with 

actinomycin D (1 g/ml; 24 h) did not modify NOPr mRNA, whereas LPS-induced reduction of NOPr 

transcripts was blocked by actinomycin D, indicating that ongoing transcription is required for LPS-induced 

repression of NOPr (Fig. 7A). As reported previously, LPS may activate distinct groups of cytoplasmatic 

kinases, including ERK 1/2, PI3K, PKC and p38 mitogen-activated protein kinase [15], via TLR4. Pretreatment 

with PD 98059 (10 M), which efficiently eliminates ERK 1/2 signaling [39], did not affect LPS-induced NOPr 

mRNA down-regulation. Furthermore, this effect was not influenced by the phosphatidylinositol 3-kinase (PI 

3-kinase) inhibitor LY294002 (10 M) or by the PKC inhibitor GF109203X (1 M). Interestingly, the p38MAPK 

inhibitor SB203580 (2 M) [46] was effective in preventing the LPS-induced down-regulation of NOPr mRNA, 

thus indicating a specific role for this signaling pathway in regulating NOPr mRNA expression. A decoy 

oligonucleotide directed against AP-1 strongly inhibited the LPS-mediated NOP receptor mRNA reduction 

(Fig. 7A), whereas an oligonucleotide containing mismatches, which did not bind this transcription factor, 

was ineffective (data not shown). Finally, a decoy oligonucleotide directed against NF-kB did not change the 
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LPS-mediated effects on NOPr mRNA levels. 

In cell cultures treated with 10 ng/ml LPS for 72 h but not for 24 h, a significant decrease in the density 

of NOPr (Bmax) in U87 cell membranes was confirmed by saturation binding assays (Fig. 7B). Changes in NOPr 

density had negligible effects on the Kd (apparent affinity of the radioligand to NOPr) (data not shown). 

 

3.9. LPS-mediated N/OFQ up-regulation and release does not influence NOPr mRNA down-regulation 

Previous studies have reported that astrocytes produce and secrete N/OFQ, thus pointing to these cells 

as a source of N/OFQ [26]. Importantly, inflammatory mediators, including LPS and cytokines, modulate both 

the transcription of N/OFQ mRNA and N/OFQ expression and release [47, 48], thus suggesting that N/OFQ, 

by binding to NOPr expressed in these cells, may act as a paracrine and autocrine modulator to control its 

own production and secretion and may also down-regulate NOPr [23]. In U87 cells exposed to LPS (10 ng/ml; 

6-24 h), a time-dependent increase in the release of ir-N/OFQ in cell culture medium was measured in 

comparison to cells exposed to the vehicle maintained in cell culture medium containing 10% fetal bovine 

serum (Fig. 8A). Furthermore, a significant increase in ir-N/OFQ cellular content was detected 24 h after LPS 

exposure (Fig. 8B) Interestingly, LPS-induced NOPr mRNA down-regulation, previously described, was not 

influenced by the NOPr antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M) when added to the cells 30 min before 

LPS treatment for 24 h. Furthermore, this NOPr antagonist administered alone did not alter NOPr mRNA 

levels (Fig. 8C). Taken together, these data indicate that LPS-induced NOPr mRNA down-regulation is not 

influenced by any relevant paracrine and/or autocrine effect elicited by N/OFQ released by LPS in U87 cells 

that, if present, could be reduced by a NOPr antagonist.  

 

3.10. Prolonged exposure to LPS abolishes the inhibitory effect of N/OFQ on LPS-induced cell proliferation and 
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increase of IL-1 mRNA transcripts 

N/OFQ mediated effects on LPS-induced cell migration, proliferation and IL-1 mRNA transcripts were 

investigated in U87 cells following a subsequent exposure to LPS; since this agent may promote tolerance of 

TLR-4-mediated responses [49]. U87 cells were pretreated with 10 ng/ml LPS for 72 h and subsequently they 

were washed thoroughly three times, maintained in fresh cell culture medium and 6 h later rechallenged 

with LPS (10 ng/ml) to assay cell migration (after 18 h), proliferation and elevation of IL-1 mRNA transcripts 

(after 24 h); alternatively, the cells were maintained in cell culture medium (vehicle). Cell migration was 

significantly increased in U87 cells treated for 72 h with LPS and then rechallenged with this agent or 

maintained with the vehicle alone for 18 h in comparison to cells treated only with vehicle for 18 h (basal 

vehicle). Interestingly, N/OFQ, added with LPS, was not able to counteract this effect (Fig. 9A).  

Rechallenge of LPS for 24 h promoted a significant cell proliferation and increase in IL-1 mRNA levels in 

comparison with cells treated for 72 h with LPS and then maintained in the presence of the vehicle. In U87 

cells rechallenged with LPS and N/OFQ, this peptide did not prevent the LPS-stimulated cell migration and 

proliferation or increase in IL-1 mRNA (Fig. 9B and C). In cells treated for 72 h with LPS and then maintained 

in the presence of the vehicle for 24 h, cell proliferation and levels of IL-1 mRNA are superimposable to 

those observed in cells treated with the vehicle for 24 h (basal vehicle) (Fig. 9B and C). In cell cultures treated 

with LPS for 72 h and rechallenged for 24 h, a significant decrease in the density of NOPr was confirmed by 

saturation binding assays (data not shown). 

 

4. Discussion 

Fève et al. [22] have carried out a proteomic analysis of GPCRs expressed in human glioblastoma cells. 

They report that NOPr is in the repertoire of GPCRs significantly expressed in glioblastoma cells, including the 

U87 cell line, and consider these data as a first step that will require future functional studies to decipher the 
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precise role of this receptor in sustaining the cancerous phenotype. 

In the present study, we describe a novel role of the peptide N/OFQ, which by binding to NOPr, is capable 

of counteracting the cell migration, proliferation and increase in IL-1 mRNA elicited by LPS, via TLR4, in U87 

glioblastoma cells. Independent of LPS, N/OFQ induces a significant increase in cell apoptosis.  

Glioma overexpress TLRs that seem to be involved in tumor progression and chemotherapy resistance 

as well as in immune and inflammatory responses [50]. Rhee and Hwang [51] have reported that a low 

concentration of LPS (20 ng/ml) activates NF-kB and cyclooxygenase-2 expression in a murine macrophage-

like cell line transfected with the constitutively active form of TLR4, and Erridge [52] has described that LPS 

is effective in HEK 293 cells transfected with TLR4 at 10 ng/ml. Thus, even small amounts of LPS are sufficient 

to induce potent inflammatory responses. In agreement with these studies, we have used a low 

concentration of LPS (10 ng/ml), as it may also mimic the activation of TLR4 by endogenous ligands originating 

from dying cells or the extracellular matrix that may be produced during tumor growth [13]. These molecules 

include “alarmins”, which have been proposed to serve as mediators of inflammation. They may be expressed 

or released in response to tissue damage [53]. The concentrations of the alarmins HMGB1and myeloid-

related protein 8, all activators of TLR4, are in the ng/ml range [54].  

Possible intracellular mechanisms through which N/OFQ antagonizes the above-mentioned LPS-

mediated effects have been investigated in this study. Furthermore, we have observed that a prolonged 

exposure of U87 cells to LPS for up to 96 h down-regulates NOPr expressed in U87 cells and, in parallel, 

N/OFQ loses its inhibitory activity. 

 

4.1 . [Ca2+]i and the cross-talk between NOPr and TLR4 

We prove that in U87 cells, NNC 55-0396, a mibefradil nonhydrolyzable analogue that blocks T-type 
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calcium channels without L-type channel efficacy [40], significantly reduces LPS-mediated cell migration, 

whereas the L-type calcium channel antagonist nifedipine is not effective. Application of N/OFQ in U87 cells 

pretreated with NNC 55-0396 fails to produce any further inhibition of cell migration, as this latter compound 

does not influence may occlude N/OFQ-induced inhibition of LPS-promoted cell migration. Furthermore, 

both calcium channel antagonists do not influence LPS-mediated U87 cell proliferation or the increase in IL-

1  mRNA. Finally, N/OFQ administered alone does not modify [Ca2+]i of U87 cells. 

As a second messenger, Ca2+ is necessary for several cellular responses. In U87 cells, we have observed 

that LPS arouses a transient increase in [Ca2+]i that, at least partially, requires T-type calcium channels. This 

observation agrees with a recent study carried out in uterine smooth muscle cells, where the increase in 

[Ca2+]i by LPS is reversed by T-type Ca2+ channel antagonists [55]. 

U87 cells express all three α1 subunits of T-type calcium channels (Cav3.1, Cav3.2, Cav3.3) [56], and the 

majority of studies agree with the occurrence of functional T-type calcium channels in glioblastoma cells, 

where they play a relevant role in cell migration, proliferation and apoptosis [19,57]. 

Taken together, these data do not support the hypothesis that N/OFQ may influence LPS-induced cell 

migration directly modulating Ca2+ channels and argue in favor of different signaling pathways activated by 

N/OFQ. 

Valerie et al. [19] have proved that inhibition of T-type channels with mibefradil or down-regulation of 

T-type channel subunit expression with siRNA leads to an increase in apoptosis of U87 and other glioblastoma 

cells and sensitizes them to ionizing radiation in vitro. In agreement with this study, we found that NNC 55-

0396 significantly increases apoptosis in U87 cells and that N/OFQ produces a superimposable cell apoptosis. 

Conversely, LPS does not cause the apoptosis of U87 cells. In agreement with these data, Nagano et al. [58] 

have reported that LPS (100 ng/ml) does not influence viability or apoptosis of glial cells. Furthermore, it 

should be noted that U87 cells, as well as other glioblastoma, are poor sensitive to apoptosis [59]. An 
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important aspect of the pathogenesis of glioma, in fact, is that malignant transformation results from the 

sequential accumulation of genetic modifications and altered regulation of several signaling pathways. These 

aberrations primarily lead to abnormal regulation of two major cellular systems: the growth factor-mediated 

signaling pathways and the cell cycle that plays a role in the increased cell proliferation, inhibition of 

apoptosis, invasion and angiogenesis [4]. Crucial questions about the nature of the signaling pathways 

involved in the N/OFQ-mediated inhibition of T-type channels remain to be further investigated. 

 

4.2. -arrestin 2 contributes to the cross-talk between NOPr and TLR4 

NOPr is coupled to signaling pathways dependent on G protein and -arrestin 2 activation [42, 60], with 

this latter originally discovered for its ability to desensitize G protein-mediated signaling [61]. We have 

observed that by silencing this versatile adaptor and signaling protein [16,17], the negative crosstalk between 

NOPr and TLR4 is removed, as N/OFQ is no longer able to block LPS-mediated U87 cell migration, proliferation 

and increase in IL-1  mRNA. -arrestin 2 undergoes dynamic ubiquitination/deubiquitination and is capable 

of recruiting E3 ubiquitin ligases to other substrates [61]. LPS binding to TLR4 activates the E3 ubiquitin ligase 

TRAF6 that is important for NF-B activation [44]. Recently, Madera-Salcedo et al. [43] have reported that in 

mast cells, morphine binds to a GPCR and activates -arrestin 2 that forms a complex with TRAF 6, thus 

preventing LPS-mediated ERK 1/2 and NF-κB activation and tumor necrosis factor secretion.  

As regards U87 cells, we report that transfection with TRAF6 siRNA blocks LPS-induced cell migration, 

proliferation and increase in [Ca2+]i, suggesting that this  adaptor protein may participate in the blockade of 

LPS signaling promoted by N/OFQ through activation of -arrestin 2. 

The contribution of -arrestin 2 to NOPr activation and internalization has been reported [23, 24]. Future 

studies are necessary for further investigation of any relationship between NOPr- and TLR4- promoted -
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arrestin 2 ubiquitination and deubiquitination. 

Finally, LPS-induced cell migration is not dependent  on nuclear transcription factors NF-κB and AP-1.  

 

4.3.  N/OFQ counteracts LPS-induced signaling activation 

In U87 cells, LPS induces cell migration, proliferation and an increase in IL-1 mRNA, which are prevented 

by the PKC inhibitor GF 109203X that is capable of blocking the activation of classic and novel PKC isoforms, 

while Go6976, a blocker of PKC and PKC1, is only partially effective, thus indicating that several PKC 

isoforms are preferentially activated by LPS [39]. PKC activation is one of the earliest events in a cascade that 

controls a variety of cellular responses, and several PKC isoforms contribute to cell glioma proliferation, 

migration and survival [62]. In agreement with previous studies, we ascertained that LPS-induced cell 

migration and proliferation and elevation in [Ca2+]i requires a signaling pathway that includes the kinase c-

Src, that may connect TRAF6 to downstream components including PKC and ERK 1/2 kinases [15]. 

LPS triggers cell proliferation but not migration through a pathway that is also sensitive to the ERK 1/2 

inhibitor PD 98059. LPS and N/OFQ alone induce significant phosphorylation of PKC and ERK 1/2; however, 

LPS-promoted PKC and ERK 1/2 phosphorylation are blocked by N/OFQ.  

It is known that N/OFQ by itself can activate PKC via NOPr and that this activation may involve the 

phospholipase C/Ca2+ system and may cause ERK 1/2 phosphorylation [23]; however, these signaling 

pathways do not contribute to migration and proliferation in U87 cells, as N/OFQ alone does not produce 

any change of these parameters. We retain that N/OFQ may counteract LPS-mediated signaling via -arrestin 

2 and it does not require PKC and ERK 1/2 signaling pathways. In agreement with this hypothesis, Thuringer 

et al. [15] have reported that LPS via TLR4 promotes PKC activation and hydrolysis of phosphatidylinositol 

4,5-biphosphate into Inositol(1,4,5)P3 and 1,2-diacylglycerol in U87 cells. Inositol(1,4,5)P3 releases 
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intracellular Ca2+, which is followed, as described previously, by Ca2+ influx from extracellular spaces. PKC 

isoenzymes, at least in part through [Ca2+]i, regulate the phosphorylation of ERK 1/2 that in turn activates 

transcription factors such as NF-kB and AP-1. These authors proposed that the cooperation of these signaling 

messengers may promote cell proliferation, as well as the expression and release of inflammatory mediators. 

TLR4 modulates different signaling pathways influencing cell proliferation that require transcription 

factors NF-B [11] and AP-1 [12]; both contribute to regulating the expression of a large number of genes 

involved in the pathogenesis and/or progression of glioblastoma.  

We found that in U87 cells, as evidenced by gene reporter assays, N/OFQ prevents transcriptional 

activation modulated by both transcription factors. Furthermore, decoy oligonucleotides specific for these 

proteins block LPS-induced cell proliferation but not migration. Interestingly, only a decoy oligonucleotide 

towards AP-1 blocked the LPS-induced increase in IL-1 mRNA.  

Evidence that the transcription factor NF-B plays a role in the control of oncogenesis, tumor progression 

and chemotherapy resistance of diverse types of malignances, including glioma, has been provided [11]. AP-

1 proteins are transcription factors that belong to the Jun, Fos and closely related activating factor (ATF) 

families. They are involved in numerous cellular process including apoptosis and growth promotion [12]. In 

this perspective, inhibition of NF-kB and AP-1 signaling mechanisms may represent a rational target in the 

development of novel therapeutic approaches against carcinogenesis [63, 64].  

As mentioned before, N/OFQ blocks the LPS-mediated increase in IL-1 mRNA. Recently, the importance 

of the tumor microenvironment, including glial and neuronal cells, in the production of inflammatory 

mediators that may contribute to glioma progression has been noted as a crucial event in carcinogenesis and 

tumor progression [7, 8]. In this context, chronic overexpression of IL-1 has been considered a tumor-

promoting condition, arguing in favor of its inhibition for tumor prevention or therapy [65]. Tarassishin et al. 

[66] have described that IL-1 production by glioblastoma cells may confer upon them a mesenchymal 
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phenotype, including increased cell migration, a specific gene signature and proinflammatory signaling. 

 

4.4.  LPS down-regulates NOPr in U87 cells 

LPS treatment causes a concentration-dependent reduction of NOPr mRNA in U87 cells exposed to this 

agent for 24 h and a noteworthy reduction of NOPr expressed in cells exposed to LPS for 72 h.  

We used the transcriptional inhibitor actinomycin D to better define the mechanism by which LPS down-

regulates NOP mRNA. This agent is capable of preventing the effect of LPS, thus indicating that it may require 

a transcriptional repressor(s) to reduce NOP mRNA levels. LPS-induced NOP mRNA down-regulation is 

blocked by the p38MAPK inhibitor SB203580 [46] and by a decoy oligonucleotide directed against AP-1. Thus, 

these signaling pathways that, as previously described, contribute to oncogenic transformation and 

progression may regulate NOPr mRNA by LPS.  

Interestingly, LPS induces a significant increase of N/OFQ in U87 cell extracts and in cell culture medium. 

This latter effect is maintained in cells treated with the NOP antagonist [Nphe1]N/OFQ(1-13)NH2. Therefore, 

it could be hypothesized that any possible autocrine/paracrine effect elicited by the released endogenous 

N/OFQ on LPS-induced NOP mRNA reduction could be ruled out.  

NOPr and N/OFQ have been detected in human peripheral blood cells [67, 68], and Zhang et al. [47] have 

observed that NOPr and pre-N/OFQ mRNA are modulated differently by inflammatory cytokines in human 

peripheral blood cells. LPS strongly suppresses NOPr mRNA, whereas the effects on pre-N/OFQ mRNA are 

minor. These findings further confirm that LPS may down-regulate NOPr mRNA, whereas the data on LPS-

induced pre-N/OFQ mRNA and immunoreactive N/OFQ deserve to be further explored. 

Buzas et al. [26] have described that LPS and proinflammatory cytokines elevate pre-N/OFQ mRNA and 
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the content of immunoreactive N/OFQ in astrocytes.  

Previous findings have suggested that NOPr and N/OFQ are expressed in the human central nervous 

system, as well as in immune cells, and may contribute to mediating immune responses with possible 

involvement of the brain-immune axis [69]. In vitro and in vivo studies support the evidence that NOPr and 

N/OFQ are involved in systemic inflammatory reactions and sepsis [70]. Thus, it could be suggested that there 

is a regulatory loop between the NOPr and cytokines. NOPr mRNA expression was found to be increased in 

cancer or septic patients, with highest levels in end-stage cancer patients. In contrast, pre-N/OFQ was 

decreased. 

Forshammar et al. [71] have reported that in astrocytes a prolonged exposure to LPS evokes an elevation 

of  [Ca2+]i  transients expressed as oscillations together with a rearrangement of actin filaments. As regards 

U87 cells, we have observed that a significant increase in the amplitude, duration and number of peaks of 

[Ca2+]i is evident in U87 cells exposed to LPS for 72 h in comparison with cells acutely exposed to this agent 

(data not shown). These events may contribute to the significant cell migration observed in U87 cells 

rechallenged with LPS or with the vehicle. Furthermore, LPS rechallenge abolishes the inhibitory effects of 

N/OFQ on LPS-induced cell proliferation and increase in IL-1 mRNA as consequence of the down-regulation 

of NOPr observed in U87 cells treated with LPS up to 96 h. 

Prolonged exposure to LPS may induce tolerance that results in reduced inflammatory cytokine 

response [72] by reprogramming the host response, thus preventing overstimulation from the 

continuous presence of danger signals. It has been proposed that changes of TLR4 downstream 

signaling may contribute to LPS-induced tolerance [49]; however, tolerance to LPS-promoted cell 

migration, proliferation, IL-1 mRNA and NOPr down-regulation was not observed in U87 

glioblastoma cells. A prolonged occurrence of LPS can up-regulate several miRNAs including miR-

146a [73] and miR-155 [49]; miR-146a may inhibit proteins involved in the signaling pathways 
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activated by LPS [74]. Interestingly, miRNA-146a is down regulated in glioblastoma; thus, any 

inhibitory role played by this miRNA on TLR4-activated downstream signaling could be inadequate 

in these cells [75]. Conversely, miR-155 may play an oncogenic pro-inflammatory action as is up-

regulated in glioma; by promoting cell migration and proliferation it may counteract LPS-mediated 

tolerance to cell migration, proliferation and IL-1 mRNA increase [76]. 

Glioma cells are not the only cells that express TLRs as tumor microenvironment contains 

resident and infiltrating immune cells that may contribute to tumor progression and have not been 

extensively studied [5]. It could be hypothesized that DAMPs produced by necrotic cells, a hallmark 

of tumor progression, may accumulate in the tumor microenvironment and contribute to NOPr down-

regulation by activating TLR4 for a prolonged period of time; thus, the inhibitory effect of N/OFQ 

on LPS-mediated cell migration, proliferation and IL-1 mRNA transcripts could be lost. Future 

research should focus on the complex role played by TLRs, and their endogenous ligands DAMPs, 

as mediators of cellular signaling pathways that may favor or antagonize tumor progression [77]. 

G-protein coupled receptors have gained interest in anti-tumor drug discovery due to the prominent 

role that they can play, directly or indirectly, though transactivation of other receptors in glioma, causing 

proliferation, migration/metastasis, angiogenesis and metabolism [78].  To the best of our knowledge, this is 

the first report showing that N/OFQ may block LPS-induced glioblastoma cell proliferation and migration and 

may influence the inflammatory response mediated by cytokines. Furthermore, independent of LPS, N/OFQ 

increases apoptosis. These data are in agreement with evidence indicating that anti-inflammatory-based 

therapies could prove to be useful tools in combating glioblastoma. Future studies are necessary for a more 
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in-depth exploration of any functional cross-talk between TLR4 and NOPr in glioblastoma cells. 
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Fig. 1. Signaling pathways contributing to LPS-mediated migration, proliferation, [Ca2+]i and increase of IL-

1  of U87 glioblastoma and role of TLR4. (A) The effect of different treatments on U87 cell migration 

evaluated by wound closure in a scratch assay; images were acquired after 18 h. Scale bar: 100 m. Cells 

were maintained in serum-free medium (vehicle); LPS (10 ng/ml) promotes cell migration, and siRNA 

targeting TLR4 and TRAF6 prevent this effect whereas a control negative siRNA (Ctr siRNA) is ineffective. The 

c-Src inhibitor PP2 blocks LPS-induced cell migration. (B) Quantification of cell migration following the above-

mentioned treatments is reported. Furthermore, PKC inhibitors GF109203X (1 M) and Gö6976 (5 M) 

reduce LPS-induced migration. Conversely, PD 98059 (10 M), a blocker of ERK 1/2 kinase, or decoy 

oligonucleotides directed against AP-1, NF-kB or their suitable controls (mut decoy) do not modify LPS-

mediated cell migration. (C) LPS elevates U87 cell proliferation via TLR4, as knockdown of TLR4 results in the 

complete abolishment of this effect. C-Src inhibitor PP2 (5 M), PKC inhibitors GF109203X (1 M) and Gö6976 

(5 M) and PD 98059 (10 M), a blocker of ERK 1/2 kinase, reduce LPS-induced cell proliferation as do decoy 

oligonucleotides directed against AP-1 or against NF-kB but not their suitable controls (mut decoy). Values 

are the mean ± SD from six experiments conducted in triplicate using different cell cultures. **P<0.01 vs. 

vehicle; #P<0.01 vs. LPS (Newman-Keuls test after ANOVA).  (D) LPS induces a concentration-dependent 

increase in maximal [Ca2+]i rise with respect to basal levels. LPS (10 ng/ml) increases [Ca2+]i via TLR4, as it is 

abolished by exposure to TLR4 siRNA but not to a Ctr siRNA.  Elevation of [Ca2+]I by LPS (10 ng/ml) requires 

TRAF6 and c-Src as it is blocked by TRAF6 siRNA and by the c-Src inhibitor PP2. NNC 55-0396 (10 M) but not 

nifedipine (10 M) significantly reduces the LPS-promoted [Ca2+]i increase. Data are reported as intracellular 

calcium increases (% peak/basal) and presented as the mean ± SD (n= 30 cells/group). ***P<0.001 vs. vehicle; 

§P<0.05 vs. LPS 0.01 ng/ml and 0.1 ng/ml; ###P<0.001 vs. LPS 10 ng/ml (Newman-Keuls test after ANOVA). (E) 

LPS increases IL-1 mRNA levels via TLR4. PKC inhibitors GF109203X (1 M) or Gö6976 (5 M) and PD 98059 

(10 M) reduce the LPS-induced increase in IL-1 mRNA, as does a decoy oligonucleotide directed against 

AP-1 but not against NF-kB; their appropriate controls do not change the LPS-induced IL-1 mRNA increase. 
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Cells were maintained cell culture medium containing 10% fetal bovine serum (vehicle). Values are the mean 

± SD from six experiments conducted in triplicate using different cell cultures. (F) TLR4 expression is 

significantly reduced in U87 cells transfected with TLR4 siRNA but not with a control negative siRNA (Ctr 

siRNA). A representative immunoblot and densitometric analysis of the bands are reported. -actin was used 

as an internal control. Values are the mean ± SD from six experiments conducted using different cell cultures. 

***P<0.001 vs. vehicle and Ctr siRNA (Newman-Keuls test after ANOVA). (G) Typical [Ca2+]i dynamics recorded 

in fura-2–loaded U87 cells exposed to 10 ng/ml LPS or to vehicle alone (Control). The viability of the cells was 
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checked in every experiment by the application of a high K+ (50 mM) external solution. 
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Fig. 2. N/OFQ attenuates the LPS-mediated migration and proliferation of U87 cells and the IL-1 mRNA 

increase. (A) The effect of different treatments on U87 cell migration evaluated by wound closure in a scratch 

assay; images were acquired after 18 h. Scale bar: 100 m. Cells were maintained in serum-free medium 

(vehicle). LPS (10 ng/ml) promotes cell migration, and N/OFQ (1 M) prevents this effect. NOP receptor 

antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M) prevents the N/OFQ-mediated blockade of LPS. The Gi/o 

inhibitor PTX (10 ng/ml; 18 h in advance) does not modify N/OFQ blockade of LPS-induced cell migration. 

N/OFQ-mediated inhibition of LPS-induced migration is abolished in U87 cells transfected with siRNA 

silencing β-arrestin 2 but not with a control negative siRNA (Ctr siRNA). (B) Quantification of cell migration 

following the above-mentioned treatments is reported. Furthermore, NNC 55-0396 did not change N/OFQ-

induced inhibition of LPS-promoted migration. (C) β-arrestin 2 expression is significantly reduced in U87 cells 

transfected with β-arrestin 2 siRNA but not with a control negative siRNA (Ctr siRNA). A representative 

immunoblot and densitometric analysis of the bands are reported. -actin (actin) was used as an internal 

control. (D) N/OFQ (1 M) blocks LPS-stimulated proliferation, an effect that is prevented by the NOP 

receptor antagonist [Nphe1]N/OFQ(1-13)NH2. NNC 55-0396 and nifedipine pretreatments, as well as PTX, do 

not influence LPS-promoted cell proliferation or counteract the inhibitory effect of N/OFQ upon LPS-

stimulated cell proliferation. N/OFQ-mediated inhibition of LPS-induced cell proliferation is abolished in U87 

cells transfected with siRNA directed against β-arrestin 2 but not with a Ctr siRNA. N/OFQ added alone did 

not alter cell proliferation. (E) N/OFQ block the LPS-induced increase in IL-1 mRNA, an effect that is 

prevented by the NOP receptor antagonist [Nphe1]N/OFQ(1-13)NH2 but not by NNC 55-0396 pretreatment. 

N/OFQ-mediated inhibition of LPS-induced IL-1 mRNA levels is abolished in U87 cells transfected with a 

siRNA directed against β-arrestin 2 but not by a CtrsiRNA. N/OFQ added alone does not modify IL-1 mRNA 

levels. Values are the mean ± SD from six experiments conducted in triplicate using different cell cultures. 

https://cris.unibo.it/


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/) 

When citing, please refer to the published version. 

 

**P<0.01; ***P<0.001 vs. vehicle; §P<0.05; ##P<0.01, vs. LPS (Newman-Keuls test after ANOVA). 

 

 

Fig. 3. N/OFQ and NNC 55-0396 promote U87 cell apoptosis. (A) N/OFQ (1 M) or NNC 55-0396 (10 M) 

added to U87 cells for 24 h significantly increase early apoptotic cells. N/OFQ occludes the apoptotic effect 

induced by NNC 55-0396. NOPr antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M) blocks N/OFQ-induced 

apoptosis, whereas LPS does not elicit any apoptotic effect. Apoptosis was determined by flow cytometry to 

evaluate the ability of the cell to bind annexin V, and the results are presented as the percentage of early 
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apoptotic cells. (B) N/OFQ (1 M) and NNC 55-0396 (10 M) added to U87 cells for 24 h significantly increase 

caspase-3/7 activity. N/OFQ occludes the increase in caspase 3/7 activity induced by NNC 55-0396. NOP 

receptor antagonist [Nphe1]Nociceptin(1-13)NH2 (10 M) blocks N/OFQ-induced caspase 3/7 activity. Cell 

apoptosis and Caspase-3/7 activity were measured as described in the Materials and Methods section. Cells 

were maintained cell culture medium containing 10% fetal bovine serum (vehicle). Values are mean ± SD 

from six experiments conducted in triplicate using different cell cultures. *P<0.05,  **P<0.01, ***P<0.001 vs. 

vehicle. # P< 0.05; ##P<0.01, vs. N/OFQ (Newman-Keuls test after ANOVA).  

 

 

Fig. 4. N/OFQ counteracts the LPS-induced [Ca2+]i increase in U87 cells. N/OFQ (1 M) blocks the LPS-

induced increase in [Ca2+]I, an effect that is prevented by the NOP receptor antagonist [Nphe1]N/OFQ(1-
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13)NH2 (10 M). The Gi/o inhibitor PTX (10 ng/ml; 18 h in advance) does not modify N/OFQ blockade of LPS-

induced [Ca2+]i. N/OFQ-mediated inhibition of LPS-induced migration is abolished in U87 cells transfected 

with siRNA silencing β-arrestin 2 but not with a control negative siRNA (Ctr siRNA). N/OFQ and 

Nphe1]N/OFQ(1-13)NH2 alone do not cause any [Ca2+]i increase.  Data are reported as intracellular calcium 

increases (% peak/basal) and presented as the mean ± SD (n= 30 cells/group). ***P<0.001 vs. vehicle; §P<0.05 
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vs. LPS 0.01 ng/ml and 0.1 ng/ml; ###P<0.001 vs. LPS 10 ng/ml (Newman-Keuls test after ANOVA).  
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Fig. 5. N/OFQ counteracts the LPS-induced phosphorylation of PKC and ERK 1/2 in U87 cells. LPS (10 ng/ml) 

and N/OFQ (1 M) increase PKC phosphorylation (panel A) and ERK 1/2 phosphorylation (panel B) when 

added alone to U87 cells. N/OFQ antagonizes LPS-induced PKC and ERK 1/2 phosphorylation. PKC and ERK 

1/2 phosphorylation was assayed in cells collected 60 and 15 min after treatments. Cells were maintained in 

serum-free medium (vehicle). Representative immunoblots and densitometric analysis of the bands (mean  

SD; n=6) are reported. *P<0.05; **P<0.01 vs. vehicle. # P< 0.05 vs. LPS or N/OFQ (Newman-Keuls test after 

ANOVA).  

 

 

Fig. 6. N/OFQ counteracts the LPS-induced NF-kB and AP-1 transcriptional activity in U87 cells. (A) N/OFQ 

prevents LPS-induced NF-kB transcriptional activity. LPS-induced luciferase activity is abolished in cells 
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treated with a decoy oligonucleotide directed against NF-kB and transfected with a reporter plasmid 

containing a NF-kB binding motif (NF-kB decoy) whereas a mutated oligonucleotide is not effective (NF-kB 

mut decoy). Luciferase activity was measured 2 h after LPS (10 ng/ml) stimulation (B) N/OFQ antagonizes 

LPS-induced AP-1 transcriptional activity. Induction of AP-1 reporter gene is abolished by a decoy 

oligonucleotide (AP-1 decoy) directed against AP-1 but not by a mutated oligonucleotide (AP-1 mut decoy). 

Cells were incubated with decoy or mutated oligonucleotides for 16 h; thereafter, were transfected with 

plasmid containing reporter constructs and treated, 24 h later, with LPS (10 ng/ml). Cells were maintained in 

cell culture medium containing 10% fetal bovine serum (vehicle). Values are the mean ± SD from six 

experiments conducted in triplicate using different cell cultures. ***P<0.001 vs. vehicle. ## P< 0.01 vs. LPS 

(Newman-Keuls test after ANOVA). 

 

 

Fig. 7. LPS induces down-regulation of NOP receptor transcripts in U87 cells. (A) Relative fold changes in 

NOPr mRNA levels following various treatments were calculated using the Ct method as described in the 

Materials and Methods section. Time-dependent exposure to LPS (10 ng/ml) decreases NOPr mRNA content. 

The action of LPS (10 ng/ml) on NOPr mRNA is abolished by exposure to TLR4 siRNA; the latter, when added 
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alone to the cell culture for 48 h, does not influence NOPr mRNA levels. Actinomycin D (ActD) does not change 

NOPr mRNA but is capable of counteracting LPS-induced down-regulation. PKC inhibitor GF109203X (GF; 1 

M), the blocker of ERK 1/2 kinase, PD 98059 (PD; 10 M), and the phosphatidylinositol 3-kinase inhibitor 

LY294002 (LY; 10 M) do not affect LPS-induced NOPr mRNA down-regulation, whereas the p38MAPK 

inhibitor SB203580 (SB; 2 M) is effective in preventing LPS-induced down-regulation of NOPr mRNA. A decoy 

oligonucleotide directed against AP-1 strongly inhibits the LPS-mediated NOP receptor mRNA reduction. 

Conversely, a decoy oligonucleotide directed against NF-kB receptor mRNA does not modify LPS-mediated 

cell migration. (B) NOPr density (Bmax) is decreased in U87 cells exposed for 72 h to LPS (10 ng/ml), whereas 

a shorter exposure (24 h) or the vehicle were not effective. NOPr density was measured in U87 cell 

membranes by saturation binding assays as described under Materials and Methods. A single-site receptor 

binding model provided the best fit for data analysis. Cells were maintained in cell culture medium containing 

10% fetal bovine serum (vehicle). Values are the mean ± SD of at least six independent experiments 

conducted in triplicate using different cell cultures. **P<0.01; ***P<0.001 vs vehicle; ##P < 0.01; ###P<0.001 
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vs. LPS (10 ng/ml; 24 h) (Newman-Keuls test after ANOVA).  

 

 

Fig. 8. LPS-mediated N/OFQ up-regulation and release do not influence NOPr mRNA down-regulation. (A) 

LPS induces a time-dependent release of N/OFQ in the cell culture medium. U87 cells were maintained in cell 

culture medium containing 10% fetal bovine serum (BG) or in serum-free cell culture medium (vehicle) or 

exposed to LPS (10 ng/ml) up to 24 h. Ir-N/OFQ was measured by RIA in the cell culture medium samples as 
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described in the Materials and Methods. (B) LPS induces a time-dependent increase in cell content of ir-

N/OFQ. After incubation with LPS, the medium was collected by aspiration and the cells were harvested and 

homogenized in an acetic acid solution to extract the peptides for measurement of ir-N/OFQ by RIA (see 

Materials and Methods). (C) LPS-mediated down-regulation of NOPr mRNA in U87 cells treated for 24 h is 

not blocked by the NOPr antagonist [Nphe1]N/OFQ(1-13)NH2 (10 M; Nphe); furthermore, this compound 

added to the cells for 24 h does not influence NOPr mRNA levels. Values are the mean ± SD from six 

experiments conducted in triplicate using different cell cultures. *P<0.05; **P<0.01; vs. vehicle. §P<0.05 vs. 
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LPS 12 h (Newman-Keuls test after ANOVA). 
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Fig. 9.  Prolonged exposure to LPS abolishes the inhibitory effect of N/OFQ on LPS-induced cell migration, 

proliferation and increase in IL-1 mRNA transcripts. (A) U87 cells were exposed for 72 h to LPS (10 ng/ml) 

and then, after a 6-h washout, exposed again to this compound for 18 h or left in cell culture medium alone 

(vehicle). Under these experimental conditions, cell migration was significantly increased in both cell groups 

treated rechallenged with LPS or exposed to the vehicle alone. Interestingly, N/OFQ (1 M) is not able to 

counteract this effect. (B) Prolonged exposure to LPS 72 h + 6 h washout + LPS for 24 h produces a significant 

increase in cell proliferation in comparison with cells treated for 72 h with LPS and then challenged with cell 

culture medium containing 10% fetal bovine serum (vehicle). N/OFQ (1 M) is not able to counteract this 

effect. (C) Prolonged exposure to LPS 72 h + 6 h washout + LPS for 24 h produces a significant increase in 

cellular IL-1 mRNA, and N/OFQ (1 M) is not able to counteract this effect. In cells treated for 72 h with LPS 

and then maintained in the presence of cell culture medium containing 10% fetal bovine serum (vehicle) for 

24 h, cell proliferation and levels of IL-1 mRNA are superimposable to those observed in cells treated with 

vehicle for 24 h (basal vehicle). Values are the mean ± SD from six experiments conducted in triplicate using 

different cell cultures. *P<0.05; **P<0.01; ***P<0.001 vs. vehicle (Newman-Keuls test after ANOVA). 
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