
Modulation of innate immune-related pathways in nicotine-
treated SH-SY5Y cells

Wen-Yan Cui,
State Key Laboratory of Protein and Plant Gene Research, Peking University, 100871 Beijing, 
China; Department of Psychiatry and Neurobehavioral Sciences, University of Virginia, 1670 
Discovery Drive, Suite 110, Charlottesville, VA 22911, USA

Ju Wang,
Department of Psychiatry and Neurobehavioral Sciences, University of Virginia, 1670 Discovery 
Drive, Suite 110, Charlottesville, VA 22911, USA

Jinxue Wei,
Department of Psychiatry and Neurobehavioral Sciences, University of Virginia, 1670 Discovery 
Drive, Suite 110, Charlottesville, VA 22911, USA

Junran Cao,
Department of Psychiatry and Neurobehavioral Sciences, University of Virginia, 1670 Discovery 
Drive, Suite 110, Charlottesville, VA 22911, USA

Sulie L. Chang,
Department of Biology, Institute of NeuroImmune Pharmacology, Seton Hall University, South 
Orange, NJ, USA

Jun Gu, and
State Key Laboratory of Protein and Plant Gene Research, Peking University, 100871 Beijing, 
China

Ming D. Li
Department of Psychiatry and Neurobehavioral Sciences, University of Virginia, 1670 Discovery 
Drive, Suite 110, Charlottesville, VA 22911, USA

Abstract

Although nicotine has a broad impact on both the central and peripheral nervous systems, the 

molecular mechanisms remain largely unknown, especially at the signaling pathway level. To 

investigate that aspect, we employed both conventional molecular techniques, such as quantitative 

real-time PCR and Western blotting analysis, and high-throughput microarray approach to identify 

the genes and signaling pathways that are modulated by nicotine. We found 14 pathways 

significantly altered in SH-SY5Y neuroblastoma cells. Of these, the Toll-like receptor pathway 

(TLR; p = 2.57 × 10−4) is one of the most important innate immune pathways. The death receptor 

pathway (DR; p = 8.71 × 10−4), whose transducers coordinate TLR signals and help conduct the 
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host immune response to infection, was also significantly changed by nicotine. Furthermore, we 

found that several downstream pathways of TLR and DR signaling, such as PI3K/AKT signaling 

(p = 9.55 × 10−6), p38 signaling (p = 2.40 × 10−6), and ERK signaling (p = 1.70 × 10−4), were also 

significantly modulated by nicotine. Interestingly, most of the differentially expressed genes in 

these pathways leading to nuclear factor κB (NF-κB) activation and those important inhibitors of 

pathways leading to apoptosis, including FLIP and Bcl-2, were up-regulated by nicotine. Taken 

together, our findings demonstrate that nicotine can regulate multiple innate immune-related 

pathways, and our data thus provide new clues to the molecular mechanisms underlying nicotine's 

regulatory effects on neurons.
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Introduction

In the USA, 20.8% of adults are smokers (CDC 2008). As the top cause of preventable 

death, cigarette smoking accounts for an estimated 438,000 deaths in the USA annually 

(Mokdad et al. 2004). Economically, smoking is responsible for about 7% of the total US 

health-care costs, an estimated $157.7 billion each year, of which $75.8 billion is direct 

medical costs. Nicotine is the primary addictive component of tobacco smoke and exerts its 

pharmacologic effects primarily through nicotinic acetylcholine receptors (nAChRs), 

resulting in broad effects on both the central and the peripheral nervous system. The 

influence of nicotine on the inflammatory process has received much attention recently. In 

the central nervous system, inflammatory responses are suggested to play a key role in the 

development of Alzheimer's disease (AD) and Parkinson's disease (PD). Human and animal 

studies have revealed an inverse correlation between nicotine intake and the onset and 

progression of some neurodegenerative diseases, such as PD and AD, an indicator of the 

neuroprotective and anti-apoptotic effects of nicotine (Picciotto and Zoli 2008; Zeidler et al. 

2007). In the peripheral nervous system, nicotine can significantly suppress TLR4-mediated 

inflammation in both macrophages and a sepsis animal model (Wang et al. 2003, 2004).

Because nAChRs function as Ca2+ channels (Colquhoun 1987; Derkach et al. 1983) and 

nicotine affects intracellular Ca2+ (Dajas-Bailador et al. 2003), multiple Ca2+-dependent 

kinases can be induced by nicotine, including PI3K, ERK, PKC and PKA, all of which have 

been implicated as significant in innate immune responses (Dajas-Bailador et al. 2002; 

Damaj 2000; Fenster et al. 1999; Messing et al. 1989). By regulating the pathways triggered 

by these kinases, nicotine exerts broad effects in neurons. For example, the ERK pathway 

regulates cell survival (Hetman and Gozdz 2004) and is involved in neural plasticity 

(Brunzell et al. 2003). Activation of PI3K is related to neuron protection and promotes 

neuron survival (del Peso et al. 1997; Kihara et al. 2001). Acute administration of nicotine 

also activates nuclear transcription factor NF-κB (Barr et al. 2007) in rat mesencephalic cells 

in a dose-dependent manner. This protein, a key regulator of neuronal survival and involved 

in learning, memory formation, and neuron degeneration (Mattson and Camandola 2001; 
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Meffert et al. 2003; Van Antwerp et al. 1996), can be activated by various innate immune 

pathways as well.

Although nicotine is immunosuppressive in the peripheral nervous system (Wang et al. 2003, 

2004) and has positive effects in multiple neurodegenerative diseases involving 

inflammatory processes (Smith 1998), to date, only a few studies have investigated the effect 

of nicotine on immune-related signaling pathways (Parrish et al. 2008; Wang et al. 2003). 

Therefore, how nicotine regulates the innate immunity signaling pathways in neurons is 

largely unknown. In this study, we used the SH-SY5Y cell line as an in vitro model to study 

the effect of nicotine on the neuronal innate immune system. First, by measuring gene 

expression in SH-SY5Y cells treated with nicotine, we identified a number of innate 

immune-related genes and signaling pathways modulated significantly by nicotine. Second, 

we confirmed some of our key results using qRT-PCR and Western blotting analyses. On the 

basis of these results, we propose the first model of nicotine modulation of the neuronal 

innate immune system.

Materials and methods

Cell culture and nicotine treatment

Human neuroblastoma SH-SY5Y cells were purchased from the American Type Culture 

Collection (Manassas, VA) and cultured in a 1:1 mixture of ATCC-formulated Eagle's 

Minimal Essential Medium and F12 Medium supplemented with 10% fetal bovine serum 

(GIBCO Invitrogen, Grand Island, NY) at 37°C in a humidified atmosphere of 5% CO2. 

When the cells reached about 80% confluence at 24 h post-seeding, they were treated with 

either 1 mM nicotine (Sigma, St. Louis, MO) or PBS (used as the control) for 1 h, as 

described in a previous study (Dunckley and Lukas 2003). Considering the rapid ERK 

phosphorylation after nicotine treatment, we treated cells with 1 mM nicotine for 5, 15, 30, 

or 60 min in Western blotting analysis for the ERK phosphorylation experiments reported in 

this study.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from SH-SY5Y cells using Trizol reagent (Invitrogen, Carlsbad, 

CA). To eliminate potential residual DNA contamination, the samples were treated with 

RNase-free DNase I at 37°C for 30 min, followed by inactivation at 65°C for 10 min. Two 

micrograms of total RNA was reverse-transcribed using Superscript II RT. The mixture was 

incubated at 25°C for 10 min, 42°C for 1.5 h, and 70°C for 15 min. Quantitative real-time 

PCR was performed in a total volume of 20 μl containing 10 μl of Power SYBR Green PCR 

Master Mix (Applied Biosystems, Foster City, CA), 250 nM primers, 2 μl of cDNA mixture, 

and water. All primer sequences shown in Table 1 were designed using Primer Express 

Software 3.0 (Applied Biosystems). The RT-PCRs were performed in a 96-well plate using 

an ABI Prism 7000 Sequence Detection System (Applied Biosystems) with the following 

thermal cycling conditions: 1 cycle at 50°C for 2 min, initial denaturation at 95°C for 10 

min, 40 cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for 1 min. 

Subsequent to the last cycle, a dissociation curve was generated to check for non-specific 
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products. The expression of all the measured genes was normalized using β-actin or 

GAPDH as internal controls. Each sample was repeated with four independent replicates.

Microarray and microarray processing

A pathway-focused oligoarray designed specifically for brain-related research including 

drug addiction was used (Cao et al. 2011; Wei et al. 2011). Briefly, 3,565 genes implicated 

in the execution and regulation of CNS activities for the maintenance of neuronal 

homeostasis, as well as those associated with the neuron response to addictive substances 

such as nicotine, alcohol, or cocaine, were selected on the basis of an earlier version of a 

pathway-focused cDNA microarray developed by this laboratory (Konu et al. 2004; Li et al. 

2004; Wang et al. 2007) and an extensive literature survey. These genes cover most of the 

major pathways related to cell metabolism, genetic information processing, cellular 

signaling transduction, neuron-related disease, and cell communication.

OligoWiz (http://www.cbs.dtu.dk/services/OligoWiz/) was used to design the 

oligonucleotide for each gene of interest. The final length of the selected oligonucleotides 

was 59.2 ± 3.8 bp (mean ± SD), with a GC content (fraction of total) of 0.53 ± 0.05 and a 

Tm of 76.4 ± 1.7°C. The oligonucleotides for the genes of interest and ten control oligos 

were synthesized and spotted at a concentration of 40 μM in 3 × SSC and 1.5 M betaine 

buffer onto CMT-GAPS II slides (Corning) using an OmniGrid MicroArrayer OGR-03 

(Genomic Solutions, San Carlos, CA). To reduce the potential influence of gene-specific dye 

effect, a universal reference design was used in the microarray analysis. For each 

experimental group, six independent cultures were prepared. Another 12 independent control 

cultures were prepared, and these samples were referred to as “universal controls.” For each 

sample, 10 μg of total RNA was extracted for cDNA synthesis. Following purification with 

phenol:chloroform extraction and isopropanol precipitation, total RNA was dissolved in 28 

μl of water, mixed with 4 μl of 10 × buffer, 4 μl of 10 mM dTTP-free dNTP, 1 μl of 10 mM 

dTTP, 2 μl of 1 mM cyanine 3-dUTP (for either nicotine-treated or control sample) or 

cyanine 5-dUTP (for universal control sample)(Enzo, Farmingdale, NY), and 1 μl of Klenow 

fragment (50 units/μl), then incubated at 37°C for 3 h prior to purification with a QIAquick 

PCR kit (Qiagen, Valencia, CA). Then, the cyanine 3-labeled sample (either nicotine treated 

or control) cDNA probes were mixed with the cyanine 5-labeled universal control cDNA 

probe and added to 7.5 μl of 20 × SSC, 3 μg of CotI DNA, 3 μg of polyA, and 0.5 μl of 10% 

SDS adjusted to a final volume of 50 μl. The mixture was applied to the pathway-focused 

oligonucleotide microarray and hybridized overnight at 60°C. Slides were then washed in 1 

× SSC and 0.2% SDS at 60°C for 5 min followed by washing in 0.1 × SSC and 0.2% SDS 

and in 0.1 × SSC at room temperature for 10 min each. Hybridized slides were scanned 

using the ScanArray Gx microarray scanner, and the intensities of each probe were 

quantified with the ScanArray Express microarray analysis system (PerkinElmer, Waltham, 

CA).

Western blot analysis

The SH-SY5Y cells were washed with PBS before being digested with 500 μl of RIPA 

buffer (50 mM Tris Cl pH 7.5, 0.5% DOC, 0.1% SDS, 150 mM NaCl, 1% NP-40). After 

incubation on ice for 30 min, the samples were centrifuged at 12,000 rpm for 15 min, and 
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the supernatant liquids were collected into new tubes. For each sample, 10 μg of total protein 

was electrophoresed on a 10% sodium dodecyl sulfate–polyacrylamide gel and then 

transferred electrophoretically to polyvinylidene difluoride (PVDF) membranes (Millipore, 

Bedford, MA). After blocking with 1% BSA in TBST buffer at room temperature for 1 h, 

the filter was first incubated overnight with primary antibody (1:1000) at 4°C and then for 

1.5 h at room temperature in the blocking buffer containing p38 or Phospho-p44/42 (Erk1/2) 

MAPK antibody (dilution 1:2000; Cell Signaling Technology, Inc., Danvers, MA). 

Immunoreactivity was detected using the SuperSignal West Pico Chemiluminescent 

Substract kit (PIERCE Inc., Rockford, IL), and the preparations were exposed to X-ray film. 

After the films were developed, they were scanned on a Microtek ScanMaker i800 with 

ScanWizard 5.5 at a resolution of 600 dpi for quantitative analysis with ImageQuant 5.1 

(Molecular Dynamics, Sunnyvale, CA). The relative p38, ERK1 (p44) or ERK2 (p42) values 

were normalized to α-tubulin, and the significance of the difference between the nicotine-

treated and control samples was determined by Student's t test via MATLAB (The 

Mathworks, Natick, MA). Four independent cell cultures were prepared under the same 

conditions used for the microarray experiments for both nicotine treatment and control 

groups (N = 3–4).

Bioinformatics analyses of microarray data

After scanning each array, the raw hybridization intensities of each element were obtained, 

and the background-subtracted median intensity of each spot was used for further statistical 

analysis. The two replicates of each gene on a chip were analyzed separately. To minimize 

spot variations and reduce experimental error, we discarded spots that were either 

oversaturated or poorly expressed (i.e., 5% of the weakest spots in each replicate of an 

array). We then used an intensity-dependent normalization method (locally weighted linear 

regress; Lowess) to normalize the data for each replicate (Yang et al. 2002). To minimize 

experimental error, genes with six or fewer valid measurements were removed from further 

analysis. The two technical replicates per array were averaged to obtain the measurement of 

each gene for a given sample. The normalized data from each drug treatment group were 

compared with the normalized data from the controls, and significantly regulated genes were 

identified by Student's t test. On the basis of the p values, the false discovery rate (FDR) was 

calculated by the method of Benjamini and Hochberg (1995) via MATLAB.

The genes significantly regulated by each treatment were analyzed by Ingenuity Pathway 

Analysis (IPA; https://analysis.ingenuity.com) with the goal of revealing the enriched 

biochemical pathways. The core of IPA is the Ingenuity Pathways Knowledge Base (IPKB), 

which contains the biological function, interaction, and other related information of a 

curated gene set and more than 330 biochemical pathways. This pathway-based software is 

designed to identify global canonical pathways, dynamically generated biological networks, 

and global functions from a given list of genes. Basically, the genes with their symbol, 

corresponding GenBank accession numbers, or both were uploaded into the IPA and 

compared with the genes included in each canonical pathway using the whole gene set of 

IPKB as the background. All the pathways with one or more genes overlapping the 

candidate genes were extracted. In IPA, each of these pathways was assigned a p value via 

Fisher's exact test, which denoted the probability of overlap between the pathway and input 
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genes. Because a relatively large number of pathways were examined, multiple comparison 

correction for the individually calculated p values was necessary to make reliable statistical 

inferences. The FDR was also calculated with the method of Benjamini and Hochberg 

(1995).

Results

Identification of genes and pathways significantly modulated by nicotine

To study the acute effects of nicotine on signaling pathways, we treated SH-SY5Y cells 

under the paradigm reported previously (Dunckley and Lukas 2003) and then measured 

RNA expression for 3,565 genes that have been implicated in cell metabolism, genetic 

information processing, cellular signaling transduction, neuron-related disease, and cell 

communication using microarray techniques (Cao et al. 2011; Wei et al. 2011). Following a 

series of normalization and bioinformatics analyses, we identified 296 genes whose 

expression was significantly modulated by nicotine (p < 0.05; FDR ≤ 0.258) (Table S1). The 

FDR is the ratio of the false positives expected from multiple comparisons to total positives 

observed, which also represents the approximate probability for an identified gene to be a 

false positive (Blalock et al. 2005, 2004). The observed FDR of less than 0.258 was 

considered to be acceptable for most microarray studies; especially, it was the upper limit 

value for the indentified genes, with most genes having much lower FDRs, indicating an 

acceptable statistical power. To detect biochemical processes or pathways that were enriched 

in these differentially expressed genes, we analyzed them with Ingenuity Pathway Analysis 

(IPA) software and identified 14 pathways significantly enriched in the nicotine-treated 

group (Table 2), among which were included the critical innate immune pathway TLR (p = 

2.57 × 10−4; FDR = 0.015) and its coordinate pathway DR (death receptor) signaling (p = 

8.71 × 10−4; FDR = 0.035). Additionally, several important downstream pathways of TLR 

pathway and DR pathway, such as ERK signaling pathway (p = 1.70 × 10−4; FDR = 0.015), 

p38 signaling pathway (p = 2.40 × 10−6; FDR = 6.82 × 10−4), and PI3K/AKT signaling 

pathway (p = 9.55 × 10−4; FDR = 1.81 × 10−3), were significantly modulated by nicotine. 

Similarly, the inter-leukin-6 (IL-6) pathway, which is activated by the TLR pathway product 

IL-6, also reached a significant level (p = 5.13 × 10−4; FDR = 0.015). Together, these six 

pathways are designated as “innate immune-related pathways” in this report.

Confirmation of mRNA expression of innate immune-related genes

Of the 296 genes identified as differentially expressed in response to acute nicotine 

treatment, there were 12 in each of the p38 MAPK signaling pathway, PI3K/AKT signaling 

pathway, and ERK MAPK signaling pathway, 9 in the IL-6 pathways, 5 in the TLR pathway, 

and 6 in the DR pathway that were identified by signaling pathway analysis using IPA (Table 

3). Because a significant number of these genes are part of more than one biochemical 

pathway, in total, we found 32 uniquely affected genes within these six immune-related 

pathways. To confirm the microarray results, we performed quantitative real-time RT-PCR 

(qRT-PCR) analysis on ten randomly selected genes using RNA samples from an 

independent experiment under the same conditions used for the microarray experiment 

(Table 4). As shown in Fig. 1, the results from the two approaches were highly consistent, 

with a correlation coefficient of 0.92 (p < 0.01). All these genes identified in the microarray 
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experiment, except RPS6KB1 and ARAF1, were confirmed by qRT-PCR analysis using 

independent samples. DUSP, HMGN1, DAXX, and MAPK14 showed significant up-

regulation (p = 0.028–0.005) and IL6ST, TRAF6, TGFBR2, and ITGB1 demonstrated 

significant down-regulation (p = 0.027–0.004). Although the changes in RPS6KB1 and 

ARAF1 were not significant (p > 0.05) by qRT-PCR, they did show a trend in the same 

direction as that detected with the microarray approach. A detailed summary of these qRT-

PCR results, including the average expression, standard deviation, fold change, and 

corresponding p value, is shown in Table 4.

Regulation by nicotine of innate immune-related genes at protein expression level

Given that MAPK14 (p38) is one of the most critical kinases in the p38 pathway (Sanz et al. 

2000; Tamura et al. 2000), we performed Western blotting analysis of SH-SY5Y cells that 

had or had not been exposed to nicotine to measure p38 protein expression, with the goal of 

using it as a key indicator of changes detected in all the immune-related pathways that 

contained 32 genes significantly altered by nicotine according to the microarray data. Our 

results clearly demonstrated that nicotine treatment caused a significant increase (45%; p = 

0.04) in the expression of p38 in SH-SY5Y cells (Fig. 2).

Activation of ERK pathways by nicotine in SH-SY5Y cells

The results from the microarray, qRT-PCR, and Western blotting analyses indicated that 

many genes in the six immune-related pathways were significantly modulated by nicotine; 

however, the activation of these pathways has not been demonstrated. To provide direct 

evidence of nicotine's activation of these pathways, Western blotting with phos-phor-p44/42 

MAPK (Erk1/2) antibody in SH-SY5Y cells treated with nicotine was performed. Although 

there was no significant induction of ERK phosphorylation at 1 h of treatment, we found that 

phosphorylation was significantly increased at 5 min (Fig. 3; ERK1: 73%, p = 0.006; ERK2: 

67%, p = 0.02), 15 min (ERK1: 36%, p = 0.04; ERK2: 43%, p = 0.04), and 30 min (ERK1: 

46%, p = 0.02; ERK2: 51%, p = 0.02).

Nicotine's effect on pro- and anti-apoptotic DR pathway

The death domain of the death receptor can trigger both pro-and anti-apoptosis pathways 

(Ashkenazi and Dixit 1998). Although we demonstrated that nicotine modulated the DR 

pathway, we were not sure which branch or even if both were affected by nicotine. As shown 

in Fig. 4, nicotine up-regulates the anti-apoptotic branch of the DR pathway by elevating the 

expression of genes such as TAB 1 (nicotine/control = 1.45; p = 0.01), IKKγ (nicotine/

control = 1.27; p = 0.03) and its downstream p38 (p = 2.40 × 10−6; FDR = 6.82 × 10−4), and 

ERK (p = 1.70 × 10−4; FDR = 0.015) signaling pathway. Regarding the apoptotic pathway, 

considering that the expression of two key inhibitors of the pathway, BCL-2 (nicotine/

control = 1.24; p = 0.03) and FLIP (nicotine/control = 1.35; p = 0.01), are significantly 

increased by nicotine, we suspect that overall trend of the pathway is down-regulated by 

nicotine even though we detected no significant changes of genes in the apoptotic branch, 

except for DR5 (nicotine/control = 1.43; p = 0.04) and DAXX (nicotine/control = 1.25; p = 

0.03).
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Discussion

To determine the mechanism by which acute nicotine exposure exerts its effect on neurons, 

instead of investigating a few genes of interest, as is commonly described in the literature, in 

this study, we first employed a broad and powerful search strategy with the goal of 

identifying most, if not all, targets that might be affected. When we examined the expression 

profiles of almost all genes implicated in the involvement and regulation of CNS activities 

and responses to addictive substances such as nicotine in SH-SY5Y cells, we found that the 

expression of 296 genes was significantly modulated by nicotine. To better delineate the 

effect of nicotine on these genes, we then performed a series of pathway analyses, which 

indicated that these genes were overrepresented in 14 biological pathways. Of these 

pathways, six are innate immunity related, i.e., TLR, DR, p38, ERK, PI3K/AKT, and IL-6 

signaling pathway. On the basis of the extent of change and the biological function of these 

genes, we selected ten representative genes for verification with qRT-PCR using independent 

samples and obtained consistent results. Furthermore, we showed the regulatory effect of 

nicotine on the innate immune system by demonstrating that both the expression of p38 and 

the activation of ERK pathway were significantly up-regulated. Consistent with reports from 

other research groups (Dajas-Bailador et al. 2002; Nakayama et al. 2001; Steiner et al. 

2007), induction of ERK phosphorylation by nicotine was observed at earlier treatment time 

points. Such early activation may contribute to the changes in RNA expression in the overall 

pathway and downstream gene expression observed at 1 h of treatment.

SH-SY5Y cells express α3, α5, α7, β2, and β4 nAChR subunits that assemble to form 

various α3*-nAChR sub-types or homomeric α7-nAChRs. Experiments conducted in this 

study were blind about the role of specific α3*- or α7-nAChR that might mediate the 

nicotine-altered gene expression. No attempt was made to delineate which genes may be 

acting via α3*- or α7-nAChR. On its surface, the work reported here may have some degree 

of semblance to the work of Dunckley and Lukas (2003). The similarity between our study 

and the earlier one (Dunckley and Lukas (2003) is that we used the same type of cells, which 

were treated with the same concentration of nicotine for the same period of time. Their work 

clearly demonstrated that acute nicotine exposure could regulate the expression of genes 

with diverse functions in SH-SY5Y cells; at the same time, when treated with 1 mM nicotine 

for 1 h, most of the affected genes were regulated through nAChR-mediated mechanisms. 

On the other hand, we tried to obtain a more detailed and comprehensive profile of the genes 

and pathways regulated by acute nicotine exposure. Above and beyond that, significant 

technical differences exist between our work and the work by Dunckley and Lukas (2003): 

use of different arrays (array selected for brain-related research, especially for addiction 

research, vs. randomly selected genes); use of statistical and bioinformatics tools to draw 

conclusions (sophisticated and advanced tools vs. Student's t test); use of pathway analysis 

(IPA vs. none); selection of gene sets for further study (6 related but different pathways 

related to innate immunity vs. randomly selected 17 genes); and cross validation of results 

(expression analysis of key genes at both the mRNA and protein level vs. expression 

analysis of genes at the mRNA level only). Because of these quantitative and qualitative 

differences between the two studies, we identified a set of novel genes and pathways related 

to the cellular response to acute nicotine exposure in the SH-SY5Y cell line. Thus, the 
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results and conclusions derived from our study should represent a significant update and 

enhancement of the field.

The genes that are differentially expressed in SH-SY5Y cells in response to nicotine 

treatment have been categorized broadly by Dunckley and Lukas (2003) into four groups, 

i.e., transcription factors, protein processing factors, RNA-binding proteins, and plasma 

membrane-associated proteins. Our work here did not endeavor to classify the differentially 

regulated genes in a similar manner. Rather, our results suggest that nicotinic activation of 

genes may have a broad role in altering cellular physiology by modulating gene expression 

and affecting biological pathways. The genes affected by nicotine treatment in SH-SY5Y 

cells belong to such diverse pathways as glucocorticoid receptor signaling, ERK/MAPK 

signaling, and T-cell receptor signaling. In this study, we mainly focused on the modulatory 

effect of nicotine on innate immune pathways and its influence on neuronal activities. It has 

been reported that nicotine exerts broad effects on the CNS, such as memory improvement 

(Rezvani and Levin 2001), release of neurotransmitters (Okuda et al. 1994; Serova and 

Sabban 2002) and neurotrophic factors (Belluardo et al. 2004), and protection of neurons 

from apoptosis (Garrido et al. 2001; Guan et al. 2003; Hejmadi et al. 2003). For example, 

cigarette smoking has a protective effect against AD and PD (Fratiglioni and Wang 2000; 

Morens et al. 1994) by affecting cellular inflammation. Further, improved cognitive 

performance has been identified in healthy non-smokers and AD patients after a short period 

of nicotine treatment. Indeed, nicotine has been considered a potential treatment for AD and 

PD (Mihailescu and Drucker-Colin 2000). Moreover, nicotine's anti-inflammatory effect has 

been demonstrated in multiple immune cell types (Ulloa 2005). However, it remains unclear 

how nicotine regulates the innate immune-related pathways in neurons.

Although neurons are not typical immune cells, innate immune-related pathways, such as 

TLR, are functional in these cells. Under normal conditions, TLRs play a key role in 

building up the first line of defense against infections. Previous studies have revealed the 

presence of TLR2, TLR3, TLR4, and TLR8 in neurons (Ma et al. 2006; Tang et al. 2007). 

Although lipopolysaccharide (LPS), a TLR4 ligand, does not trigger immune responses in 

SH-SY5Y cells (Monaghan et al. 2008), functional TLR3 has been found in this cell line and 

can induce the expression of interferon-lambda (Zhou et al. 2009). Human neurons also 

express IFN-β in response to poly(I:C), which specifically activates TLR3, but not LPS 

(Prehaud et al. 2005). Activation of TLRs can trigger multiple downstream signaling 

pathways, such as MAPK and PI3K/AKT.

The role of nicotine in the crosstalk between the immune pathways in neurons is still a 

mystery. By using a customized pathway-focused microarray, consisting of 3,565 genes 

essential to CNS activity, we identified six pathways significantly modulated by nicotine and 

closely related to innate immune responses, five of which showed a clear trend. Among 

these pathways, the expression of the genes in the TLR pathway and its downstream 

signaling pathways, including p38, ERK, and PI3K/AKT, was up-regulated; whereas the 

apoptosis branch of the DR pathway was down-regulated by nicotine, and there was no clear 

trend for the IL-6 pathway. To validate our microarray data, we measured the expression of 

p38, which is the most important mediator of the p38 MAPK pathway, and found it to be 

significantly increased by acute nicotine treatment at both the RNA and protein levels. 
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Moreover, increased activation of the ERK MAPK pathway by acute nicotine treatment was 

detected in the current study. All these pathways are closely related and help to maintain 

immune homeostasis through a delicate balance. Death receptors, which belong to the tumor 

necrosis factor receptor superfamily, control cellular activities ranging from gene activation 

to apoptosis. Death receptor signal transducers participate in the regulation of pattern-

recognition receptor (PRR) signaling pathways, including TLR (Chen et al. 2008; Ermolaeva 

et al. 2008; Imtiyaz et al. 2006; Ma et al. 2004; Pobezinskaya et al. 2008). The interaction 

between the TLR and DR pathways plays an important role in maintaining cellular 

homeostasis (Wilson et al. 2009). In this study, we found that TLR signaling was enhanced, 

whereas the apoptosis branch of DR signaling was suppressed. The ERK pathway regulates 

proliferation, differentiation, long-term memory, and synaptic plasticity in response to 

growth factors (Sweatt 2004); the PI3K pathway regulates neural survival and plasticity and 

axonal growth (Dudek et al. 1997; Lin et al. 2001); and phosphorylation of p38 is involved 

in both the proliferation of neuronal precursors (Dougherty et al. 2005) and neuronal death 

(Xia et al. 1995). By modulating these pathways, nicotine may influence a panel of neuron 

activities, including the plasticity associated with addiction. However, most significantly, the 

ERK, PI3K, and p38 pathways are all involved in the regulation of neuron survival.

Activated ERK can inhibit caspase-3 activation, leading to the blockade of the caspase 

cascade during apoptosis (Allan et al. 2003). Another MAPK pathway, JNK, promotes pro-

apoptotic responses, but this pathway was not significantly changed by nicotine in our study, 

suggesting that nicotine administration may have a greater impact on the MAPK pathways 

involved in anti-apoptosis. Another downstream pathway, PI3K/AKT, which also was up-

regulated by nicotine, is a major pathway mediating neuron survival (Dudek et al. 1997). 

Further, all the above-mentioned five pathways except the apoptosis branch of the DRs can 

lead to activation of NF-κB, which regulates multiple physiological functions in the brain 

(Meffert and Baltimore 2005). Activated NF-κB promotes cell survival by inducing caspase 

inhibitors (Chu et al. 1997; Karin and Lin 2002; Liu et al. 1996; Wang et al. 1996, 1998), 

including c-IAPs, A1, TRAF1, TRAF2, FLIP, and BCL-2, of which FLIP and BCL-2 were 

significantly up-regulated by nicotine in our microarray study. On the basis of our findings 

that nicotine affects both DR and TLR pathways through investigating regulatory 

mechanisms at the RNA, protein, and phosphorylation levels, we offer a model to explain 

how nicotine regulates innate immune pathways in neurons (Fig. 4). This model not only 

describes a mechanism by which nicotine can regulate the innate immune system in neurons 

through crosstalk between the pathways, but also provides new clues to the potential 

beneficial effects of nicotine treatment on neurons. Given that no functional TLR4 is 

expressed (Monaghan et al. 2008) and that functional TLR3, which is one of the most 

important and best known TLRs, was identified in SH-SY5Y cells (Zhou et al. 2009), our 

model is primarily based on the TLR3 pathway. For the DR pathway, there are two branches 

triggered from the death domain, with one leading to apoptosis and the other to anti-

apoptosis (Ashkenazi and Dixit 1998). Although basal expression of caspase-8 is not 

detectable in SH-SY5Y cells (Casciano et al. 2004; Ribas et al. 2005), exposing these 

neuroblastoma cells to β-amyloid and IFN-γ can result in a rapid increase in cas-pase-8 

levels that may mediate in part the toxic effects of these treatments (Cantarella et al. 2003; 

Tong et al. 2007). Thus, we included this pathway in our model. Activation of the anti-
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apoptosis branch of both the DR and the TLR pathways could trigger NF-κB, which 

suppresses the caspase cascade, leading to cell survival. Thus, we conclude that nicotine can 

modulate innate immune-related pathways in neurons, probably contributing to neuron 

survival.

Although we have demonstrated that SH-SY5Y neuroblastoma cells can be used to explore 

the innate immune response to nicotine exposure in nervous system and that a number of 

genes and pathways involved in this process have been identified, this study represents only 

a small piece of a much large puzzle on the relation between nicotine and the innate immune 

system. The current study is based on the assumption that in SH-SY5Y cells, most of the 

differentially expressed genes are modulated via nAChR-dependent approaches, which is 

derived from the results of an earlier study under the same conditions (Dunckley and Lukas 

2003). For the time being, we could not provide a direct relation between the genes 

modulated by nicotine and the nAChR subtypes. Additionally, SH-SY5Y cells can 

synthesize multiple types of neurotransmitters such as noradrenaline and dopamine; it is also 

able to express receptors like Mu and delta opioid receptors, α2-adrenoceptors, and 

neuropeptide Y receptors. Thus, we cannot totally exclude the possibility that dopamine, 

noradrenaline, or other neurotransmitters may have effect on some of the detected genes. 

However, by identifying a relatively small number of genes and pathways potentially related 

to the innate immune system, further studies will be able to obtain a more detailed 

delineation of gene regulation and the action of specific nAChRs, as well as the potential 

role of other neurotransmitters.
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Fig. 1. 
Comparison of results from qRT-PCR and microarrays for ten randomly selected genes 

significantly modulated by acute nicotine treatment. The mRNA expression of these genes 

was measured by qRT-PCR in SH-SY5Y cells either treated or untreated with nicotine for 1 

h. Of the ten genes verified by real-time RT-PCR, eight showed significant changes in 

response to nicotine (p < 0.05), and the other two showed alteration in the same direction as 

detected with the microarray approach, although the changes did not reach significance. 

Data are presented as the mean ± SD (n = 5) for both microarray and qRT-PCR experiments
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Fig. 2. 
Expression of p38 (MAPK14) protein. The SH-SY5Y cells were treated with nicotine for 1 

h, and then subjected to Western blotting with p38 antibody. Untreated cells were used as 

controls. a A representative blot for Western analysis; b the mean ± SD optical density 

measurements in the two experimental groups (n = 4). *p < 0.05
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Fig. 3. 
Activation of the ERK pathway by nicotine. Immunoblot analysis of whole-cell lysates from 

SH-SY5Y cells treated with nicotine for 5 min (a), 15 min (b), 30 min (c), and 1 h (data not 

shown) was performed to measure phosphorylation of ERK. Untreated cells were used as 

controls. In a, b and c, the upper panels are representative blots for Western analysis and the 

lower panel shows the mean ± SD of the optical density measurements (n = 3). The fold 

changes of p-ERK relative to untreated cells at each time point are shown in d as mean ± 

SD. **p < 0.01; *p < 0.05
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Fig. 4. 
Schematic model of the effect of nicotine on the innate immune system. The TLR and death 

receptor pathways, as well as their downstream pathways including ERK, p38 and PI3K, 

may be modulated by acute nicotine exposure in SH-SY5Y neuroblastoma cells. The red (or 

dark gray in print)-highlighted genes are significantly up-regulated by nicotine, whereas the 

green (or light gray in print)-highlighted genes are down-regulated. The interaction between 

the pathways shown here is mainly based on the result from this study; the irrelevant details 

are not included. The figure was drawn by Ingenuity Pathway Analysis (IPA; http://

www.ingenuity.com/)
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Table 1
Primer sequences used for quantitative RT-PCR

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

DUSP AGTGCGCTGAGCTACCTTCAG CACCTCCCGTGGCCTTT

IL6ST GCTGATTGCAAAGCAAAACG CCAGACTTCAATGTTGACAAAATACA

TRAF6 ATTCCATGCACATTCAGTACTTTTG GGCGTGCCAAGTGATTCCT

TGFBR2 CCCACCGCACGTTCAGA TGCACCGTTGTTGTCAGTGA

ITGB1 TGTAATTCAGTTGATCATTGATGCA ACAATTTGCCGTTTTCCAAAA

HMGN1 GAAGCGAAGCCGAAAAAGG TTTGTTTGCACTTTTTTGTCTGAAG

DAXX CCCGAAGCCTCCTTGGATT ACCCCTGGGATGCCATTC

MAPK14 GCCCGAGCGTTACCAGAAC CGTAACCCCGTTTTTGTGTCA

RPS6KB TGAGGACATGGCAGGAGTGTT CAATGTTCCATGCCAAGTTCA

ARAF1 GTCCCGCTGACCATGCA ATGGAACAGAAACTTAAGGCAGAAG

GAPDH ATGGAAATCCCATCACCATCTT CGCCCCACTTGATTTTGG
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Table 2

Biological pathways significantly modulated by nicotine in SH-SY5Y cellsa

Pathway p value FDRb Genes significantly regulated by nicotine

Glucocorticoid receptor signaling 3.11 × 10−7 1.77 × 10−4 AGT, AR, BCL2, CD3G, DUSP1, FGG, FOS, GTF2H2, IKKγ, JAK3, 
MAP3 K7IP1, MAPK14, MED14, NFATC3, PIK3CG, SMAD2, 
STAT5A, TGFB2, TGFBR2, TRAF6, YWHAH

p38 MAPK signaling 2.40 × 10−6 6.82 × 10−4 ATF2, DAXX, DUSP1, HMGN1, IRAK3, MAP3K7IP1, MAPK14, 
MEF2D, PLA2G4A, TGFB2, TGFBR2, TRAF6

PI3K/AKT signaling 9.55 × 10−6 1.81 × 10−3 BCL2, EIF4EBP1, FOXO1, IKKγ, ITGB1, JAK3, PIK3CG, PPM1L, 
RPS6KB1, SFN, TRP53, YWHAH

PTEN signaling 5.01 × 10−5 7.13 × 10−3 BCL2, BCL2L11, CDC42, FOXO1, IKKγ, ITGB1, NGFR, PIK3CG, 
RPS6KB1, YWHAH

Acute-phase response signaling 1.02 × 10−4 0.012 AGT, APOA1, FGG, FOS, IKKγ, IL6R, IL6ST, MAP3K7IP1, 
MAPK14, NGFR, PIK3CG, TF, TRAF6

ERK/MAPK signaling 1.70 × 10−4 0.015 ARAF, ATF2, DUSP1, EIF4EBP1, FOS, ITGB1, PIK3CG, 
PLA2G4A, PPM1L, PPP1CA, RAPGEF3, YWHAH

Mitochondrial dysfunction 2.09 × 10−4 0.015 COX6B1, COX7B, COX7C, NDUFA4, NDUFV1, OGDH, SDHB, 
SDHC, SNCA, UQCRFS1

VEGF signaling 2.14 × 10−4 0.015 BCL2, EIF2B1, EIF2B5, FOXO1, PIK3CG, SFN, VCL, VEGFA

Toll-like receptor signaling 2.57 × 10−4 0.015 FOS, IKKγ, IRAK3, MAP3K7IP1, MAP4K4, MAPK14, TRAF6

PPAR signaling 2.75 × 10−4 0.015 FOS, IKKγ, MAP3K7IP1, MAP4K4, NGFR, NR2F1, STAT5A, 
TRAF6

IL-6 signaling 2.95 × 10−4 0.015 FOS, IKKγ, IL6R, IL6ST, MAP3K7IP1, MAP4K4, MAPK14, NGFR, 
TRAF6

T-cell receptor signaling 5.13 × 10−4 0.024 CALM2, CD3G, CSK, FOS, IKKγ, NFATC3, PIK3CG, ZAP70

Hepatic fibrosis/hepatic stellate cell 
activation

7.24 × 10−4 0.032 AGT, BCL2, IGF1R, IL6R, NGFR, SMAD2, TGFB2, TGFBR2, 
VEGFA

Death receptor signaling 8.71 × 10−4 0.035 BCL2, FLIP, DAXX, IKKγ, MAP4K4, TNFRSF10B

a
The pathways and genes included in each pathway were based on the output of Ingenuity Pathway Analysis (IPA; http://www.ingenuity.com/). 

Some pathways may be partially overlapped with others. No action was taken to remove any possible redundancy

b
The FDR values were computed based on the p values of the pathways included in the IPA output via the method of Benjamini and Hochberg 

(1995). Pathways with FDR <0.05 are included in Table 2
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Table 3
Genes significantly changed by nicotine at the mRNA level in the six immune-related 
pathways

Gene symbol Gene Ratio ± SD p value FDRa

ARAF1 V-raf murine sarcoma 3611 viraloncogene homolog 1 1.24 ± 0.09 0.03 0.17

ATF2 Activating transcription factor 2 0.80 ± 0.04 0.02 0.14

BCL2 B cell leukemia/lymphoma 2 1.24 ± 0.16 0.03 0.17

FLIP CASP8 and FADD-like apoptosis regulator 1.35 ± 0.10 0.01 0.12

DAXX Fas death domain-associated protein 1.25 ± 0.09 0.03 0.17

DUSP1 Dual specificity phosphatase 1 1.17 ± 0.08 0.02 0.14

EIF4EBP1 Eukaryotic translation initiation factor 4E binding protein 1 0.65 ± 0.07 0.01 0.13

FOS Fos oncogene 1.28 ± 0.16 0.03 0.17

FOXO1 Forkhead box 1 0.52 ± 0.10 0.00 0.05

HMGN1 High mobility group nucleosomal binding domain 1 1.42 ± 0.14 0.01 0.14

IKKγ Inhibitor of kappa light polypeptide gene enhancer in B cells, inase gamma 1.27 ± 0.18 0.03 0.17

IL6R Interleukin 6 receptor 1.17 ± 0.06 0.01 0.10

IL6ST Interleukin 6 signal transducer 0.74 ± 0.06 0.01 0.12

ITGB1 Integrin beta 1 0.86 ± 0.05 0.04 0.18

JAK3 Janus kinase 3 0.80 ± 0.10 0.02 0.16

MAP3K7IP1 Mitogen-activated protein kinase kinase kinase 7 interacting protein 1 1.45 ± 0.17 0.01 0.11

MAP4K4 Mitogen-activated protein kinase kinase kinase kinase 4 0.69 ± 0.07 0.00 0.04

MAPK14 Mitogen-activated protein kinase 14 1.22 ± 0.19 0.05 0.18

MEF2D Myocyte enhancer factor 2d 1.35 ± 0.08 0.04 0.18

NGFR Nerve growth factor receptor 1.46 ± 0.18 0.05 0.18

PIK3CG Phosphoinositide-3-kinase, catalytic, gamma polypeptide 1.30 ± 0.20 0.05 0.19

PLA2G4A Phospholipase A2, group IVA (cytosolic, calcium dependent) 1.42 ± 0.16 0.03 0.17

PPM1L Protein phosphatase 1 (formerly 2C)-like 1.35 ± 0.24 0.03 0.17

PPP1CA Protein phosphatase 1, catalytic subunit, alpha isoform 1.21 ± 0.08 0.02 0.15

RAPGEF3 Rap guanine nucleotide exchange factor (GEF) 3 0.84 ± 0.04 0.03 0.17

RPS6KB1 Ribosomal protein S6 kinase, 70kD, polypeptide 1 1.28 ± 0.13 0.04 0.17

SFN Stratifin 1.14 ± 0.04 0.02 0.16

TGFB2 Transforming growth factor, beta 2 0.74 ± 0.03 0.00 0.01

TGFBR2 Transforming growth factor, beta receptor 2 0.57 ± 0.13 0.01 0.10

TNFRSF10B Tumor necrosis factor receptor superfamily, member 10b 1.43 ± 0.15 0.04 0.18

TRAF6 Tnf receptor-associated factor 6 0.75 ± 0.13 0.03 0.17

YWHAH Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta 
polypeptide

1.21 ± 0.12 0.04 0.17

a
FDR is calculated from the p values of all the genes included in the microarray via the method of Benjamini and Hochberg (1995)
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Table 4
Genes significantly changed by acute nicotine treatment as confirmed by real-time PCR

Gene symbol Gene Ratio ± SDa p value FDRb

DUSP Dual specificity phosphatase 2 1.23 ± 0.04 0.005 0.025

IL6ST Interleukin 6 signal transducer 0.81 ± 0.04 0.013 0.028

TRAF6 Tnf receptor-associated factor 6 0.90 ± 0.01 0.027 0.035

TGFBR2 Transforming growth factor, beta receptor 2 0.73 ± 0.07 0.009 0.028

ITGB1 Integrin beta 1 0.73 ± 0.10 0.004 0.025

HMGN1 High mobility group nucleosomal binding domain 1 1.37 ± 0.07 0.028 0.035

DAXX Fas death domain-associated protein 1.12 ± 0.06 0.023 0.035

MAPK14 Mitogen-activated protein kinase 14 1.14 ± 0.05 0.014 0.028

a
The ratio shown in this column is between gene expression in the nicotine-treated and control groups. For the ten genes verified by real-time PCR, 

the expression of eight is significantly (p < 0.05) different in response to acute nicotine treatment. For the other two genes, i.e., ARAF1 and 
RPS6KB1, the p value is 0.197 and 0.519, respectively. Although the expression change of the two genes did not reach significance, they showed a 
trend in the same direction as that detected with the microarray approach

b
FDR is calculated from the p values of the ten genes verified by real-time PCR via the method of Benjamini and Hochberg (1995). For ARAF1 

and RPS6KB1, the FDR is 0.219 and 0.519, respectively; the values are not shown in the table, because the expression difference in the two genes 
was not significant in real-time PCR tests
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