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Background—Toxic compounds in tobacco, such as nicotine, may have adversely affect

pancreatic function. We aim to determine nicotine-induced protein alterations in pancreatic cells,

which may reveal a link between nicotine exposure and pancreatic disease.

Methods—We compared the proteomic alterations induced by nicotine treatment in cultured

pancreatic cells (mouse, rat and human stellate cells and human duct cells) using mass

spectrometry-based techniques, specifically GeLC-MS/MS and spectral counting.

Results—We identified thousands of proteins in pancreatic cells, hundreds of which were

identified exclusively or in higher abundance in either nicotine-treated or untreated cells. Inter-

species comparisons of stellate cell proteins revealed several differentially-abundant proteins (in

nicotine treated versus untreated cells) common among the 3 species. Proteins appearing in all

nicotine-treated stellate cells include amyloid beta (A4), procollagen type VI alpha 1, integral

membrane protein 2B,and Toll interacting protein.

Conclusions—Proteins which were differentially expressed upon nicotine treatment across cell

lines, were enriched in certain pathways, including nAChR, cytokine, and integrin signaling. At

this analytical depth, we conclude that similar pathways are affected by nicotine, but alterations at

the protein level among stellate cells of different species vary. Further interrogation of such

pathways will lead to insights into the potential effect of nicotine on pancreatic cells at the

biomolecular level and the extension of this concept to the effect of nicotine on pancreatic disease.
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1. INTRODUCTION

Diseases of the pancreas, including acute and chronic pancreatitis, as well as pancreatic

cancer, affect greater than 1 million persons in the United States annually, resulting in nearly

$3 billion in direct and indirect medical costs. Pathological features, detectable by current

biochemical testing and radiologic imaging, are associated with moderate to advanced stage

disease, for which only symptomatic treatment is available [1-4]. Further clarifying the

pathogenesis and pathophysiology of pancreatic disease may identify novel diagnostic

biomarkers of early disease and potential therapeutic targets [5]. The biomolecular

mechanism governing the physiological effects of environmental toxins may also advance

our knowledge of pancreatic disease for specific exposed populations.

Cigarette smoking is a preventable, yet common, risk factor for numerous diseases [6].

Specifically, smoking has been shown to associate with pancreatic disease [7-18], however,

little experimental data relating to the actual disease mechanism exists. Human pathology

studies have shown that individuals who smoke are at a greater risk of pancreatic fibrosis,

specifically intralobular fibrosis [19]. Understanding the pathogenesis of pancreatic disease

at the cellular level, before marked macroscopic changes in glandular morphology and

architecture are evident, is paramount in i) diagnosing early stage pancreatic disease and ii)

developing treatment and intervention strategies aimed at modifying or retarding disease

progression before the development of end-stage complications.
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Many of the toxic compounds found in tobacco smoke are absorbed into the blood stream

and several have been detected in pancreatic fluid [20]. Many of the toxic compounds found

in tobacco smoke travel throughout the blood stream and several (including nicotine) have

been detected in pancreatic fluid [20]. Nicotine is a major component of tobacco and is

readily absorbed by the lungs as well as other, more distal organs [21] and its concentration

in human blood of smokers ranges from 25 to 444 nM [22]. Nicotine interacts with a broad

population of nicotinic acetylcholine receptors (nAChR), with varying affinities and down-

stream effectors [23, 24]. Nicotine binding to these cell surface receptors transduces

intracellular signals resulting in ion transport and/or initiation of phosphorylation cascades

and other signaling pathways [25-28]. Although primarily associated with neuronal cells,

nAChR have been identified in other cell types [29] including hepatic stellate cells [30] and

pancreatic duct cells [26].

Pancreatic stellate cell (PaSC) cell lines hold promise for in culture experiments

investigating toxic effects at the cellular level. In accordance with the sentinel acute

pancreatitis event (SAPE) hypothesis [31], an initial insult to the pancreas (e.g., by nicotine)

is followed by the activation of pancreatic stellate cells, ultimately resulting in pancreatic

fibrosis. In fact, early-stage chronic pancreatitis has been defined by the development and

early progression of pancreatic fibrosis [32], however the biomolecular mechanisms

regulating these patholognomic changes remain unknown. Herein, we present the first inter-

species analysis of the effect of nicotine on the PaSC proteome.

In this study, we investigate proteomic alterations in immortalized pancreatic cell lines (rat,

mouse and human PaSC, and human pancreatic duct cells (PaDC)) using mass spectrometry-

based techniques. We aim to 1) identify qualitative and quantitative differences in proteins

expressed by several pancreatic cell lines with and without nicotine treatment, 2) perform an

inter-species comparison of nicotine-induced variations in protein expression among rat,

mouse, and human pancreatic stellate cells, and 3) compare nicotine-induced variations in

protein expression between human pancreatic stellate and duct cells. We identified several

proteins that demonstrate changes in abundance across all four cell lines, but more

significantly, we show that pathways common to all cell lines investigated are altered upon

nicotine treatment, indicating nicotine does have an effect on pancreatic cells, which will be

explored further in future studies.

2. MATERIALS AND METHODS

Materials

Dulbecco's modified Eagle's-F12 medium (DMEM/F12; 11330) was purchased from Gibco

(Carlsbad, CA). Fetal bovine serum (FBS; F0392) was purchased from Sigma (St. Louis,

MO). CellStripper (25-056-CL) was purchased from Mediatech (Manassas, VA).

SeeBluePlus2 Pre-Stained standard (LC5925), LDS (lithium dodecyl sulfate) sample buffer

(NP0008), NuPAGE 4-12% Bis-Tris polyacrylamide gels (NP0335), SimplyBlue Coomassie

stain (LC0665), and MES-SDS (2-(N-morpholino) ethanesulfonic acid-sodium dodecyl

sulfate) electrophoresis buffer (NP002) were from Invitrogen (Carlsbad, CA). (-)-Nicotine

(≥99%) (N3876) was purchased from Sigma (St. Louis, MO). Sequencing-grade modified
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trypsin (V5111) was obtained from Promega (Madison, WI). Other reagents and solvents

were from Sigma-Aldrich and Burdick & Jackson, respectively.

Cell lines—The PaDC cell line, hTERT-HPNE (CRL-4023), was purchased from ATCC

(Manassas, VA). PaDC were immortalized with transduction with catalytic subunit of

human telomerase (hTERT) [33]. PaSC cell lines (rat, irPSC; mouse, imPSC; human,

ihPSC) were immortalized using SV40 large T antigen as published previously [34].

Experimental Workflow—The experimental workflow is summarized in Figure 1. The

illustrated experiments were performed in parallel and repeated for each cell type; i.e. for

both the nicotine exposed and non-exposed (control) groups, each cell type was plated onto

three 10-cm cell culture dishes. Briefly, the immortalized cell lines (mouse, rat, human PaSC

and human PaDC) were grown in DMEM/10%FBS media supplemented with 1 μM nicotine

or without nicotine (control). Cells were harvested using non-enzymatic CellStripper

reagent. Proteins were separated by SDS-PAGE and processed using standard GeLC-

MS/MS techniques. Finally, the collected mass spectrometry data were analyzed using a

series of bioinformatics methods including database searching with ProteinPilot [35],

spectral counting-based quantification with QSPEC [36], and pathway analysis, with

Panther [37-39].

Cell growth and harvesting of pancreatic stellate cells (PaSC) and pancreatic
duct cells (PaDC)—Cell growth and propagation methods followed previously utilized

techniques [40, 41]. In brief, immortalized pancreatic duct and stellate cell lines were

propagated in Dulbecco's modified Eagle's-F12 medium (DMEM) supplemented with 10%

fetal bovine serum (FBS). Upon achieving 85-90% confluency, the growth media was

aspirated and the cells were washed 3 times with ice-cold phosphate-buffered saline (PBS).

This cell density was chosen so as to maximize the amount of cells for harvesting and to

ensure that the cells are actively growing / dividing. The predetermined experimental cell

culture dishes were supplemented with 1 μM nicotine and control cell culture dishes were

left untreated. Twenty-four hours after the addition of fresh media, the cells were dislodged

with non-enzymatic CellStripper, harvested by trituration following the addition of 10 mL

PBS, pelleted by centrifugation at 3,000 × g for 5 min at 4°C, and the supernatant removed.

One milliliter of TBSp (50 mM Tris, 150 mM NaCl, pH 7.4 supplemented with 1X Roche

Complete protease inhibitors), 1% Triton X-100 and 0.5% SDS were added to each 80-90%

confluent 10 cm cell plate.

Cell lysis and protein extraction—Cells were homogenized by 12 passes through a 27

gauge (1.25 inches long) needle and incubated at 4°C with gentle agitation for 1 hour. The

homogenate was sedimented by ultracentrifugation at 100,000 × g for 60 minutes at 4°C.

Protein concentrations were determined using the bicinchoninic acid (BCA) assay (23225,

ThermoFisher Scientific). One hundred micrograms of protein were then separated by SDS-

PAGE.

SDS-PAGE analysis—A final concentration of 50mM DTT (dithiothreitol) was added to

each sample to achieve 1X concentration, and the sample then incubated at 56°C for 1 hour.

After cooling, samples were alkylated with 1% acrylamide for 30 minutes at 23°C. Proteins
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(approximately 100 μg) were separated by SDS-PAGE at 150 volts in MES (2-(N -

morpholino)ethanesulfonic acid) buffer for 45 minutes. Gels were rinsed in deionized water

for 10 minutes, fixed in 45% methanol/45% water/10% acetic acid for 30 minutes, stained

with SimplyBlue Coomassie for 1 hour, and destained overnight in deionized water.

GeLC-MS/MS analysis—In brief, each gel lane was divided into 6 sections and proteins

in each section were extracted by in-gel tryptic digestion [42, 43]. Peptides extracted from

each gel section were fractionated by nanoflow reversed-phase ultra-high pressure liquid

chromatography (nanoLC, Eksigent) in-line with a linear trap quadrupole-Fourier transform

ion cyclotron mass spectrometer (LTQ-FTICR Ultra, Thermo Scientific). The reversed-

phase liquid chromatography columns (15 cm × 100 μm ID) were packed in-house (Magic

C18, 5 μm, 100 Å, Michrom BioResources). Samples were analyzed with a 60-minute linear

gradient (5-35% acetonitrile with 0.2% formic acid), and data were acquired in a data-

dependent manner, with 6 MS/MS scans for every full scan spectrum.

Bioinformatics and Data Analysis—Mascot generic files (“mgf”) were generated using

MSconvert software [44]. All data generated from the gel sections were searched against the

UniProt database (downloaded November 11, 2011) using the Paragon Algorithm [45]

integrated into the ProteinPilot search engine (v. 4; ABSciex). Search parameters were set as

follows: sample type, identification; Cys alkylation, acrylamide; Instrument, Orbitrap/FT

(1-3 ppm) LTQ (MS/MS); special factors, gel-based ID; ID focus, Biological Modifications;

database, UniProt database; detection protein threshold, 95.0%; and search effort, thorough

ID. Species specificity was Rattus novegicus, Mus musculus, and Homo sapiens, as

appropriate. We used Proteomics System Performance Evaluation Pipeline (PSPEP), which

is integrated into ProteinPilot, to determine the cutoff that would be result in a 1% false

positive rate at the protein level.

Venn diagrams

The VENNY on-line Venn diagram plotter was used to obtain lists of unique and common

proteins among the cell types investigated [46].

QSPEC spectral counting analysis

Relative protein quantification was accomplished using a label-free technique, spectral

counting, which compared the number of identified tandem mass spectra for the same

protein across multiple data sets. To search for differences in the protein profile among data

sets, spectral counts were normalized based on the total spectral counts, as outlined

previously [47]. Specifically, spectral counts of each protein were first divided by the total

spectral counts of all proteins from the same sample, and then scaled by multiplying the total

spectral counts of the sample by the maximum total number of spectral counts. Significance

analysis of our normalized spectral count data was performed using QSPEC, a recently

published algorithm for determining the statistical significance of differences in spectral

counting data from two samples [48]. This algorithm used the Bayes Factor in lieu of the p-

value, as a measure of evidential strength [49, 50]. By convention, a Bayes factor greater

than 10 suggested strong evidence that a particular protein was differentially expressed

between the two cohorts; thus a value of 10 was used as our significance threshold [51].
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Cross-species proteins comparisons

Cross-species comparisons were made at the identified protein level. The UniProt Entry

Name was used for these comparisons [52]. UniProt Entry Names, unlike accession

numbers, reference homologous genes across species, in the format gene mnemonic_species

mnemonic. Therefore, after truncating the species mnemonic, lists can be compared using

Microsoft Excel v.11 (Redmond, CA).

3. RESULTS

Nicotine treatment induced morphological changes in all pancreas cell types investigated

Mouse, rat, and human PaSC, as well as human PaDC, have slightly different morphologies

in their untreated states (Figure 2 A-D). Following nicotine treatment, all cell types acquired

a more elongated shape (Figure 2 E-H). These narrow cytoplasmic projections became

visible 2 to 4 hrs after nicotine treatment and persisted until the time of cell harvesting (24

hr).

SDS-PAGE analysis reveals minimal differences among the cell types investigated

Within same-cell type replicates, we observed only minor visible differences in the protein

banding patterns on SDS-PAGE gels. Similarly, when comparing nicotine-treated and

untreated cells of the same type, we note similar protein banding patterns. Such a result

would indicate that subsequent mass spectrometry analysis would identify common proteins

regardless of nicotine treatment. As expected, protein banding patterns differed among the

three species of stellate cells (Figure 3A-C), as well as between human stellate (Figure 3C)

and duct cells (Figure 3D).

Mass spectrometric analysis identified several hundred unique proteins for each cell type
and nicotine treatment status

Table 1 lists the total number of proteins identified in each replicate for each cell type and

nicotine treatment condition tested. With minimal fractionation, several hundred unique

proteins were identified for each cell type and nicotine treatment condition. Mass

spectrometry analysis identified, on average, approximately 800 proteins per replicate, with

the number of proteins ranging from approximately 600 to 1200. Concordant to the

similarities in SDS-PAGE protein banding patterns, GeLC-MS/MS analysis showed that the

majority of all proteins identified in a given cell type under the same condition were

common to all 3 replicates in that group (Supplemental Figure 1). When combining

replicates of the same treatment and cell type, an average of approximately 1000 non-

redundant proteins were identified, with the number of proteins ranging from approximately

800 to 1400. In total, 1247 proteins were identified in mPaSC (Supplemental Table 1), 921

in rPaSC (Supplemental Table 2), 1586 in hPaSC (Supplemental Table 3), and 1287 in

hPaDC (Supplemental Table 4).

Proteins exclusive to nicotine-treated cells were identified

The proteins common to the nicotine-treated replicates of each cell type were compared to

the proteins common to the untreated replicates of each cell type. For all cell types, 25-30%
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of the total proteins identified were exclusive to either nicotine-treated or untreated cells.

Therefore, for each cell type investigated, 70-75% of the identified proteins were found in

both nicotine-treated and untreated cells (Figure 4). Proteins identified exclusively in either

nicotine-treated or untreated cells for each cell type are listed in Supplemental Table 5.

These data indicate that although differences do exist upon nicotine treatment, the majority

of the proteins identified are common to both nicotine-treated and untreated cells.

Quantitative proteomic analysis was performed to investigate differences in the abundance

of these common proteins.

Common proteins were identified across different species of PaSC in both nicotine treated
and untreated cells

Comparing the total proteins identified in all (both nicotine-treated and untreated) PaSC, we

found that approximately 50% (n=584) of the proteins appeared in all 3 species, and

approximately 75% (n=1121) appeared in at least 2 of 3 species (Figure 5 A). We would

have expected a similar inter-species distribution when comparing proteins exclusive to

either nicotine-treated or untreated cells. However, only 6 proteins were identified in all 3

species when examining those proteins exclusive to the nicotine-treated PaSC, and 38 were

identified when including those proteins present in at least 2 of the 3 species (Figure 5 B).

Similarly, only 2 proteins were identified in all 3 species when comparing the untreated

PaSC, and 26 were identified when including those proteins present in at least 2 of the 3

species (Figure 5C). The proteins that were common to all 3 species of PaSC are listed in

Table 2. Among the common proteins, the disparity between the total identified proteins and

those exclusive to a nicotine treatment group is illustrated graphically in Figure 5D. That is,

although a strong overlap of total proteins is apparent among the three species in terms of

total proteins, examining proteins exclusively associated with nicotine treatment resulted in

few common proteins. Such a disparity would also indicate that the results are not artifacts

of comparing datasets across species, but rather suggests that the biomolecular mechanisms

altered by nicotine exposure may be different among PaSC from different species.

Common proteins were identified between human PaSC and PaDC in both nicotine treated
and untreated cells

We investigated differences between two cell types from the same species and organ by

comparing the proteins identified in hPaSC with those identified in hPaDC under identical

conditions (i.e., nicotine-treated and untreated). Approximately 60% (1043) of the total

proteins identified in hPaSC and hPaDC, regardless of nicotine treatment, were common to

both cell types (Figure 6 A). However, when examining proteins exclusive to either

nicotine-treated or to untreated human cells, less than 10% of these exclusive proteins were

common to both of the two cell types (Figure 6 B and C). Similar to the interspecies PaSC

comparison, nicotine-induced biomolecular alterations may vary between different cell types

with shared microenvironment (i.e., hPaSC and hPaDC).
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Quantitative proteomic differences were observed among the four cell types studied
herein

Statistical analysis of quantitative data was performed using QSPEC. A Bayes factor of 10

or greater corresponded to a statistically significant difference in nicotine-treated and

untreated cells. This analysis revealed several dozen proteins which were present in

significantly different relative abundance when comparing nicotine-treated and untreated

cells (Supplemental Table 6). In Table 3, we list the differentially abundant proteins that

were identified in at least 2 different cell types. While profilin-1 was more abundant in the

nicotine treated cells, the remaining proteins were of higher abundance in the untreated cells.

Many of the proteins listed – such as, profilin, filamin, myosin, and plectin - are common

cytoskeletal proteins that bind actin, which may be associated with the morphological re-

organization observed following nicotine treatment, as shown in Figure 2.

4. DISCUSSION

We present a broad proteomic analysis of mouse, rat, and human pancreatic stellate cells, as

well as human pancreatic duct cells, to explore the effect of nicotine exposure on pancreatic

cells in culture. We identified several hundred proteins in each cell type, both in nicotine-

treated cells and untreated controls. Dozens of proteins were identified exclusively in treated

and control cells, for all cell types. Quantitative analysis using spectral counting discovered

several proteins with statistically significant differences in relative abundance. Although

common pathways were expected to be modulated via nicotine in stellate cells from

different species, very few of these treatment-exclusive proteins were shared among the

three species investigated.

Six proteins that were exclusive to nicotine-treated cells were common among the 3 PaSC

types, while 2 were exclusive to untreated cells. Of particular interest are those proteins with

higher abundance in nicotine-treated cells. These proteins are involved in cytokine signaling

and include amyloid beta, toll interacting protein, and integral membrane protein 2B.

Cytokine signaling is a hallmark of pancreatic stellate cell activation and the initiation of

pancreatic fibrosis (and therefore chronic pancreatitis)[53-55], and as such, further analysis

of these proteins and associated pathways is merited. Amyloid beta and integral membrane

protein 2B have also been associated with neoplastic changes [56]. Moreover, amyloid beta

is known to interact with the nicotine-binding α7 nAChR subtype [57, 58]. In addition,

procollagen type VI alpha 1 was identified in nicotine-treated cells from all three species. As

a structural constituent of extracellular matrix, the deposition of collagen is among the initial

steps of pancreatic fibrosis [59-61]. The appearance of these proteins in all three species

illustrates that a limited number of common pathways are indeed modulated by nicotine in

these pancreatic cell lines.

Rodent models have shown previously that nicotine is involved in pancreatic dysfunction.

Animal models have demonstrated that radioisotope-labeled nicotine accumulates in the

pancreata of rats [21, 62], and tobacco smoke exposure has been linked to pancreatic

damage, manifested by high levels of trypsin and chymotrypsin, as well as the development

of focal pancreatic lesions [63]. Studies have also shown that altered gene expression

resulting from nicotine exposure impacts the ratio of trypsinogen to pancreatic secretory
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trypsin inhibitor in the rat pancreas [64], thereby demonstrating transcriptional regulation

resulting from nicotine exposure. Indirectly, nicotine has been shown to affect levels of

gastrin and cholecystokinin in rats, which may have a downstream effect on acinar function

and a role in the pathophysiology of the exocrine pancreas [62]. Moreover, evidence also

suggests that duct cell function is altered in the presence of nicotine, as a significant

decrease in duodenal bicarbonate has been detected in rabbits [65] and dogs [66, 67]

exposed to nicotine. Such research is valuable, but care should be taken as the underlying

biomolecular mechanisms of nicotine stimulation may be similar, but not identical in rodent

models and humans.

Using our proteomic data for PaSC, we identified proteins appearing exclusively in treated

or untreated PaSC (detected in at least 2 of 3 PaSC species), and proteins exhibiting

significant differences in abundance in nicotine-treated versus untreated cells. We used the

Panther Database [37-39] to cluster proteins according to their gene ontology classifications:

Biological Process, Molecular Function, and Cellular Component. Biological process

classification (Figure 7 A) revealed that the majority of differentially expressed proteins had

a role in primary metabolism (Figure 7 B), which potentially reflects the overall alterations

in cellular morphology and protein expression. In addition, molecular function classification

(Figure 8 A) revealed that the majority of differentially expressed proteins had a role in

nucleic acid binding. These proteins include transcription factors, and as such may indicate

that protein expression was being regulated as the transcriptional level upon nicotine

treatment. Comparing nicotine treated against untreated cells reveals a slightly greater

percentage of nucleic acid binding (Figure 8 B) proteins upon nicotine treatment in all cell

types, with a more prominent effect in duct cells. Classification by cellular component

(Figure 9 A) revealed that the majority of differentially expressed proteins were of

cytoskeletal or ribonucleoprotein (RNP) complex origin. Changes in these two cellular

components can be expected, as morphological alterations are indicative of changes in

cytoskeletal protein expression, and such changes may be at the transcriptional level. As

such, most cells either with or without nicotine treatment had 7-8% of differentially

expressed proteins classified as cytoskeletal (Figure 9B). In addition, among the stellate

cells, a higher percentage of RNP complex proteins was observed in the untreated cells

compared to nicotine-treated cells, while duct cells displayed less difference (Figure 9C).

The relatively high percentage of differentially expressed RNP proteins correlate well with

the nucleic acid binding being the molecular function with the greatest number of

differentially-expressed proteins.

We also subjected this subset of differentially-expressed proteins to pathway analysis, again

using the Panther database, to uncover additional pathways which may be modulated via

nicotine in PaSC [68]. These pathways are listed in Table 4 and the associated proteins are

listed in Supplemental Table 7. This expanded subset of proteins is in addition to those

mentioned above that are common to all 3 nicotine-treated PaSC types and are involved in

inflammation/cytokine signaling and nAChR signaling. We also note that the pancreatic

cells’ nicotine exposure response may share pathways with neurons, particularly in

Parkinson and Huntington disease and the EGF pathway that is involved in axonal

regeneration [69, 70]. Such a result is expected, as the effects of nicotine have been well
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studied in the field of neuroscience [71-73]. In addition, several other pathways showed

enrichment of these differentially-expressed proteins including the p53 pathway, which is

involved in cancer, including that of the pancreas [74, 75]. Likewise, the Ras signaling

pathway is involved in the promotion of cell growth, differentiation and survival. In fact,

90% of pancreatic cancer patients have mutations that permanently activate Ras [76].

Some of the pathways identified have been shown to be involved with pancreatic disease.

For example, TGF-beta signaling plays a role in the activation of pancreatic stellate cells

[77, 78]. Proteins were also identified in the EGF pathway, in which EGF signaling induces

proliferation of hPaDC [79], as well as hepatic stellate cells [80, 81]. Likewise, T-cell

activation and attraction has been shown to be mediated by pancreatic stellate cell secretions

[82]. The greatest number of proteins was identified in the integrin pathway. Integrins are

receptors that mediate the attachment between cells and surrounding tissues, or more

specifically the extracellular matrix. These proteins are associated with cell signaling and

regulate cellular shape, motility, and the cell cycle [83]. In pancreatic research, integrins

have been shown to have a role in PaSC-promoted proliferation of pancreatic cancer cells in

co-culture experiments [84]. This pathway is particularly important given the initial

morphological changes observed upon nicotine treatment. In addition, several studies have

demonstrated that extracellular matrix protein production plays a key role in pancreatic

fibrosis [7, 60, 85, 86]. Although the specific proteins identified in our comparative analysis

differed, further mining of the data reveals that nicotine appears to modulate common

pathways in all three species of PaSC. Thus these pathways warrant further investigation in

regard to the pathogenesis and progression of pancreatic disease.

In summary, we have identified common proteins and pathways that are altered following

nicotine exposure in pancreatic cells. Further experiments targeting specific proteins will be

necessary to verify our results. In addition, further fractionation may be performed, such as

subcellular fractionation, orthogonal peptide fractionation (e.g. strong cation exchange or

OFFGEL fractionation) or simply cutting additional (e.g. 12-24) slices per gel lane.

Moreover, varying nicotine concentrations and incubation times may offer further insight

into potential time- and dose-dependent nicotine-induced changes in the PaSC and PaDC

proteome. For nicotine incubations, 1 μM was chosen, as this concentration has been

commonly used in the literature, including gastrointestinal cancer [87], and as it

approximates the supposed upper limit of concentration range in a smoker. A particular

study recently investigated the nicotine-induced cell proliferation in variety of cell lines of

cell lines using 1 μM nicotine, as the maximum effect of nicotine was observed this

concentration [88]. Effects have also been observed at lower concentrations, as a prior study

showed no difference at nicotine concentrations of 100 pM to 10 μM response to hepatic

stellate cells [89]. Following the cellular response and proteomic alterations due to varying

nicotine concentrations and chronic nicotine exposure may validate changes observed in the

present study and result in further insights into the mechanisms of disease. We conclude that

nicotine exposure causes morphological changes in pancreatic cells that are reflected in the

cellular proteome, and although differences exist in the specific proteins altered, nicotine

appears to modulate common pathways among mouse, rat, and human PaSC.
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Figure 1. Experimental workflow
A) Cells were incubated with 1 μM nicotine or without nicotine exposure (control). B) Cells

were harvested by dislodgment from a 10-cm cell culture and lysed. C) Proteins were

fractionated by SDS-PAGE, D) GeLC-MS/MS analysis was performed and E)

Bioinformatics methods included database searching with ProteinPilot and spectral

counting-based quantification with QSPEC.
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Figure 2. Light micrographs of pancreatic cells
Light micrographs of mPaSC (A and E), rPaSC (B and F), hPaSC (C and G), and hPaDC (D

and H) in standard media (A-D) and in media supplemented with 1 μM nicotine (E-H).
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Figure 3. SDS-PAGE analysis of whole cell lysates
A) mPaSC, B) rPaSC, C) hPaSC and D) hPaDC. Biological replicates are indicated (1-3), as

is nicotine treatment (+, 1μM of nicotine is added; −, untreated).
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Figure 4. Venn diagrams comparing proteins from cells treated with nicotine and untreated
controls
The numbers of non-redundant proteins identified in nicotine-treated and untreated cells are

given for A) mPaSC, B) rPaSC, C) hPaSC, and D) hPaDC.
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Figure 5. Venn diagrams comparing proteins from mouse, rat, and human PaSC
A) Comparison of the total non-redundant proteins – merging proteins identified in both

treated and untreated cells – for mPaSC, rPaSC, and hPaSC. B) Comparison of the non-

redundant proteins identified exclusively in nicotine-treated PaSC. C) Comparison of the

non-redundant proteins identified exclusively in untreated PaSC. D) Stacked bar chart

comparing proteins by indicating the percentage of non-redundant proteins identified in all

replicates for A), B), and C) above.
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Figure 6. Venn diagrams comparing proteins from hPaSC and hPaDC
A) Comparison of the total non-redundant proteins – merging proteins identified in both

treated and untreated cells – for hPaDC and hPaSC. B) Comparison of the non-redundant

proteins identified exclusively in nicotine-treated hPaDC and hPaSC. C) Comparison of the

non-redundant proteins identified exclusively in untreated hPaDC and hPaSC.
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Figure 7. Biological processes of differentially-expressed proteins
A) Most common biological processes as determined by the Panther Database for this

dataset. B) Differentially expressed proteins involved in primary metabolism for cells in the

presence and absence of nicotine.

Paulo et al. Page 23

Proteomics. Author manuscript; available in PMC 2014 May 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8. Molecular functions of differentially-expressed proteins
A) Most common molecular functions as determined by the Panther Database for this

dataset. B) Differentially expressed proteins involved in nucleic acid binding for cells in the

presence and absence of nicotine.
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Figure 9. Cellular components of differentially-expressed proteins
A) Most common cellular component as determined by the Panther Database for this

dataset. Differentially expressed proteins involved in B) cytoskeleton and C) RNP

complexes for cells in the presence and absence of nicotine.
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Paulo et al. Page 26

Table 1

Number of proteins identified via mass spectrometry analysis.

Non-redundant proteins identified

cell type nicotine replicate per replicate per treatment group per cell type

mPaSC + 1 776 1103 1247

2 795

3 849

− 1 818 1016

2 658

3 735

rPaSC + 1 604 802 921

2 660

3 644

− 1 599 793

2 658

3 602

hPaSC + 1 1005 1267 1586

2 1105

3 620

− 1 1022 1405

2 1220

3 756

hPaDC + 1 821 1106 1287

2 796

3 817

− 1 711 1121

2 945

3 883
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Table 4

Pathways represented by proteins differentially associated with nicotine treatment.

Pathway # of proteins % of differentially associated proteins

Integrin signaling pathway 9 2.9%

EGF receptor signaling 7 2.3%

Huntington disease 6 1.9%

Inflammation- chemokines 6 1.9%

nAChR signaling 5 1.6%

T cell activation 5 1.6%

p53 pathway 4 1.3%

Parkinson disease 4 1.3%

Ras Pathway 4 1.3%

TGF-beta signaling pathway 4 1.3%
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