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Abstract

Cigarette smoke exposure is known to induce obstructive lung disease and several cardiovascular

disease states in humans and also in animal models. Smoking leads to oxidative stress and

inflammation that are important in triggering pulmonary and cardiovascular disease. The objective

of the current study was to quantify differences in expression levels of plasma proteins of cigarette

smoke exposed and control mice, at the time of disease onset, and identify these proteins for use as

potential biomarkers of the onset of smoking-induced disease. We utilized two dimensional

difference in-gel electrophoresis/ mass spectroscopy (2D-DIGE/MS) to characterize these

proteomic changes. 2D-DIGE of plasma samples identified 11 differentially expressed proteins in

cigarette smoke exposed mice. From these 11 proteins, 9 were down-regulated and two were up-

regulated. The proteins identified are involved in vascular function, coagulation, metabolism, and

immune function. Among these, the alterations in fibrinogen (2.2 fold decrease), alpha-1-

antitrypsin (1.8 fold increase) and arginase (4.5 fold decrease) are of particular interest since these

have been directly linked to cardiovascular and lung pathology. Differences in expression levels of

these proteins were also confirmed by immunoblotting. Thus, we observe that chronic cigarette

smoke exposure in mice leads to prominent changes in the protein expression profile of blood

plasma and these changes in turn can potentially serve as markers predictive of the onset and

progression of cardiovascular and pulmonary disease.
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1. Introduction

Cigarette smoking and second hand smoke have been linked to development of several

chronic disorders. Exposure to tobacco smoke in humans is associated with the onset of

*Address for correspondence: Dr. Jay L. Zweier, Davis Heart & Lung Research Institute, 473 West 12th Avenue, Suite 611C,
Columbus, OH 43210-1252. jay.zweier@osumc.edu.

Conflict of Interest Statement
There are no financial or commercial conflicts of interest.

NIH Public Access
Author Manuscript
Proteomics. Author manuscript; available in PMC 2014 June 27.

Published in final edited form as:
Proteomics. 2011 May ; 11(10): 2051–2062. doi:10.1002/pmic.201000159.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



coronary disease [1], atherosclerosis [2], and ischemic heart disease [3]. While over the last

2 decades, there has been increasing concern regarding the role of cigarette smoking in

cardiovascular (CV) and pulmonary disease, many questions remain regarding the precise

mechanism by which smoking induces disease. Cigarette smoking is a major risk factor for

cardiovascular events [4]. The exact mechanism by which smoking causes these events is

not fully understood; however, this is known to involve oxidative stress [5] which leads to

induction of endothelial dysfunction [6, 7]. It is believed that cigarette smoke (CS) exposure

leads to absorption of tobacco combustion products including a variety of poly aromatic

hydrocarbons and particulates into the systemic circulation that stimulate systemic

inflammation which injures the arterial endothelium leading to atherogenesis [8]. In the

lungs this exposure is well known to induce chronic obstructive pulmonary disease.

As depicted in Figure 1, with an exposure to CS, free-radical mediated oxidative stress and

its influence on protein expression can be a mechanism leading to atherosclerosis. Excess

free radicals are generated in vivo with CS-exposure from: a) smoke components; b) by

activation of endogenous sources of reactive oxygen species like uncoupled eNOS

(endothelial nitric oxide synthase); xanthine oxidase and the mitochondrial electron

transport chain [9]. An increase in oxidative stress with free radical generation leads to

activation of neutrophils and monocytes triggering endothelial adhesion and transmigration

with tissue injury [10]. Oxidative stress also induces platelet activation and aggregation

leading to a prothrombotic state [11, 12]. Further increase in oxidative stress decreases NO

availability and its protective action, due to reaction of superoxide and NO leading to the

formation of peroxynitrite [13, 14]. Also, increase in oxidative stress affects the expression

profile of certain groups of proteins which ultimately cause the proatherogenic and

prothrombotic events leading to initiation and progression of disease [15].

Despite the association between CS exposure and pulmonary and cardiovascular disease

(CVD) states, many questions remain regarding disease onset and the precise mechanism by

which smoking induces disease. This may be, in part, due to the lack of a well-characterized

controlled animal model and a sensitive and reliable method that can detect CS-induced

biochemical and molecular changes.

Proteomic techniques have been applied to achieve greater understanding of CS-induced

pulmonary and CV disease. Yet, most studies to date have used invasive methods for

sampling. Only a few reports have used blood plasma, although it is a more readily available

clinical sample. Samples from human bronchoalveolar lavage fluid (BALF) have shown

increased levels of neutrophil defensins, calgranulin A, and calgranulin B in smokers with

COPD compared to smokers with no COPD [16]. Another human BALF study reported

differential expression of a number of proteins in asymptomatic smokers compared to

healthy non-smokers [17]. A biomarker discovery study on plasma samples of smokers with

COPD has suggested differential expression of candidate proteins including, retinal-binding

protein (RETB), fibrinogen, apolipoprotein E, inter-α-trypsin inhibitor heavy chain H4 and

glutathione peroxidase [18].

Based on previous observations in the literature, we hypothesize that exposure to toxic

components of CS and the secondary oxidative stress-mediated inflammation leads to
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changes in expression levels of certain circulating proteins, in blood plasma and these

protein alterations could be markers of and possible mediators of disease pathology and

progression. Proteomic studies related to protein alterations caused by cigarette smoke

exposure can provide new insights into specific markers, which could enable development

of new methods for early detection and molecular characterization of cardiovascular and

pulmonary disease.

Previously, proteomics studies of differential protein expression have utilized separation of

proteins by 2D gel electrophoresis [19, 20] along with protein identification through mass

spectrometry [21-23]; however, technical problems limit sensitivity and reliability for

detection of quantitative differences in protein expression levels. Differential In-gel

Electrophoresis (DIGE) provides more accurate quantitative data on differential protein

expression. DIGE was originally developed by Minden and colleagues [24, 25].

The technique involves two sets of proteins which are covalently labeled with Cy3 and Cy5

fluorescent dyes. The labeled proteins are pooled together, and separated in the same 2D gel.

Since minimal labeling with Cy dyes does not change molecular mass and charge of the

proteins, the pooled proteins existing in both sample sets will move to the same locations in

2D gels, therefore enhancing the reproducibility. Quantitation of protein expression levels

can be accurately measured based on the fluorescent intensity of individual protein spots.

This technique has been applied in many studies including identification of esophageal

squamous cell cancer markers [25], markers of liver toxicity [26], cancer-specific proteins

[27], and markers for bladder cancer [28].

We have recently developed and characterized a mouse model of smoking induced

cardiovascular disease in a widely available background mouse strain in order to facilitate

delineation of the mechanisms of disease allowing for the use of specific knockout or

overexpressed genetic models [29]. In these C57BL/6J mice that are not otherwise

predisposed to disease, we observed that after 32-weeks of CS-exposure, less body-weight

gain was seen and markedly higher blood pressure developed. Furthermore, at 32-weeks CS-

exposure: acetylcholine-induced vasorelaxation was significantly impaired; left ventricular

mass was significantly larger along with increased heart to body-weight ratio; and in vitro

cardiac function was mildly impaired [29, 30]. At this time these CS-exposed mice also first

exhibit significant increases in lung volumes indicative of early COPD. Thus in this mouse

model with 32 weeks of smoking exposure, hypertension, endothelial dysfunction, mild

cardiac hypertrophy, and COPD occur. Of note, at 16 weeks of exposure these abnormalities

were not seen and 32 weeks exposure corresponded to the first time of significant disease

onset. This model has been proposed as a useful tool to enable further elucidation of the

molecular and cellular mechanisms of smoking-induced cardiovascular diseases.

In the current study, we applied DIGE to investigate changes in the abundance of

differentially expressed proteins in plasma samples of CS exposed mice compared to non-

exposed control mice, at the time of disease onset. We aim to identify differences in

expression levels of plasma proteins induced by CS exposure that could serve as potential

markers for smoking-induced oxidative stress and the onset of inflammatory cardiovascular

and pulmonary disease.
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2. Materials and methods

2.1. Animal model and exposure

Twenty (10 control and 10 CS exposed) male C57BL/6J mice, 8-9 weeks of age (Harlan

Sprague Dawley, USA), were housed at a 23 ± 2°C, at 55% relative humidity, with 12h day-

night cycle, and maintained on standard rodent chow and tap water ad libitum. After a week

of acclimatization, mice were exposed to whole body mainstream, and side stream CS using

a SCIREQ “InExpose” smoking system (SCIREQ Inc., Montreal, Canada) and 3R4F

reference research cigarettes (University of Kentucky) that deliver 9.4 mg tar/0.726 mg

nicotine per cigarette under the standard Cambridge filter smoking condition. The smoking

machine was programmed according to the following standard parameters (ISO 1991): One

35 ml puff of 2-sec duration followed by 58-sec of fresh air at a rate of 6 ml/sec. The CS

was directed in a 5 liter volume exposure chamber at a smoke to air ratio of 1:10. Mice were

exposed to CS for 48-min/day, 5 days/week, for 32 consecutive weeks, and were sacrificed

24-hr after the last CS exposure. Agematched, air exposed mice served as controls.

Carboxyhemoglobin (CO-Hb) levels in whole blood were measured spectrophotometrically

using an Agilent 8453 Diode Array UV/VIS spectrophotometer (Agilent Technologies,

USA). CO-Hb level immediately after the exposure was ~12% in CS-exposed mice and ~1%

in air-exposed controls. All animal procedures were performed in accordance with the

regulations of the Institutional Animal Care and Use Committee at The Ohio State

University, and conformed to the Guide for the Care and Use of Laboratory Animals.

2.2 Materials

Multiple affinity removal system was purchased from Agilent Technologies. All chemicals

used for 2D DIGE labeling and gels (urea, thiourea, DTT, 3-[(3-cholamidopropyl) dimethyl-

amonio]-1-propanesulfonate (CHAPS), Cy dyes) were purchased from GE Healthcare.

2.3 Sample preparation for 2D-DIGE

Blood plasma samples were collected 24 hours after the last exposure time in individual

heparinized tubes from both CS-exposed as well as control mice. Plasma samples were

immediately centrifuged at 3000 g for 15 minutes at 4°C and then frozen in liquid nitrogen

and stored at -80°C for further analysis. Plasma samples were depleted of most abundant

proteins (albumin, IgG and transferrin) using the Multiple Affinity Removal System

(Agilent Technologies) as per manufacturer’s instructions. Depleted samples were cleaned

with 2D Clean Up kit (GE) according to manufacturer’s protocol and re-suspended in lysis

buffer (7M urea, 2 M thiourea, 4% CHAPS, 30mM Tris pH 8.5). Bradford assay was used

for sample quantification with Bovine gamma globulin as a standard (Bio-Rad).

Equal aliquot of all samples (4 control and 4 treated) were combined together to make

Internal standard (IS). Then 30 μg each of control, treated samples and internal standard

were labeled with fluorescent Cy dyes. Samples were labeled with Cy 3 and Cy 5 dyes in

random manner to avoid dye specific bias. For labeling we used 8 pmol of Cy dye per 1 μg

of protein. Labeling reaction was performed on ice for 30 min. 1 μl of 10 mM Lysine

(Sigma) was added to stop the reaction. Then labeled samples were mixed together,

vortexed, and diluted with sample buffer containing 7 M urea, 2 M thiourea, 2% CHAPS,
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130 mM DTT and 0.5% IPG buffer (GE) up to a volume of 460 μl. This solution was used

for IPG strip rehydration.

For preparative gels, we combined all samples into a total volume of ~ 200 μl with ~ 500 μg

protein that was diluted to 460 μl with sample buffer and applied onto 24 cm IPG strip (pH

4-7) for 18 hour rehydration.

2.4 2D-DIGE and image analysis

A Multiphor II system from Amersham was used for the isoelectric focusing protocol.

Protein sample (90 μg) was applied on pre-cast IPG strips (24 cm; pH 4-7) by overnight

rehydration, and first-dimensional separation was performed until the focusing time reached

to 40 kV-h. After focusing, the IPG strips were treated with equilibration buffer 6 M urea,

30% glycerol, 2% SDS, 75 mM Tris (pH 8.8) and 0.5% DTT for 15 min. Strips were again

incubated with equilibration buffer containing 4.5% iodoacetamide instead of DTT. The

strips were rinsed in 2X SDS running buffer (25 mM Tris, 192 mM glycine, 0.2% w/v SDS),

placed on the gels and overlaid with overlay solution (0.5% w/v agarose in running buffer

and trace amount of bromophenol blue). Second dimension was run on 12% SDS-PAGE

(26×20 cm) at constant 2 W per gel for 45 min followed by constant 15 W per gel for 4 hr

and 10 min. The Cy2-, Cy3- and Cy5-labeled gel images were acquired using a laser scanner

(Typhoon 9400, GE healthcare) for image analysis. To quantify the differences in protein

expression levels, statistical analysis was done by using Decyder software (Amersham

Biosciences, Inc.). The gel spots with more than 1.5-fold changes in volume after

normalization between two sets of samples were considered as differentially expressed.

Preparative gels were stained with Lava Purple (Fluortechniques) and matched to the master

gel.

2.5 Mass spectrometry analysis

The altered protein spots were excised from the preparative gel and digested with

sequencing grade trypsin (Promega, Madison, WI) using the Multiscreen Solvinert Filter

Plates from Millipore (Bedford, MA).

Ettan Spot Handling Workstation (Amersham Biosciences) was used to core protein spots of

interest using a pick list and placed in a 96 well plate. The 96 well plates were placed inside

the robot for wash and digestion. Briefly, gel pieces were washed in 100 μL solution of 50%

methanol/5% acetic acid for 30 minutes. The gel pieces were washed 3 times and placed in a

storage solution of 50 μL of 50% methanol/5% acetic acid until digestion. Digestion was

carried out by incubating samples with 100 μL water for 10 minutes followed by 100 μL

acetonitrile for 10 minutes. Following removal of water and acetonitrile, gel pieces were

rehydrated and incubated first with DTT (5 mg/ml in 100 mM ammonium bicarbonate) for

30 minutes and then with iodoacetamide (15 mg/ml in 100 mM ammonium bicarbonate

solution) for 30 minutes. After the removal of iodoacetamide, the gel pieces were washed

with cycles of acetonitrile and 100 mM ammonium bicarbonate in 10 and 5 minute

increments, dried for 10 minutes and rehydrated with 25 μL of 5 μg/mL trypsin in 50 mM

ammonium bicarbonate for 3 hours at 37° C. Peptides were extracted 3 times with 50 µL of

Tewari et al. Page 5

Proteomics. Author manuscript; available in PMC 2014 June 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



extraction solution (50% acetonitrile and 5% formic acid). All extracted fractions were

pooled together, dried for 15 minutes and removed immediately to prevent complete drying.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis was carried out on

Thermo Finnigan LTQ mass spectrometer. This instrument has nanospray ion source

(working in positive mode) and linear ion trap analyzer. UltiMate™ Plus system from

Dionex (Sunnyvale, CA) was used for LC separation of digested peptides. Two solvents, A

(50 mM acetic acid in water) and B (acetonitrile) and two columns were used for LC

separations. At first, samples were applied on to the trapping column (LC-Packings A

Dionex Co, Sunnyvale, CA), and washed with solvent A. Then peptides were eluted onto

second column, a 5 cm ProteoPep II C18 column (New Objective, Inc. Woburn, MA). A

gradient of solvent B (2-80%) was used to elute the peptides from the second column into

LTQ. A flow rate of 300 nL/min was set with total run time of 60 minutes for each sample.

The nanospray source was operated at 3 KV.

The parameters for the MS/MS acquisition were set as follows: scan range 350–2000 Da and

MS/MS consecutive scans of the 10 most abundant peaks in the spectrum were used for

reconstructing amino acid sequences of the fragments. Fragmentation CID energy (35%),

Dynamic exclusion was used with a repeat count of 30 seconds, an exclusion duration of

350 seconds with the low and high mass width as 0.5 and 1.5 Da, respectively. After mass

spectra acquisition was complete, the raw data files were converted into merged file (mgf)

format, and searched against SwissProt database version 56.5 (402482 sequences;

145232059 residues) by using Mascot Daemon search mechanism (Matrix Science version

2.2.1, Boston, MA). Search parameters were used as: 2 Da for the precursor mass accuracy;

0.5 Da for the fragment mass accuracy; Carbamidomethylation of Cys and oxidation of Met

for variable modifications; number of allowed miscleavages as two. Peptides with score of

20 or lower were excluded from the analysis. Protein identifications were accepted only if

they made by at least two peptides and mascot score of 50.

2.6 SDS-PAGE and Immunoblot

Plasma protein samples were depleted for abundant proteins as described before in section

2.3, and separated on 1D criterion precast (Bio-Rad) 8-16% gradient gel. In order to make

an equal protein load on western blot, all protein samples were measured before and after

immunodepletion by using Coomassie Protein Assay reagent Kit (Pierce Biotech, Rockford,

IL) with BSA as standard. An equal amount of protein (5μg) was used for each sample.

Following SDS-PAGE, Proteins were transferred onto nitrocellulose membrane (0.45um,

Bio-Rad). For immunoblotting, primary antibodies were used as follows: rabbit polyclonal

anti-alpha-1 antitrypsin (1:500, Abbiotec, LLC, San Diego, CA), rabbit polyclonal anti-

ariginase 1 (1:1000, GenWay Biotech, Inc., San Diego, CA), rabbit polyclonal anti-

fibrinogen (1:10000, Abcam Inc., Cambridge, MA). Goat anti-rabbit Alexa 488-conjugated

antibody (1:2000, Invitrogen, Carlsbad, CA) was used as secondary antibody.

Immunopositive protein bands were visualized by scanning the blot on a laser scanner

(Pharos-FX, Bio-Rad). Densitometric analysis of protein bands was done by using ImageJ

software (NIH).
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2.7 Statistical analysis

Differences in protein expression levels in 2D gel spots were carried out using DeCyder

software. Statistical analysis was done on 12 analytical images (three images from each gel).

All images were matched to master gel image. The pixel volume of each spot was quantified

depending on the spot intensity and area and then normalized with the total pixel volume of

all the spots in gel image. The pixel volume of each spot was used to compare the change in

protein expression.

Set of volume ratio values of Cy3/Cy2 and Cy5/Cy2 were calculated, and normalized for

each gel separately. This value is called standardized abundance and its log 10 is used for

statistical analysis.

The log of standardized abundance values are used in an order that the data points approach

a normal distribution around zero and therefore are suitable for statistical analysis. Students t

test used to evaluate difference in protein expression between control and treated

experimental groups. The null hypothesis is that there are no changes in protein abundance

between experimental groups (control vs. CS-exposed) and average ratio between two

groups is 1. The t-test p values represent the probability of data having the same protein

abundance. We considered protein expression to be significantly different when p < 0.05 and

fold changes > 1.5.

All experimental details are illustrated in Figure 2.

3 Results

3.1 2D Gel Separation of Proteins

The acquired 2D-DIGE gel images for each representative gel were overlayed to match the

protein spots, and for further analysis, as explained in experimental details. The master gel

overlay image with Cy dye colors is shown in Fig 3A. Altogether about 1100 to 1400

proteins were separated on each gel. The largest numbers of protein spots were on the

master gel (1439). The differentially expressed protein spots on 2D gels with their respective

numbers, as shown in Fig 3B, were used for gel excision and MS analysis.

3.2 Differential Expression of Proteins between Cy3- and Cy5-imaged Gels

Figure 4 illustrates the 3-D view corresponding to the pixel volume distribution for the

Cy5/Cy3 ratios of proteins which are differentially expressed between plasma samples of

CS-exposed and control mice. The protein peak under consideration is being outlined with

pink line around it. Most protein spots showed decreased expression in smoke-exposed

samples while few showed an increase in expression level.

3.3 Quantitation and identification of differential protein expression

Comparisons of protein expression in control and CS-exposed samples are calculated based

on the relative change of sample with respect to its in-gel internal standard. Comparison is

done by student t-test and for calculations we used log standardized protein abundance. The

degree of difference between protein groups is expressed as average ratio (Table 1). The
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average ratio between two sets of values for a given protein was represented by lines marked

with a cross (Fig. 5).

All 11 Proteins spots (9 under-expressed and 2 over-expressed) identified by 2D-DIGE as

significantly different among CS-exposed versus control samples, were excised from lava

purple stained gels. The excised gel spots were subjected to in-gel digestion and LC-MS/MS

analysis. The molecular masses of eluting peptides and their fragments were determined by

mass spectrometry and matched with protein sequences available in the SwissProt data base.

The protein identification was achieved with the help of MASCOT. Description of spots and

the identified proteins differentially expressed between smoke exposed and control samples

are shown in Table 1 with identification numbers matched to those of the 2D-DIGE spots

shown in gel images (Fig. 3B). All identified proteins had high mascot score leading to high

confidence in their IDs. Negative values for the average ratio indicate decreased protein

expression.

Differential expression studies show that alpha1-antitrypsin levels were increased (1.8-fold)

after 32 weeks of smoke-exposure.

Differential expression studies also demonstrated the under-expression of 9 distinct plasma

proteins (fibrinogen beta chain: -2.2, S-adenosylmethionine synthetase: -2.25,

adenosylhomocysteinase: -3.9, adenosine kinase: -2.1, arginase-1: -4.5, sorbitol

dehydrogenase: -3.2, H-2 class 1 histocompatibility antigen: -3.9, fructose-1, 6

bisphosphatase 1: -4.9, and regucalcin: -3.2) in smoke-exposed mice as compared to

controls. These proteins fall into three categories: 1) proteins involved in vascular function

and coagulation; 2) proteins involved in metabolism; 3) proteins involved in immune

function.

A decrease in body weight was observed in CS-exposed mice. By 32 weeks significantly

higher values of diastolic blood pressure (BP) were observed with decreased pulse pressure

suggesting decreased vascular compliance. There was a significant increase in lung volumes

seen in CS-exposed mice, indicative of emphysematous changes and early COPD. At 32

weeks exposure, a mild increase in LV mass was seen with increased wall thickening, stroke

volume and cardiac output. It is noteworthy that the observed changes in protein expression

coincide with the onset of cardiovascular and metabolic disease states. For instance, these

mice developed hypertension, endothelial dysfunction, impairment of cardiac function and

lung emphysema at 32 weeks of CS exposure [29]. Moreover, hypoglycemia and ketosis

were observed in these CS-exposed mice (Fig. 6). Consistent with this, CS-exposed mice all

show low body weight and fat contents [31].

3.4 Immunoblot analysis of plasma proteins

Immunoblot analysis was performed to confirm the proteomics results for 3 of the

differentially expressed proteins in plasma samples of smoke-exposed and control mice. The

expression levels of these proteins were clearly altered due to CS-exposure (Fig. 7). The

expression levels of alpha-1 antitrypsin were increased significantly (approximately three

times) in smoke-exposed mice as compared to controls. In accordance with the 2D-DIGE

results, decreases in expression of arginase 1 and fibrinogen were seen with about two-fold

Tewari et al. Page 8

Proteomics. Author manuscript; available in PMC 2014 June 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and three-fold decrease in expression levels of arginase 1 and fibrinogen, respectively (Fig.

7A & 7B). Overall, these results confirm the 2D-DIGE findings regarding increased or

decreased protein expression levels.

4 Discussion

In the current study, mice were chronically exposed to CS for 32 weeks, and plasma samples

were obtained to assess the difference in protein profile. This study demonstrates a unique

application of 2D-DIGE coupled with mass spectrometry for quantitative protein analysis in

plasma of a well characterized mouse model of chronic CS-induced CV pathology. We

provide a promising approach for the identification of smoke-exposed inflammatory

biomarkers which could be relevant to cardiovascular and pulmonary pathology. The

uniqueness of our study is first that we selected to analyze plasma as the protein sample of

choice because it contains many important secreted and extracellular proteins, and can

readily be used for screening of proteomic alterations as biomarkers of smoking induced

disease. Moreover, the use of plasma samples would reduce the hurdles in applying the

powerful technology of 2D-DIGE to patients. Second, by using the mouse, the preferred

animal model for genetic manipulation in cardiovascular research [32-34], our study offers

the opportunity to analyze the presence and importance of protein changes during various

stages of CVD states under well defined laboratory conditions and in animals with identical

genetic backgrounds, thereby facilitating proteomic comparisons by limiting biological

variation. Third, the proteomic changes reported in this study are in good agreement with the

onset of disease states observed.

Proteomic analysis with the use of DIGE for differential expression of proteins provides

some advantages. As the two sets of protein samples were resolved in the same gel, the

reproducibility of protein separation is better compared to conventional 2D gel. Also, it

provides more accurate differences in 2D gel images, based on the fluorescence of the

labeled Cy3 and Cy5 dyes, which can be used for accurate measurement of differential

expression of proteins. In DIGE technique, proteins spots are visualized and quantified

based on fluorescence of individual spots with a dynamic range of four orders of magnitude,

therefore it is more useful for comparing the differences in protein expression as compared

to standard 2D gel based methods.

We observed that chronic CS exposure induces changes in the levels of proteins present in

plasma samples and DIGE/MS was used to identify differentially expressed proteins. In the

2D-DIGE based differential expression study, nine distinct proteins were observed to be

greatly under-expressed in smoking-exposed samples as compared to controls and two were

over-expressed. Changes were seen in expression levels of fibrinogen and alpha antitrypsin

(A1AT) which are inflammation-sensitive plasma proteins (ISPs). Fibrinogen influences

thrombogenesis and there by can affect vascular patency, blood flow, blood viscosity and

platelet aggregation. CS exposure is known to cause functional changes in platelets and is

the source of fibrin that is required for thrombus formation. Changes in architecture and

amount of fibrin fibers affect the dynamics of clot formation and this can be linked to

increased cardiovascular mortality [35, 36]. Fibrinogen levels have been identified as an
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independent risk factor for cardiovascular disease. The decrease in fibrinogen could be due

to increased consumption or decreased hepatic production.

ISPs have been reported to be associated with increased incidence of COPD and heart

failure [37, 38, 39]. Literature data [40] suggest that elevated levels of ISPs are associated

with increased risk for development of peripheral arterial disease (PAD). We observed that

fibrinogen levels were also markedly decreased, while A1AT levels were increased. A1AT

protects lung tissue from damage caused by neutrophil elastase which is released during

infection or inflammation and destroys lung air sacs causing emphysema. It is believed that

CS exposure mediated oxidative stress and inflammation causes oxidative damage to A1AT

[41]. This important protein, involved in preventing lung disease and chronic obstructive

pulmonary disease (COPD), has also identified as being subject to HNE modification and

tyrosine nitration [42]. The increase in its expression level could be a compensatory

response to replace modified or inactivated protein. Since highly significant differences

were seen in the expression levels of these proteins, and they are involved in critical

functions that are or may be altered with smoking, they appear to be highly promising

biomarkers of smoking induced disease. The alterations in fibrinogen, alpha-1-antitrypsin

and arginase are of particular interest since alterations in the level of these proteins are

directly associated with cardiovascular and lung pathology.

The most altered protein levels included arginase-1 that was 4.5-fold decreased. It is

constitutively expressed in the airways, particularly in the bronchial epithelium and in

fibroblasts. Arginase-1 controls L-arginine levels and through this, NO synthase function

[43, 44]. Arginase-1 represents a new therapeutic target for the treatment of

vasculoproliferative disorders. A decrease in arginase-1 would be expected to result in

elevated L-arginine levels, which is the key substrate for nitric oxide (NO) production from

NO synthase. We measured the level of L-arginine in plasma samples and found it to be 2-

fold higher in CS-exposed mice as compared to controls (data not shown). This is consistent

with the decrease of arginase expression level in DIGE and western blot results. The

decrease in the arginase level could be a compensation for reduced levels of active

endothelial NO synthase (eNOS). It is important to note that expression of some proteins

may change as a result of tissue damage or acute stress instead of CS-induced disease.

Earlier time proteomic and lung histopathology data at 16 weeks did not show abnormalities

(data not shown); suggesting that the differential protein expression observed in our study at

32 weeks is a marker of CS-induced disease.

Fructose-1, 6-bisphosphatase 1, plays an important role in carbohydrate metabolism and

gluconeogenesis, and was also 4.9-fold decreased. The deficiency of Fructose-1, 6-

bisphosphatase 1 has been reported to cause hypoglycaemia and marked elevation of plasma

fatty acids concentrations that may accompany a rise in blood acetoacetate and 3-

hydroxybutyrate levels. It has been reported that smokers develop hypoglycemia that

conditions the body to crave a cigarette to get an immediate rise in blood sugar levels.

Following this short lived rise, prolonged CS-induced hypoglycemia causes the body to burn

fat as a source for energy [45, 46]. We observed that chronic CS exposure causes low blood

glucose levels, slight elevation in blood ketone levels, low body weight and low body fat/

body weight ratio.
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Both S-adenosylmethionine synthetase (AdoMetS) and S-adenosylhomocysteinase are key

enzymes involved in methionine metabolism. AdoMetS catalyzes formation of S-

adenosylmethionine (AdoMet) from methionine and ATP. AdoMet is the main methyl group

donor and plays a central role in cellular functions, transmethylation reactions, and the

transsulphuration pathway. AdoMet is involved in biosynthesis of polyamines. S-

adenosylhomocysteinase catalyzes the hydrolysis of S-adenosylhomocysteine to adenosine

and homocysteine. A decrease in the expression level of both enzymes suggests reduced

activity in the methyl-cycle which could alter not only the cellular methylation process but

also change the homocysteine pool in blood plasma of CS-exposed mice. CS has been

associated with increased homocysteine levels [47, 48]. A high plasma homocysteine level

in smokers has been reported to be associated with a 12-fold increase in the risk of CVD

compared with non-smokers with normal plasma homocysteine [49]. Furthermore, increased

homocysteine concentrations provoke endothelial dysfunction, possibly mediated by

oxidative stress or interference with nitric oxide function [50, 51]. Based on the above

reports, a decrease of S-adenosylmethionine synthetase and of S-adenosylhomocysteinase

could be due to a compensatory response with chronic CS-exposure to limit the increase of

the homocysteine pool.

A decrease in expression levels of H-2 class 1 histocompatibility antigen represents the

effects of CS exposure on the decline of immune function. Studies with tobacco extracts

[52] have shown a loss or decrease in MHC (Major Histocompatibility Complex) class 1

protein expression. This CS exposure induced change may lead to a defect in antigen

processing and decreased immune response.

In summary, we report the feasibility of using 2D-DIGE and related novel proteomics

technology, as a tool for measurement of differential protein expression in blood plasma

with identification of oxidative stress related markers from the plasma protein profile of

smoke-exposed mice. This study in the mouse model demonstrates that smoking exposure

results in decreases or increases in the levels of certain plasma proteins that are involved in

vascular function, metabolism and immune function. Overall our data show that cigarette

smoke exposure induces changes in the plasma protein expression profile with alterations in

several ISPs. As we have previously reported, these changes closely correlate with the initial

onset of physiological changes of cardiovascular and pulmonary disease [53, 54]. Some

physiological and structural alterations were observed in the cardiovascular and pulmonary

systems of mice with chronic smoking exposure that are similar to smoking induced disease

in humans. These changes are consistent with early hypertension associated cardiac

alterations. Thus, the first physiological or structural signs of disease were observed after 32

weeks of CS exposure.

The changes in ISPs and other proteins could be of critical importance in the pathogenesis of

smoking induced disease. We conclude that the differentially expressed proteins which we

identify in the mouse model could serve as potential biomarkers of smoking induced

disease. Further studies in human smokers will be needed to evaluate the potential use of

these proteomic changes as a predictive measure of disease onset.
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Abbreviations

Cy3 1-(5-carboxypentyl)-1’- propylindocarbocyanine halide N-

hydroxysuccinimidyl ester

Cy5 1-(5-carboxypentyl)-1’-methylindodi-carbocyanine halide N-

hydroxysuccinimidyl ester

DTT dithiothreitol

CS cigarette smoke

CV cardiovascular

ISPs inflammation sensitive proteins

COPD Chronic obstructive pulmonary disease

2D-DIGE two-dimensional difference in-gel electrophoresis
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Figure 1. Diagram illustrating mechanisms of cigarette smoke-exposure mediated cardiovascular
dysfunction
H2O2 = hydrogen peroxide; O2 .− = superoxide; ONOO− = peroxynitrite; METC =

mitochondrial electron transport chain; NADPH = nicotinamide adenine dinucleotide

phosphate reduced form; NOS = nitric oxide synthase
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Figure 2. Flow chart of DIGE analysis of plasma samples obtained from control and CS-exposed
mice
CS, Cigarette Smoke; IS, internal standard; ID, identification.
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Figure 3. DIGE gel images of differential expression of proteins
A, Overlay image of the master gel containing both Cy3 and Cy5- labeled proteins of

plasma samples. B, lava purple stained master gel image. The labeled control and CS-

exposed samples were mixed and separated on gel. The same gel stained by lava purple (B)

gave the combined protein profile of both control and smoke-exposed plasma samples.
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Figure 4. 3D view of differential expressed protein spots
The volume of each spot was calculated using Decyder software and is graphically

represented. The spot pairs of down-regulated (A) and up-regulated proteins (B) in plasma

samples were shown. The amount of the protein is proportional to the volume of the peak
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Figure 5. The average ratio of expression for protein spots for control and sample (smoke-
exposed) by computational analysis (DeCyder software)
The average ratio was presented by lines marked with a cross. A, Down-regulated protein

spots; B, Up-regulated protein spots.
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Figure 6. Metabolic changes following CS exposure
Mice were exposed to CS for 32 weeks; blood samples were taken 24h following the last

exposure for detection of blood glucose (A) and ketone (B) levels. Results are shown as

average ± SD; n= 4-6. Statistical significance was determined by t-test, where p-values are *

<0.05
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Figure 7. Detection and quantification of Alpha-1 antitrypsin, Arginase 1, and Fibrinogen by
western blotting
Western blots of depleted mice plasma for alpha-1 antitrypsin (AT-1), arginase-1 (ARG-1),

and fibrinogen (A). Protein band density was calculated by software (B). Results are shown

as average ± SD; n=3. Statistical significance was determined by t-test, where p-values are *

<0.05: Control, non-exposed; CS-exposed, CigaretteSmoke-exposed, AU, Arbitrary Units.
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