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Abstract 

Cigarette smoke has always been considered as a risk factor for chronic obstructive pulmonary 

diseases (COPD). In this study, we have examined the effect of ten individual cigarettes smoke 

compounds (nicotine, benzo[a]pyrene, naphthalene, formaldehyde, ammonia, acrylic acid, 

toluene, benzene, m-xylene, and hexamine) on glutathione S transferase (GST) activity, an 

important Phase II metabolic enzyme and their possible role in inflammatory pathophysiology 

leading to COPD. Lower GSH level and GST activity and higher CRP, TNF-α, and IL-6 levels 

were observed in COPD patients compared to age and gender-matched controls. Using human 

recombinant GST and plasma as well as erythrocytes collected from normal subjects this study 

demonstrates that out of the ten compounds, nicotine (5 mg/mL), benzo[a]pyrene (10 ng/mL), 

naphthalene (250 µg/mL), and formaldehyde (5 pg/mL) caused a significant decrease in 

recombinant, plasma, and erythrocyte GST activity. Further cell culture studies shows that 

exposure to nicotine, benzo[a]pyrene, naphthalene, and formaldehyde caused a significant 

decrease in GSH levels and GST activity and its protein expression and an increase in 

intracellular ROS production in THP-1 monocytes. Interestingly, treatment with benzo[a]pyrene 

and naphthalene significantly up regulated the phosphorylation of the p65 subunit of NF-κB and 

increased the secretion of TNF-α and CRP compared to control. This study suggests the potential 

role of benzo[a]pyrene and naphthalene in activation of the inflammatory signaling pathway 

leading to cigarette smoke-induced COPD. 
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Introduction 

Chronic Obstructive Pulmonary Disease (COPD) is one of the foremost cigarettes smoke (CS) 

mediated disease. Several lines of earlier investigations have found a link between the cigarette 

smoke exposure and the COPD disease progression
1
. CS has been reported to induce chronic 

inflammation
2
 as well as protease-anti protease imbalance

3
. Exposure to CS leads to the release 

of several inflammatory cells including the macrophages of lungs, which secretes releases the 

pro-inflammatory cytokines as well as the chemokines
4
. COPD has been found to be associated 

with higher level of TNF-α in sputum and serum samples
5, 6

.
 
An increased level of IL-6, IL-17A, 

IL-22 and decreased levels IL-10 have been observed among cigarette smoke-induced COPD 

patients
7, 8

. CS exposure causes the activation of monocytes to macrophages by a variety of 

mechanisms, such as inducible bronchus-associated lymphoid tissue (iBALT) and activator 

protein 1 (AP-1) mediated pathways
9, 10, 11

. Monocytes are in the intermediate development stage 

between the bone marrow precursors and the tissue macrophages
12

. Macrophages play central 

roles in the initiation of inflammation, release of pro-inflammatory cytokines, and the production 

of reactive oxygen species (ROS)
13

.  

Oxidative stress is generated as a result of various metabolic reactions involving the xenobiotics. 

Among the various factors, particulate matter (PM2.5) and CS exposure contributes significantly 

in the pathogenesis of oxidative stress
14,15

. Under normal conditions the lung has the efficient 

regulatory system to up regulate the gene expression of antioxidant enzymes to neutralize the 

oxidative stress
16

. However, in smokers, oxidative stress causes the inactivation of the 

antioxidant enzyme, such as superoxide dismutase leading to the over production of ROS
16

. 

Excessive ROS may also in turn leads to pro-oxidant imbalance
17

. 

CS is a mixture of more than 4000 chemicals containing carcinogenic compounds, free radicals 

and oxidants
18

. Cigarette smoke extracts (CSE) is quite regularly being used to study of its 

immune modulatory effect relating to COPD
19, 20, 21

. Recently a few investigators studied the 

inflammatory effect of individual cigarette smoke compounds
22, 23

. However, the basic molecular 

mechanism studies are needed to decipher the signal transduction pathways relating to 

inflammation caused by individual cigarette smoke compounds. Among the various defense 

mechanisms due to CS-induced oxidative stress, the glutathione S-transferase (GST) family of 

enzymes is quite well known. The prime responsibility of these enzymes is to neutralize the 
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xenobiotic compounds as well as the ROS, generated during various metabolic reactions
24, 25, 26

. 

The alterations in the cellular GSH level and the GST activity influence many signaling 

pathways leading to inflammation
27

. Thus it would be important to study the effect of individual 

cigarette smoke compounds (aldehydes, poly aromatic hydrocarbons, aromatic, alkaloid, 

heterocyclic organic, unsaturated carboxylic acid) on cellular GSH level and GST activity, if 

any. Therefore, the aim of the present study is to see the effect of individual cigarette smoke 

compounds on cellular GSH level as well as on GST activity and its possible signaling 

mechanism underlying the inflammation leading to COPD. 

Methodology 

Materials: 

Human specific antibodies were purchased from Abcam, Inc. (Cambridge, MA). All other 

chemicals were purchased from Sigma (Saint Louis, USA) unless otherwise mentioned. 

 

Patient enrollment and blood sample collection: 

Informed written consent was obtained from all patients according to the protocol approved by 

the Indian Council of Medical Research (ICMR). All patients included in this study were adult 

with COPD who consulted and admitted to Assam Medical College and Hospital, Dibrugarh, and 

Jorhat Medical College, Jorhat, Assam. The age and gender-matched control samples were 

collected from the Clinical Centre, CSIR-NEIST, Jorhat, Assam. Women with a positive 

pregnancy test or those nursing infants were excluded from the study. All patients who gave 

written consent were included in the study. The blood samples were collected in EDTA tubes. 

Clear plasma was separated via centrifugation of blood at 3000 rpm (1500 g) for 15 min.  

 

Human Monocytic Cell Line: 

The human THP-1 monocytic cell line was obtained from National Centre for Cell Sciences 

(Pune, India). These cells were maintained at 37 °C in RPMI 1640 medium containing 7 mM 

glucose, 10% (v/v) heat inactivated FBS, 100 units/ml penicillin, 100 µg/ml streptomycin,12 mM 

sodium carbonate, 25 mM HEPES, and 2 mM L-glutamine in a humidified atmosphere 

containing 5% (v/v) CO2. For treatments, cells were washed once in plain RPMI before being 

suspended in fresh medium (complete) containing serum and other supplements. 
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Cigarette smoke compounds taken for study: 

The cigarette smoke compounds selected for the study were nicotine, benzo[a]pyrene, 

formaldehyde, naphthalene, and ammonia. The concentrations taken under consideration for the 

compounds were – nicotine (0.5-10 mg/mL), benzo[a]pyrene (10-25 ng/mL), naphthalene (100-

500 µg/mL), formaldehyde (5-20 pg/mL), ammonia (10-50 µg/mL), acrylic acid (0.5-1 pg/mL), 

toluene (10-50 µg/mL), benzene (10-100 µg/mL), m-xylene (5-20 µg/mL), and hexamine (30-50 

µg/mL). The solvent system 0.5% dimethyl sulphoxide (DMSO) was used for benzo[a]pyrene, 

naphthalene, acrylic acid, toluene, benzene, m-xylene and hexamine. However, water is used as 

the solvent for nicotine, ammonia and formaldehyde.  

Recombinant Human Glutathione S-transferase assay: 

Glutathione S-transferase recombinant expressed in E. coli (Human gene GSTM1) was 

purchased from Sigma Aldrich. The selected cigarette smoke compounds [nicotine (5 mg/mL), 

benzo[a]pyrene (10 ng/mL), naphthalene (250 µg/mL) and formaldehyde (5 pg/mL)] were 

incubated with recombinant GST (72 µg/mL) for 2 h. Kinetic analysis was done for 3 minutes at 

37°C. One unit of GST activity is defined as the 1 µmol of adduct formation per minute per mL 

of protein sample. 

Treatment of cells with the cigarette smoke compounds: 

Cells were treated with the selected cigarette smoke compounds [(nicotine (5 mg/mL), 

benzo[a]pyrene (10 ng/mL), naphthalene (250 µg/mL), and formaldehyde (5 pg/mL) for 4 h. 

After treatment, cells were lysed in radio immuno precipitation assay (RIPA) buffer (50mM Tris 

in pH 8, 150mMNaCl, 1%NP‐40, 0.5% deoxycholic acid, and  0.1% SDS) supplemented with 

protease and phosphatase inhibitors (1mM PMSF, 5 mg/mL leupeptin, 2 mg/mL, aprotinin, 1mM 

EDTA, 10mM NaF, and 1mM Na3VO4). Lysates were cleared by centrifugation and total protein 

concentrations were determined using the BCA assay as per manufacturer’s protocol 

(Pierce/Thermo Scientific, Rockford, IL).  

Treatment of human plasma and erythrocyte with the cigarette smoke compounds: 

The cigarette smoke compounds such as nicotine (5 mg/mL), benzo[a]pyrene(10 ng/mL), 

naphthalene (250 µg/mL) and formaldehyde (5 pg/mL) were incubated with 100 µl of plasma 
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(control subject of age 45 years) for 2 hr at 37°C. The erythrocyte lysate were prepared 

according to the method of Orhan et al
28

. The cigarette smoke compounds were then incubated 

with 100 µl of erythrocyte lysates. After the incubation, assessment of GST activity was 

measured by the method of Habig and Jakoby
29

. The reaction mixture contained suitable amount 

of the enzyme, KH2PO4buffer (pH 7.4), EDTA (1 mM), CDNB (1 mM) and GSH (6 mM). The 

reaction was carried out at 37°C and monitored spectrophotometrically by the increase in 

absorbance of the conjugate of GSH and CDNB at 340 nm for 3 minutes. One unit of GST 

activity is defined as the 1 µmol of adduct formation per minute per mL of plasma or 

erythrocyte. 

Reduced Glutathione (GSH) assay:  

Reduced GSH level was measured by the method of Ellman
30

. To precipitate the protein content, 

150 µl of precipitating solution (5% TCA and 1 mM EDTA) were added to 100 µl of plasma and 

allowed to precipitate for 5 minutes at 4°C. After centrifugation (10,000 g for 15 minutes) the 

supernatant was taken, DTNB solution (Ellman's reagent) was added to it and the absorbance 

was measured at 412 nm. 

Detection of Intracellular ROS Levels: 

Intracellular reactive oxygen species (ROS) levels were measured using the fluorescent dye 

DCFDA (2´, 7´-Dichlorofluoresceindiacetate). After treatment, cells were washed once with PBS 

and then loaded with 5µM DCFDA in PBS with 4% FBS. The cells were incubated at 37°C for 

30 min in the dark and subsequently washed with PBS, centrifuged at 12,000g for 10 min at 

37°C. After washing, the cells were mounted onto microscope slides by mounting medium and 

the images were collected using the fluorescence microscope (Leica DM3000LED). 

Cell Viability and Cytokine Studies: 

Cell viability was determined using the Alamar Blue reduction bioassay (Himedia, India). This 

method is based upon Alamar Blue dye reduction by live cells. IL‐6, TNF-α, CRP, and MCP-4 

levels in the cell culture sample as well as in the human plasma were determined by ELISA 

using commercially available kits from Sigma Aldrich, USA as per manufacturer’s protocol. In 
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the cytokine assay, control samples were analyzed each time to check the variation from plate to 

plate on different days of analysis. 

Immunoblotting: 

All samples, which contained approximately the same amount of protein (20 - 40 µg), were run 

on 8–10% SDS PAGE and transferred to a nitrocellulose membrane. Membranes were blocked at 

room temperature for 2 h in blocking buffer containing 1% BSA to prevent nonspecific binding 

and then incubated with anti‐NF‐κB (p65), anti‐phosphorylated NF‐κB (serine 276)( 1:500), anti-

GSTT1 antibody (1:500), and anti β- actin (1:500) primary antibodies at 4°C overnight. The 

membranes were washed in TBS‐T (50 mmol/L Tris HCl, pH 7.6, 150 mmol/L NaCl, and 0.1% 

Tween 20) for 30 min and incubated with the appropriate HRP conjugated secondary antibody 

(1:5,000) for 2 h at room temperature, then developed using the ultrasensitive ECL substrate 

(Bio-Rad). The intensity of each immunoblotting band was measured using the histogram tool of 

Adobe Photoshop CS5. 

Statistical Analysis 

Data were analyzed statistically using one way analysis of variance (ANOVA) with Sigma Stat 

statistical software (Jandel Scientific, San Rafael, CA). When data passed a normality test, all 

groups were compared using the Student–Newman–Keuls post hoc method. A difference was 

considered significant at the P<0.05 level. The data were represented as mean± SE. 

Results  

 

GST activity, GSH levels, and the secretion of pro-inflammatory cytokines in the plasma of 

COPD patients, and normal subjects –  

In the present study we have measured the GST activity, GSH levels, and the pro-inflammatory 

cytokines, such as CRP, IL-6, TNF-α, and MCP-4 in the plasma samples of COPD patients 

(n=23) and normal subjects (n=23). Results demonstrate a significantly low in GST activity and 

GSH levels among COPD patients compared to those recorded in age and gender-matched 

normal healthy subjects. In addition, a significantly higher level of CRP, IL-6, and TNF-α has 

also been observed among COPD patients compared to control (Fig. 1). However, we did not 

observed any significant change in MCP-4 levels between COPD patients and normal subjects.  
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Effect of cigarette smoke compounds on GST activity using recombinant GST enzyme, 

human plasma, erythrocyte lysate and THP-1 monocyte cells –  

 

Cigarette smoking is a primary risk factor in the development of COPD. Orhan et al. reported the 

role of cigarette smoke extract in the down regulation of the erythrocyte GST activity
28

. 

However, there is no report so far examined the effect of individual cigarette smoke compounds 

on GST activity. In the present study we have examined the effect of different cigarette smoke 

compounds on GST activity using human recombinant GST enzyme, plasma samples from 

healthy donors, and monocyte cell culture model.  

Fig. 2 & 3 demonstrate the effect of different cigarette smoke compounds on the activity 

of human recombinant GST enzyme. Results show that treatment with nicotine, benzo[a]pyrene, 

naphthalene, and formaldehyde decreases in recombinant GST activity. Treatment with nicotine 

at a dose of 5 mg/mL caused a significant (p<0.05) reduction in GST activity compared to 

control (8.5±0.75 vs. 12.04±0.56 µmol
-1

mL
-1

min
-1

). Benzo[a]pyrene at a dose of 10 ng/mL 

significantly (p<0.05) decreased the GST activity compared to control (11.58±0.73 vs. 

14.67±0.63 µmol
-1

mL
-1

min
-1

). Naphthalene exposure at a dose of 250 µg/mL, significantly down 

regulated the GST activity compared control (9.83±1.39 vs. 13.41±0.21µmol
-1

mL
-1

min
-1

). 

Treatment with formaldehyde at a dose of 5pg/mL also caused a significant decrease in GST 

activity compared to control (8.91±1.02 vs. 11.17±0.62µmol
-1

mL
-1

min
-1

). However, treatment 

with ammonia, acrylic acid, toluene, benzene, m-xylene, and hexamine did not cause any 

decrease in GST activity compared to the respective controls as shown in Figure 3. The doses of 

all cigarette smoke compounds used in the study are within the physiological range as reported in 

the literature
31-39

. This study suggests that among all the different cigarette smoke compounds 

nicotine, benzo[a]pyrene, naphthalene, and formaldehyde play an important role in reducing the 

activity of human recombinant GST enzyme. The enzyme assay was performed in different time 

points (15, 30, 60, 90, 120, 150, 180 min) (data not included) with the 10 cigarette smoke 

compounds and only 4 compounds exhibit significant changes in the GST activity compared to 

control at 2h time point. Beyond this 2h time point we didn’t find any significant changes in the 

enzyme activities. Thus we have chosen these 4 compounds and 2h time point for the experiment 

with human plasma and erythrocytes. 
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Further studies with human plasma and erythrocytes, collected from healthy volunteers, 

we have also examined the direct effect of nicotine, benzo[a]pyrene, naphthalene, and 

formaldehyde on the activity of GST enzyme. Different cigarette smoke compounds were 

incubated with human plasma and erythrocytes for 2 h at 37°C. Results show a significant 

decrease in GST activity by the treatment with nicotine (5 mg/mL), benzo[a]pyrene (10 ng/mL), 

naphthalene (250 µg/mL), and formaldehyde (5 pg/mL) compared to those recorded in control 

(Fig. 4 A & 4 B).  

Using THP-1 human monocyte cell culture model this study further examined the effect 

of different cigarette smoke compounds, such as nicotine, benzo[a]pyrene, naphthalene, and 

formaldehyde on the activity of intracellular GST enzyme. Results demonstrate that incubation 

of monocytes with nicotine (5 mg/mL), benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), 

and formaldehyde (5 pg/mL) for 4 h at 37
o
C significantly decreased the intracellular GST 

activity and its protein expression compared to control (Fig. 5A). This cell culture study 

demonstrates a direct effect of individual cigarette smoke compounds on the reduction of GST 

activity, which is in agreement with the above findings (Fig. 5C). None of the compounds have 

found to reduce the cell viability as compared to control (Fig. 5D).  

Effect of cigarette smoke compounds (nicotine, benzo[a]pyrene, naphthalene, and 

formaldehyde) on GSH levels and ROS production in THP-1 monocytes – 

Oxidative stress plays an important role in the progression of COPD
40

. A decrease in 

intracellular antioxidant defense and an increase in ROS production lead to the oxidative stress 

pathophysiology. The present study examined the effect of cigarette smoke compounds (nicotine, 

benzo[a]pyrene, naphthalene, and formaldehyde) on intracellular GSH levels (Fig. 5B) and ROS 

production in THP-1 monocyte cells. Results suggest that treatment with nicotine (5 mg/mL), 

benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), and formaldehyde (5 pg/mL) for 4 h at 

37
o
C significantly decreased the intracellular GSH levels and increased the ROS production 

compared to control (Fig. 6). The effect of benzo[a]pyrene and naphthalene on ROS production 

is significantly higher than those seen in nicotine and formaldehyde-treated cells. These results 

suggest a role of cigarette smoke compounds in the development of oxidative stress, which may 

mediate the pathogenesis of COPD. 
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Effect of cigarette smoke compounds (nicotine, benzo[a]pyrene, naphthalene, and 

formaldehyde) on NF-κB activation and the secretion of pro-inflammatory cytokines in 

THP-1 monocytes –  

The activation of transcription factor NF-κB has been well recognized in the development of 

inflammatory lung disorders
41

. Upon stimulation, NF-κB induces the secretion of various pro-

inflammatory molecules, such as TNFα, CRP, IL-6, etc
42, 43

. The activated form of NF-κB 

consists of two subunits p65 and p50 and the transcriptional activity of NF-κB is regulated by the 

phosphorylation of its p65 subunits
44

. The present study examined whether the exposure to 

individual cigarette smoke compounds (nicotine, benzo[a]pyrene, naphthalene, and 

formaldehyde) can activate NF-κB and stimulate the secretion of pro-inflammatory cytokines in 

THP-1 monocyte cells. Results demonstrate that treatment with benzo[a]pyrene and naphthalene 

significantly up regulated the phosphorylation of the p65 subunit of NF-κB and increased the 

secretion of TNFα and CRP compared to control (Fig. 7A, B & C). However, treatment with 

nicotine and formaldehyde did not cause any activation of NF-κB and the secretion of TNFα and 

CRP. This study suggests that among the various cigarette smoke compounds, benzo[a]pyrene 

and naphthalene play an important role in the activation of inflammatory signaling pathway, 

which may mediate the inflammatory pathogenesis in COPD. 

 

Discussion 

Our earlier study have shown that smokers with GSTM1 (null genotype) gene 

polymorphism are more susceptible to develop COPD than the non-smokers
45

. Moreover, one 

earlier study also reported the effect of cigarette smoke extract in down-regulating the 

erythrocyte GST activity
30

. These studies suggest a possible role of cigarette smoke exposure in 

decreasing GST activity, which may play an important role in the pathogenesis of COPD. 

However, so far no study is in the literature investigating a direct effect of the individual 

cigarette smoke compounds on GST activity and also the underlying mechanism leading to the 

development of the inflammatory lung diseases. The present study demonstrated that COPD 

patients have a significantly lowered GST activity compared to age and gender-matched 

controls. In addition, present study for the first time reported that treatment with different 

cigarette smoke compounds (nicotine, benzo[a]pyrene, naphthalene, and formaldehyde) 

significantly decreased the activity of both recombinant and the plasma GST enzyme. Cell 
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culture studies further demonstrated that treatment with nicotine, benzo[a]pyrene, naphthalene, 

and formaldehyde also cause a decrease in intracellular GST activity as well as its protein 

expression. Combining all, this study suggests a role of individual cigarette smoke compounds in 

the impairment of GST activity, which may be linked to the development of COPD. 

Impairment in intracellular redox status and development of oxidative stress play an 

important role in inflammatory lung diseases like COPD
40

. Elevated levels of superoxide anions 

and lipid peroxidation have been observed in the plasma sample of COPD patients
46, 47

. Data 

from our clinical study demonstrated that COPD patients have lower plasma GSH levels as 

compared to controls. GSH is a physiological antioxidant, co-factor of many enzymes and plays 

an important role in the reduction of cellular oxidative stress
48

. However, it was not clear 

whether cigarette smoke-induced oxidative stress may have a role in the progression of COPD 

pathophysiology. Among the various cell types associated with the immune system, monocytes play an 

important role in the pathogenesis of inflammatory cascade
49

. Using THP-1 monocyte cells this study 

reported that treatment with different cigarette smoke compounds, such as nicotine, 

benzo[a]pyrene, naphthalene, and formaldehyde caused a decrease in GSH levels and an increase 

in intracellular ROS production. This study suggests a direct effect of individual cigarette smoke 

compounds including nicotine, benzo[a]pyrene, naphthalene, and formaldehyde in the 

development of oxidative stress which may have a role in the progression of COPD. 

TNF-α is an important pro-inflammatory cytokine which plays a major role in the innate and 

adaptive immunity, cell proliferation, and apoptotic processes
50

. Higher IL-6 levels have been 

found to be associated with poor lung function among patients with COPD
51

. Elevated CRP level 

is another important bio-marker of the inflammatory process that occurs in patients with 

COPD
52

. In line with the earlier studies, we have also observed an increased plasma level of 

TNF-α, IL-6, and CRP among COPD patients compared to those seen in age and gender-

matched controls, which suggests the development of inflammatory pathophysiology in COPD. 

 Activation of NF-κB stimulates secretion of various pro-inflammatory molecules, such 

as, TNF-α, IL-6 etc
42, 43

. Using TNF-α receptor knock-out mice exposed to cigarette smoke, 

Churg et al (2002) showed that TNF-α plays a central role in the cigarette smoke-induced 

inflammation and breakdown of connective tissues, a precursor of emphysema
53

. A positive 

association has also been observed between the smoking status and CRP levels among 
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adolescent smokers
54

. The cytokines, such as TNF-α, IL-6, and IL-1β have been reported as the 

primary regulators of CRP
55

. Using THP-1 monocyte cells the present study shows that treatment 

with individual cigarette smoke compounds, such as benzo[a]pyrene and naphthalene 

significantly activated the transcription factor NF-κB and increased the secretion of TNF-α and 

CRP. However, treatment with nicotine and formaldehyde did not cause any activation of NF-κB 

and the secretion of as TNF-α and CRP. This study suggests that among the various cigarette 

smoke compounds, benzo[a]pyrene and naphthalene play a major role in the activation of 

inflammatory signaling pathway, which may mediate the progression inflammatory lung disease 

like COPD. 

The present study demonstrates a decrease in plasma GSH levels and GST activity and an 

increase in pro-inflammatory cytokine levels, such as TNF-α, IL-6, and CRP among COPD 

patients compared to controls. This study for the first time examined the effect of individual 

cigarette smoke compounds on the GST activity using human recombinant GST enzyme. Results 

revealed that out of ten cigarette smoke compounds, nicotine, benzo[a]pyrene, naphthalene, and 

formaldehyde cause a significant decrease in GST activity. Cell culture studies with THP-1 

monocytes showed that treatment with nicotine, benzo[a]pyrene, naphthalene, and formaldehyde 

also caused a decrease in GST activity and its protein expression, and GSH levels and an 

increase in intracellular ROS production. Interestingly, treatment with benzo[a]pyrene and 

naphthalene activated the transcription factor NF-κB, increased the secretion of TNF-α and CRP, 

which suggest the role of these two cigarette smoke compounds in the development of 

inflammatory pathophysiology in COPD (Fig. 8).   

Conclusion 

This study demonstrates the effect of individual cigarette smoke compounds in the development 

of intracellular redox imbalance and the activation of inflammatory signaling pathway which 

may possibly lead to the progression of COPD. However, in vivo studies are further required to 

understand the detail molecular mechanism underlying the role of individual cigarette smoke 

compounds in the development of COPD. 
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Abbreviation 

COPD: chronic obstructive pulmonary disease; CRP: C-reactive protein; GSH: glutathione; 

GST: glutathione S-transferase; IL-6: interleukin 6; ROS: reactive oxygen species; MCP-4: 

monocyte chemo-attractant protein-4; TNF-α: tumor necrosis factor α;  
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Figure legends 

Fig. 1 

Plasma levels of GST activity (µmol/mL/min) (A), GSH (B), TNF-α (C),IL-6 (D),CRP (E), and 

MCP-4 (F) in age and gender-matched control subjects (n=23) and chronic obstructive 

pulmonary disease (COPD) patients (n=23). Values are expressed as mean ± SE. 

Fig. 2 

Effect of nicotine (A), benzo[a]pyrene (B), naphthalene (C), and formaldehyde (D) on GST 

activity (µmol/mL/min). Human recombinant GST (72µg/mL) was incubated with various 

compounds (Conc. as mentioned in the respective panels) for 2 h at 37
o
C. Values are expressed 

as mean ± SE (n=4).  

Fig. 3 

Effect of acrylic acid (A), toluene (B), benzene (C), m-xylene (D), hexamine (E) and ammonia 

(F) on GST activity (µmol/mL/min). Human recombinant GST (72µg/mL) was incubated with 
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variouscigarette smoke compounds (Conc. as mentioned in the respective panels) for 2 hat 37
o
C. 

Values are expressed as mean ± SE (n=4). 

Fig. 4 

Effect of nicotine (5mg/mL), benzo[a]pyrene (10ng/mL), naphthalene (250µg/mL), 

formaldehyde (5pg/mL) on human plasma (A) and erythrocyte lysate (B) GST activity 

(µmol/mL/min). Human plasma and erythrocyte lysate (100 µL) were incubated with various 

cigarette smoke compounds (Conc. as mentioned in the respective panels) for 2 h at 37
o
C. 

Values are expressed as mean ± SE (n=4). 

Fig. 5 

Effect of nicotine (5 mg/mL), benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), and 

formaldehyde (20 pg/mL) on GST protein expression (A), GSH level (nmol/mL) (B), GST 

activity (µmol/mL/min) (C), and cell viability (D) in THP-1 monocytic cells. Cells (2 

million/mL) were incubated with various compounds (Conc. as mentioned in the respective 

panels) for 4 h at 37
o
C. Values are expressed as mean ± SE (n=8). 

Fig. 6 

Effect of benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), nicotine (5 mg/mL) and 

formaldehyde (20 pg/mL) on intercellular ROS production in THP-1 monocytic cells. H2O2 (10 

mM) was used as a positive control. Cells were incubated with the respective compounds for 4 h 

at 37°C. Intracellular ROS production was measured using DCFDA (5mM). 

Fig. 7 

Effect of benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), nicotine (5 mg/mL)and 

formaldehyde (20 pg/mL) on the protein expression of phopho NF-κB (S276) and total NF-κB 

(A) and the levels of TNF-α (B) and CRP (C) in THP-1 monocytic cells. 

Fig. 8 

Probable mechanistic pathway underlying the role of cigarette smoke compounds-mediated 

inflammatory pathophysiology leading to COPD. 
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Plasma levels of GST activity (µmol/mL/min) (A), GSH (B), TNF-α (C),IL-6 (D),CRP (E), and MCP-4 (F) in 
age-matched control subjects (n=23) and chronic obstructive pulmonary disease (COPD) patients (n=23). 

Values are expressed as mean ± SE.  
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Effect of nicotine (A), benzo[a]pyrene (B), naphthalene (C), and formaldehyde (D) on GST activity 
(µmol/mL/min). Human recombinant GST (72µg/mL) was incubated with various compounds (Conc. as 

mentioned in the respective panels) for 2 h at 37oC. Values are expressed as mean ± SE (n=4).  
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Effect of acrylic acid (A), toluene (B), benzene (C), m-xylene (D), hexamine (E) and ammonia (F) on GST 
activity (µmol/mL/min). Human recombinant GST (72µg/mL) was incubated with variouscigarette smoke 

compounds (Conc. as mentioned in the respective panels) for 2 hat 37oC. Values are expressed as mean ± 

SE (n=4).  
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Effect of nicotine (5mg/mL), benzo[a]pyrene (10ng/mL), naphthalene (250µg/mL), formaldehyde (5pg/mL) 
on human plasma (A) and erythrocyte lysate (B) GST activity (µmol/mL/min). Human plasma and 

erythrocyte lysate (100 µL) were incubated with various cigarette smoke compounds (Conc. as mentioned in 

the respective panels) for 2 h at 37oC. Values are expressed as mean ± SE (n=4).  
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Effect of nicotine (5 mg/mL), benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), and formaldehyde (20 
pg/mL) on GST protein expression (A), GSH level (nmol/mL) (B), GST activity (µmol/mL/min) (C), and cell 

viability (D) in THP-1 monocytic cells. Cells (2 million/mL) were incubated with various compounds (Conc. as 

mentioned in the respective panels) for 4 h at 37oC. Values are expressed as mean ± SE (n=8).  
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Effect of benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), nicotine (5 mg/mL) and formaldehyde (20 
pg/mL) on intercellular ROS production in THP-1 monocytic cells. H2O2 (10 mM) was used as a positive 

control. Cells were incubated with the respective compounds for 4 h at 37°C. Intracellular ROS production 

was measured using DCFDA (5mM).  
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Effect of benzo[a]pyrene (10 ng/mL), naphthalene (125 µg/mL), nicotine (5 mg/mL)and formaldehyde (20 
pg/mL) on the protein expression of phopho NF-κB (S276) and total NF-κB (A) and the levels of TNF-α (B) 

and CRP (C) in THP-1 monocytic cells  
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Probable mechanistic pathway underlying the role of cigarette smoke compounds-mediated inflammatory 
pathophysiology leading to COPD  
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