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Abstract: Tobacco smoke causes oxidative damage directly by the 

effect of their oxidants or indirectly through the induction of

endogenously produced oxidants and/or inactivation of antioxidants. 

The oxidative effect of tobacco smoke depends on many variables: 

dose, time of exposure, tissue or cell type and endogenous 

antioxidant status. In an attempt to simplify this complex scenario, 

we examined the effect of a soluble extract of tobacco smoke on the 

activity of purified antioxidant enzymes (catalase, glutathione 

peroxidase and superoxide dismutase) and in human plasma. Our 

results revealed that catalase and glutathione peroxidase were 

inhibited with an IC50 of 18 and 80 smoker equivalents (arbitrary 

units), respectively; meanwhile superoxide dismutase was not 

affected. A similar effect of soluble extract of tobacco smoke was 

obtained for antioxidant enzymes in human plasma, where catalase 

was inhibited, while superoxide dismutase was little affected, and 

glutathione peroxidase increased 20% its activity. Benzo[a]pyrene, 

a well-known component of tobacco smoke, was partly responsible 

for catalase inactivation. Although soluble extract of tobacco smoke 

and benzo[a]pyrene both induced carbonylation of plasma proteins, 

we ruled out that catalase inhibition would be caused by 

carbonylation, since the inhibition was reversed by dialysis. 

Considering the higher sensitivity of catalase to inhibition induced 

by soluble extract of tobacco smoke and its important role in 

peroxide elimination, we conceived that benzo[a]pyrene and other 

compounds of tobacco smoke extract promote a transient peroxide 

accumulation which could be one of the factors responsible for the 

oxidative damage in respiratory tract and other tissues in smokers.

Keywords: catalase, superoxide dismutase, glutathione peroxidase, 

tobacco smoke, benzo[a]pyrene.

Resumen: Catalasa es más sensible a los efectos inhibitorios de los 

componentes solubles del humo de tabaco que Glutatión 

Peroxidasa y Superóxido Dismutasa.

El humo de tabaco causa daño oxidativo directamente por efecto de 

sus oxidantes o indirectamente por la inducción de la producción de 

oxidantes endógenos y/o inactivación de antioxidantes. El efecto 

oxidativo del humo de tabaco depende de varias variables: dosis, 

tiempo de exposición, tejido o tipo cleular y estado antioxidante. En 

un intento de simplificar este complejo escenario, examinamos el 

efecto de un extracto soluble de humo de tabaco en la actividad de 

tres enzimas antioxidantes en estado purificado y en plasma humano 

(catalasa, glutatión peroxidasa and superóxido dismutasa). Nuestro 

resultados revelan que catalasa y glutatión peroxidasa fueron 

inhibidas con un IC50 de 18 y 80 equivalentes de fumador (unidades 

arbirtarias), respectivamente; mientras que superóxido dismutasa no 

fue afectada. Encontramos un efecto similar del extracto soluble de 

humo de tabaco en las enzimas antioxidantes plasmáticas, donde 

catalasa fue más inhibida que superóxido dismutasa y glutatión 

peroxidasa aumentó 20% su actividad. Benzo[a]pireno, un conocido 

componente del humo de tabaco, fue parcialmente responsable del 

la inhibicicón de catalasa. Aunque el extracto soluble del humo de 

tabaco y el benzo[a]pireno indujeron carbonilación de las proteínas 

plasmáticas, descartamos que esta modificación sera responsable de 

la inhibición de catalasa, porque la diálisis revertió su efecto. 

Considerando la alta sensibilidad de catalasa a la inhibición por 

extracto de humo de tabaco y benzo[a]pireno en particular, 

concluimos que el extracto de humo de tabaco promueve una 

acumulación transiente de  peróxidos que podría ser uno de los 

factores responsables del daño oxidativo observado en el tracto 

respiratorio y en otros tejidos de sujetos fumadores.

Palabras clave: catalasa, superóxido dismutasa, glutatió peroxidasa, 

humo de tabaco, benzo[a]pireno.

Introduction

Tobacco smoke is highly associated with the development of 

pulmonary pathologies like chronic respiratory disease, lung cancer 

and heart pathologies provoked by atherosclerosis such as 

hypertension and myocardial infarction. Oxidative stress is recognized 

as one of the most harmful effects produced by tobacco smoke 

(Wooten et al., 2006). Different compounds present in tobacco smoke 

are able to break the balance between antioxidants and pro-oxidant 

compounds endogenously generated by cells. This alteration of redox 

state could be caused by the direct oxidative effect of tobacco smoke. 

For instance, exposure of coronary, pulmonary or carotid arteries to 

tobacco smoke or acrolein, a single component from tobacco smoke; 

increased the production of superoxide or hydrogen peroxide through 

activation of endothelial NADPH oxidase (Cooper et al., 1992; Orosz 

et al., 2007). Tobacco smoke could also promote neutrophil activation 

and extravasation in pulmonary tissue, leading to an accumulation of 

oxidants produced by NADPH oxidase of neutrophil (Yao et al., 

2008). 

Another way to switch the balance toward a pro-oxidative state is to 

block the antioxidant defense. Antioxidant defense of cells is 

composed of abundant antioxidant molecules like vitamin C and 

glutathione, and antioxidant enzymes like catalase, glutathione 

peroxidase (GPx) and superoxide dismutase (SOD), whose role is to 

break down oxidant species. Studies in different cell models and in 

rats show that tobacco smoke and some byproducts like acrolein, 

acetaldehyde and formaldehyde, decrease glutathione levels and 

induce the expression of enzymes involved in glutathione synthesis 

(i.e glutathione synthetase) (Cooper et al., 1992; Yeager et al., 2016). 

In addition, tobacco smoke is able to inhibit the activity of catalase, 

which has been found to be decreased in the plasma of smokers, or in 

the liver of rats exposed to tobacco smoke (Méndez-Alvarez et al., 

1998). Similarly, SOD activity decreases in plasma and liver of rats in 

response to tobacco smoke and in lung of smokers. However, MnSOD 

expression in lung of rats increases (Florek et al., 2004; Gilks et al. 

1998; Margaret et al., 2011). Soluble extracts of tobacco smoke 

decreases SOD expression in neuroblastoma cells and benzo[a]pyrene 

(BaP), a polycyclic hydrocarbon compound found in tobacco smoke, 

increases the activity of MnSOD in rat liver (Gupta et al., 1988) . The 

studies concerning to GPx reveal that its expression and activity is 

decreased in the presence of tobacco smoke in saliva, lung, plasma 

and in neuroblastoma cells in culture (Giuca et al., 2010; Russo et al., 

2011). 

The aforementioned studies highlight that the effect of tobacco smoke 

on the antioxidant defense is quite variable due to the complex nature 

of the system. Factors like dose and time of exposure to tobacco 

smoke, the antioxidant studied and the method used to assess the effect 

could influence the result. The study model itself is another source of 

variability since the cell type and the particular tissue studied express 

different levels of antioxidant enzymes or transporters involved in 

glutathione synthesis or vitamin C uptake, leading to a fluctuating 

redox state. To our knowledge, there aren't any published studies on *e-mail: lmardones@ucsc.cl
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the effect of tobacco smoke on antioxidant enzymes in an in vitro

assay that allow for simplifying the complexity of antioxidant 

defense, avoiding the natural synergy observed between different 

antioxidant mechanisms and variation due to induction 

transcriptional. In this study, we examined the effect of a soluble 

extract of tobacco smoke (ETS) and benzo[a]pyrene (BaP) on the 

activity of purified antioxidant enzymes and compared that with the 

comportment of the same enzymes in human plasma. Protein 

carbonylation provoked by ETS and BaP was evaluated to assess a 

possible mechanism of antioxidant enzyme inhibition, testing the 

reversibility of inhibition by dialysis.

Methods

Chemicals

Benzo[a]pyrene (98% purity) and pyrogallol  (98% purity) were 

purchased from Sigma-Aldrich, along with the enzymes glutathione 

peroxidase from human erythrocytes (cat. No G6137), glutathione 

reductase from baker's yeast (cat No G3664) and superoxide 

dismutase from bovine erythrocytes (cat. No S7571). Catalase from 

Aspergillus niger was purchased from Calbiochem (cat No 219261). 

Protein carbonylation kit was acquired in Cayman Chemical (item 

No 10005020). All the other reagents used were of analytical grade 

and purchased from Merck.

Preparation of a soluble extract of tobacco smoke (ETS)

To prepare ETS, we used cigarettes that are 8 cm in length, with a 3 

cm filter, containing 0.6 mg of nicotine and 7 mg of tar. ETS was 

obtained passing the smoke produced by the combustion of 5 

cigarettes into 10 ml of phosphate saline buffer pH 7.4 using the 

negative pressure generated by a vacuum pump. The extracts were 

aliquoted and stored at -20ºC until used. As defined by Raveendran 

et al., the ETS produced contained 100 smoker equivalents (SEq), 

where 1 SEq correspond to 5 cigarettes smoked by an average-sized 

adult or 0.002 cigarettes/ml (Raveendran et al., 2005).

Catalase Assay

Catalase activity was measured following the break down kinetics 

of hydrogen peroxide at 240 nm using 30 mM hydrogen peroxide 

and 4 U/ml of catalase in the presence of increasing amounts of ETS 

or BaP in phosphate buffer 50 mM pH 7.4 (Weydert and Cullen, 

2010). Results were expressed as enzyme units considering that 1 U 

brea 2O2 in 1 minute.

Superoxide dismutase assay

SOD activity was measured with the pyrogallol autoxidation method 

using different amounts of bovine SOD, 60 mM pyrogallol and 

increasing concentration of ETS in buffer 5 mM Tris-HCl pH 7.4 

(Li, 2012). Results were expressed in enzyme units, considering that 

1 U of SOD inhibits 50% of pyrogallol autoxidation. 

Glutathione peroxidase assay

GPx activity was measured following the kinetics of NAPDH 

consumption at 340 nm, coupling the reaction of H2O2 detoxification 

to the reduction of oxidized glutathione by glutathione reductase in 

presence of NADPH (Weydert  and Cullen, 2010). For that purpose, 

GPx was incubated with 50 nM glutathione, 20 mM H2O2, 20 mM 

NADPH, 2 U/ml GR and increasing concentration of ETS in 

phosphate buffer 18 mM. It was considered that 1 unit of GPx 

6.22 cm2

ETS effect on antioxidant enzymes in plasma

The effect of ETS on the activity of catalase, SOD and GPx was 

evaluated in human plasma, which was obtained by venipuncture 

from a healthy, non-smoking volunteer who was informed about the 

research objectives and agreed to collaborate (oral informed 

consent).

Plasma protein carbonylation

Determination of plasma protein carbonylation in presence of ETS or 

BaP was made with the dinitrophenylhydrazine reaction, measuring 

the formation of protein-hydrazone adducts at 360 nm, according to 

the manufacturer's instructions. Carbonyl content was expressed in 

nmol/mg of total proteins, which was determined through the 

Bradford assay.

Dialysis

Dialysis of plasma in the presence of ETS was performed using 

cellulose membranes with 3.5 kDa size exclusion (Spectra/Por) in a 

volume of 2 ml. The process was performed for 18 hours at 4ºC against 

phosphate saline buffer with 2 changes of buffer during the first and 

last hours of dialysis (Méndez-Alvarez et al., 1998).

Statistic analysis

Statistic analysis was performed using non-parametric t-student.

p<0.05 was defined as statistically significant (*) and p<0.01 was 

defined as very statistically significant (**)(GraphPad software 2017)

Results

The enzymatic activity of purified catalase, GPx and SOD was studied 

in the presence of different amounts of ETS ranging from a 

concentration 0 to 500 SEq. As shown in Figure 1A and B, catalase 

and GPx were dose dependently inhibited by ETS. The activity of both 

enzymes was completely abolished in the presence of 20 SEq or 150 

SEq for catalase and GPx, respectively. Half of the inhibitory effect 

was obtained with 18 SEq for catalase and 110 SEq for GPx, 

indicating that the IC50 for catalase was 6 times lower than for GPx. 

Interestingly, the activity of SOD was not significantly affected by 

ETS, even when using concentrations 100 higher than that required to 

abolish catalase activity (Figure 1C). These data show that in vitro

condition, which represents an isolated exploration of enzyme 

properties; catalase and GPx is inhibited by ETS while SOD is not 

affected. 

Human plasma is made up of a multitude of components with redox 

properties, which are able to react upon an oxidative insult and could 

therefore modify the effect of ETS on antioxidant enzymes in 

isolation. To address this issue, the activity of antioxidant enzymes in 

human plasma was measured where 10 or 20 SEq was added right 

before the enzyme determination. A similar effect of ETS on catalase 

and SOD was observed in plasma (Figure 1D and 1F). In the case of 

catalase, a 60% decrease in activity was induced by ETS at the two 

concentrations used. For SOD, a 25% decrease in activity was induced 

Figure 1.
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by ETS. However, for GPx a strong opposite effect of ETS was 

observed, functioning as an activator in human plasma, increasing 

20% its activity at the same concentration of ETS (Figure 1E). These 

data show that the effect of tobacco on antioxidant enzymes is 

different in presence of plasma where different compounds interfere 

with the action of tobacco components either enhancing or blocking 

their inhibitory potential. 

Mechanism of catalase ETS-induced inhibition

Our results point to catalase as the most affected antioxidant enzyme 

when exposed to tobacco smoke. To gain insight into the mechanism 

of catalase inhibition, we asked whether carbonylation could be 

mediating the inhibitory effect of ETS on catalase. Carbonylation is 

a covalent protein modification frequently found in proteins exposed 

to oxidative stress. This modification is generally irreversible and 

associated with loss of function. The carbonylation of total plasma 

protein induced by increasing amount of ETS was measured (Figure 

2A). In basal conditions, 0.35 nmole of carbonylation per mg of 

protein were detected, the amount of cabonylation was dose-

dependently increased in the presence of ETS, reaching 2.6 nmole 

per mg of protein with 100 SEq. The data obtained establish that 

tobacco is a potent inducer of plasmatic protein carbonylation that 

could be causing catalase inhibition. Since carbonylation is a 

fundamentally irreversible protein modification in our in vitro

conditions, we reasoned that if ETS inhibitory effect were mediated 

by carbonylation, a dialysis filtration should not reverse catalase 

inhibition. On the contrary, if inhibition of catalase provoked by ETS 

were caused by a small compound present in tobacco that reversible 

binds to catalase; the inhibition would be reversed by dialysis 

filtration. To evaluate that hypothesis catalase activity in human 

plasma containing 100 SEq and submitted to dialysis at 4ºC against 

reaction buffer for 18 hrs before enzyme determination was 

measured. The catalase inhibition in the presence of ETS was 

completely reversed when the reaction mixture was submitted to 

dialysis in contrast to un-dialyzed control reaction, which showed a 

90% inhibition in the presence of the chosen ETS concentration 

(Figure 2B). The evidence presented here is not consistent with an 

irreversible mechanism of ETS induced inhibition and therefore we 

indirectly can rule-out carbonylation as the underlying cause of 

catalase inhibition. 

In an attempt to further characterize the inhibitory effect of tobacco, 

the effect of BaP, on the activity of antioxidant enzymes was studied. 

BaP is the main polycyclic aromatic hydrocarbon present in tobacco 

smoke and has been recognized for its carcinogenic properties. As 

seen in Figure 2C, catalase is not affected by 3 mg/ml of BaP, but 10 

mg/ml induced a 35% inhibition. When the effect on catalase in 

human plasma was studied, the activity of this enzyme was unaffected 

at 3 mg/ml BaP, but was doubled at 10 mg/ml (Figure 2D). These 

results show that BaP alone is able to inhibit both enzymes in a dose-

dependent fashion, and that this compound is partially responsible for 

the inhibitory effects of ETS on catalase activity. Finally, BaP alone 

induced carbonylation although at lower rate than ETS: in the

presence of 1.0 ng/ml of BaP there was no increase compared with 

basal carbonylation, (0.18 nmole per mg of proteins) but with 10.0 

ng/ml, carbonylation levels reached up to 0.5 nmole. However, as 

catalase inhibition observed in plasma was reversed by dialysis, BaP-

mediated carbonylation is not the mechanism of ETS- induced 

catalase inhibition observed in plasma samples.

Discussion

The results presented here reveal that soluble components of tobacco 

smoke produce a reversible inhibition of catalase, with an IC50 of 18 

SEq and over 50% inhibition with 10 SEq in human plasma. GPx was 

less susceptible to ETS-induced inhibition and SOD activity was not 

affected even at the highest concentration assayed. Considering that 

10 SEq represent the consumption 100 cigarettes a day, we realize that 

antioxidant enzymes are rather resistant to oxidative damage induced 

by tobacco smoke. The amount of cigarettes needed to produce a 

decrease of 65% in catalase activity is achieved with a dose of 100 

cigarettes a day, which is hardly found even in an active smoker. 

However, we must consider that in respiratory tract, antioxidant 

enzymes are directly exposed to tobacco components and hence to a 

larger amount of oxidative damage. A partial inhibition of catalase 

provoked by tobacco smoke in lungs would foster the oxidative and 

mutagenic damage because of the accumulation of hydrogen peroxide, 

leading to the formation of more reactive oxidant species and 

accelerating the ETS-produced lung diseases like chronic obstructive 

pulmonary disease and lung cancer. 

Studies related to the effect tobacco smoke on the activity of 

antioxidant enzymes have been performed mainly in cells, tissues or 

fluids obtained from animals or humans exposed to tobacco. 

Therefore, the behavior of studied enzymes in each model depends on 

the particular conditions of each study, such as initial antioxidant 

capacity, time of exposure to tobacco, dose of tobacco used, 

periodicity of treatment, biotransformation suffered by tobacco 

compounds, etc. Although our studies showed that GPx is poorly 

affected and SOD is practically insensitive to soluble tobacco 

components, there are published studies indicating that GPx and SOD 

decrease their activity in the presence of tobacco smoke (Florek et al., 

2004; Giuca et al., 2010; Russo et al., 2011). The apparent discrepancy 

between these data and our results could arise from differences in the 

model, where the higher chemical complexity of the cell-derived 

compounds modified the effect of tobacco smoke. Particularly, the 

interaction of oxidative compounds of tobacco with cell-derived 

molecules could enhance the oxidative potential of tobacco, which 

alone does not induce enzyme damage. For example, ascorbic acid 

present in many tissues is well known for its protective effects on

oxidative damage caused by tobacco smoke. However, in a cellular 

context ascorbate reacts with bivalent metals like copper or iron, to 

produce ascorbyl radical, which inhibits catalase (Davison et al., 1986; 

Panda et al., 2001; Panda et al., 1999).

Regarding the inhibition of catalase by tobacco smoke, Méndez-

Alvarez et al. reported an IC50 of 0.009 cigarettes/ml (equivalent to 

4.5 SEq in the units used in our study) for catalase from liver and brain 

homogenate of mice exposed to tobacco (Méndez-Alvarez et al., 

1998). As mentioned before, the difference between this study and our 

data could emerge from the peculiar nature of the model used: in vitro

v/s whole tissue. Although the purified catalase from our study was 

obtained from Aspergillus niger, we don't believe that the different 

origin of species could be relevant since we observed a very similar 

effect of tobacco smoke on A. niger catalase and human catalase used 

in our assays in vitro and in plasma respectively. The latter two Figure 2.
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catalases have only 35% sequence identity between them, 

meanwhile mouse and human catalase possesses 90% identity, thus 

we cannot attribute low sensitivity to tobacco smoke to poor 

sequence similarity. Furthermore there is a high conservation of the 

important amino acids in the active site of A. niger catalase respect 

to human and other species (Patnaik et al., 2013).

Carbonylation is one of the most studied oxidative irreversible 

modifications and can be produced by hydrogen peroxide in the 

presence of metals or by-products of lipid peroxidation, such as 4-

hydroxynonenal. In this study we confirm that tobacco smoke 

produces carbonylation of human plasma proteins in a dose-

dependent manner in agreement with published data that report 

carbonylation of human plasma proteins, bovine serum albumin and 

liver microsomal proteins in the presence of tobacco smoke (Panda 

et al., 2001; Panda et al., 1999). Aminoacids as phenylalanine, valine 

and histidine are abundant in their active site, which make us 

proposed that antioxidant enzymes were inhibited by tobacco smoke 

due to carbonylation of their side chains (Halliwell and Gutterdge, 

1999; Jacob et al., 2011). The oxidative effect could be favored by 

the presence of transition metals in their active site, as is the case for 

catalase (Aksoy et al., 2004; Díaz et al., 2012; Patnaik et al., 2013). 

However, the reversal of the inhibition after dialysis allows us to 

discard a covalent oxidative modification as the origin of catalase 

inhibition.

Because more than 400 compounds have been identified in tobacco 

smoke, it is difficult to know which ones are responsible for 

tobacco's inhibitory effect on catalase and GPx. It is postulated that 

nitrosamines, quinones, hydroquinones and transition metals would 

allow the generation of ROS, RNS and aromatic hydrocarbons 

during combustion. We studied the direct effect of BaP on 

inactivation of catalase. This compound is one of the most studied 

components of cigarette smoke and corresponds to a polycyclic 

aromatic hydrocarbon generated by incomplete combustion of 

organic tobacco materials, petroleum and red meat. It is classified as 

one of the three most potent carcinogenic agents and its presence in 

tobacco smoke is associated with the development of cancer in 

smokers due to the mutagenic action of their epoxide or quinone 

metabolites (Emre et al., 2007; Halliwell and Gutterdge, 1999; Wei 

et al., 1989). In our study, we found that BaP alone produces 

inhibition of purified catalase, reaching 60% of the initial activity at 

a concentration of 10 mg/ml. However in plasma, the same 

concentration of BaP produces over 100% activation. Again, we 

observe that the plasma scenario is different from that observed with 

the purified enzyme. It is possible that plasma foster the formation 

of other derivatives of BaP that have different effects, such as 

catalase activation and inhibition of SOD. The concentration of BaP 

quite inert, it can produce several derivate responsible of its 

deleterious cellular effects as p-benzoquinone radical by reacting 

with oxidants in aqueous phase, benzosemihydroxyquinone by auto-

oxidation and different epoxides and enodiols by metabolization and 

producing directly protein carbonylation, as we found in this work.

Conclusions

According to our data, catalase is the most sensitive antioxidant 

enzyme to tobacco inhibitory effect and plasma lacks a protective 

effect against tobacco-induced inhibition. Both, GPx and SOD 

showed a different comportment in purified state and in plasma, 

highlighting the influence of plasma compounds in ETS inhibitory 

effect. Although BaP evoked partially the effect of ETS, we rule-out 

carbonylation or other covalent oxidative modification as 

mechanism of catalase inhibition, because catalase inhibition in 

plasmatic sample was reversed by overnight dialysis, results that 

open possibilities of new research in the area, exploring the 

mechanism of catalase ETS inhibition
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