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Abstract
Background

Cigarette smoking is a major source of lead exposure and contributes to oxidative stress by
overproduction of reactive oxygen species and impairment of antioxidant defense systems. However,
there are limited data on the simultaneous evaluation of plasma lead and multiple oxidative stress
markers in smokers, particularly in Sudan. The aim of the present study was to investigate plasma lead
levels and oxidative stress markers in cigarette smokers.

Methods

A community-based case-control study was carried out in Khartoum State, Sudan, on 50 cigarette
smokers and 50 healthy non-smokers. Plasma lead concentrations were measured by atomic absorption
spectrophotometry and biomarkers of oxidative stress (GPx, GR, SOD, catalase and MDA) were
determined by standard spectrophotometric methods. Statistical analysis was performed by SPSS
version 20.0 and P < 0.05 considered as significant.

Results

Smokers had significantly higher plasma lead concentrations than non-smokers (1.9+1.1vs. 0.4+0.3,P
<0.001). GPx activity was significantly increased, but GR and catalase activities were significantly
decreased (P < 0.05). There was no significant difference in SOD activity and MDA concentrations. The
plasma lead concentration was positively associated with smoking duration and GPx activity was
positively associated with the number of cigarettes smoked per day.

Conclusion

Chronic cigarette smoking is associated with increased plasma lead burden and alteration of antioxidant
defenses, suggesting oxidative stress as a major mechanism of smoking-related toxicity. These results
support smoking cessation and larger prospective studies are needed to further elucidate the health
effects of cumulative lead exposure.

1. Introduction

Cigarette smoking is one of the leading preventable causes of morbidity and mortality worldwide,
resulting in over eight million deaths annually and imposing a heavy burden on health care systems and
national economies. Tobacco use is very common, even with widespread public health interventions.
This is especially true in low- and middle-income countries, where rising urbanization, socioeconomic
inequalities and weak tobacco control policies contribute to high smoking rates. Cigarette smoke is an
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extraordinarily complex aerosol, containing more than 7,000 chemical constituents, in addition to
nicotine dependence. These constituents include numerous carcinogens, reactive oxidants, and toxic
heavy metals, which collectively contribute to the pathogenesis of cardiovascular, respiratory, metabolic,
and malignant diseases(1-4).

One of the toxic constituents of tobacco and one of the most important environmental contaminants
associated with tobacco use is lead (Pb)(5). During cultivation, tobacco plants readily take up lead from
contaminated soils, irrigation water, fertilizers and atmospheric deposition(6). Cigarette smoke,
therefore, is a significant source of chronic lead exposure(7). Inhaled lead particles circumvent the
regulatory mechanisms of the gastrointestinal tract and are readily absorbed into the systemic
circulation through the pulmonary alveoli(8, 9). Cigarette smoking, in contrast to an acute environmental
exposure, causes repeated low-dose exposure to lead over many years, with progressive accumulation in
the blood, soft tissues, and bone(10, 11). Because of the long biological half-life of skeletal lead stores,
the biological effects of active tobacco use can persist for a long time after smoking cessation because
skeletal lead stores can be an endogenous source of exposure(12).

Lead toxicity has multiple molecular mechanisms and affects virtually all organ systems. One of the
main mechanisms involved is disruption of cellular redox homeostasis leading to overproduction of
reactive oxygen species (ROS) and dysfunction of endogenous antioxidant defense systems(13). Lead
has a high affinity to sulfhydryl (-SH) groups within proteins and antioxidant enzymes, causing
inactivation of enzymes, changes in protein conformation, mitochondrial dysfunction and disturbance of
intracellular calcium signaling(14). Moreover, lead disrupts important trace elements such as zinc,
selenium, iron and calcium which are cofactors for many antioxidant enzymes leading to enhanced
oxidative injury(15, 16). It then induces persistent oxidative stress resulting in lipid peroxidation, protein
oxidation, DNA damage, inflammation, endothelial dysfunction, apoptosis, and the premature aging of
tissues, all of which lead to the development of smoking-related chronic diseases(17).

The human antioxidant defense system consists of enzymatic and non-enzymatic components working
synergistically to eliminate reactive oxygen species and maintain cellular integrity. The major enzymatic
antioxidants are superoxide dismutase (SOD) that catalyses the dismutation of superoxide radicals to
hydrogen peroxide. Hydrogen peroxide is then detoxified by catalase (CAT) and glutathione peroxidase
(GPx)(18). Glutathione reductase (GR) complements this role by reducing oxidized glutathione (GSSG)
back to reduced glutathione (GSH) to maintain intracellular redox balance and support GPx activity in
turn. Malondialdehyde (MDA), a stable end product of lipid peroxidation, is widely recognized as a
reliable biomarker of oxidative membrane damage and oxidative stress burden(19). Changes in these
biomarkers provide information about the biological effects of chronic exposure to cigarette smoke and
environmental toxicants(20).

Cigarette smoking has been repeatedly shown in several previous studies to be associated with
increased oxidative stress and disturbances of antioxidant defense mechanisms. However, the reported
pattern of antioxidant enzyme activity is still inconsistent in different populations. Some studies have
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shown that smokers have lower activity of GPx, SOD, catalase and GR, whereas other studies have
shown that certain antioxidant enzymes are raised in a compensatory way in the early stages of
oxidative insult. Also, circulating MDA concentrations have generally been reported to be elevated in
smokers, although a number of studies have failed to demonstrate statistically significant differences.
These differences may be related to differences in smoking intensity and duration of exposure,
nutritional status, genetic susceptibility, environmental pollution, analytical techniques and ethnicity or
geographical variability(21).

Similarly, a few epidemiological studies have shown higher blood lead levels among smokers than non-
smokers. However, few studies have measured plasma lead levels along with multiple oxidative stress
biomarkers simultaneously in the same study population, particularly in African and Middle Eastern
countries, where environmental lead exposure still remains an important public health concern. Sudan is
characterized by several possible sources of lead exposure including industry, traffic, occupation and
environmental pollution, which may further enhance the toxic effects of cigarette smoking. However, in
spite of these concerns, there is still a dearth of large-scale studies to evaluate the relationship between
lead burden and antioxidant defense systems in Sudanese cigarette smokers(7, 22).

Better understanding of the interactions of chronic cigarette smoking, lead and oxidative stress are
important to understand the biological mechanisms involved in smoking-related diseases and to identify
potential biomarkers that may be useful in the early detection of toxic exposure prior to irreversible organ
damage. Such evidence also can inform preventive strategies, environmental health policies, and
smoking cessation programs aimed at reducing long-term health consequences of chronic tobacco
use(23, 24).

The present study was thus designed to evaluate plasma lead concentrations and some oxidative stress
biomarkers such as glutathione peroxidase, glutathione reductase, superoxide dismutase, catalase and
malondialdehyde in cigarette smokers relative to apparently healthy non-smokers in Khartoum State,
Sudan. Furthermore, the study investigated the correlations between these biochemical parameters and
smoking related variables like smoking duration and daily cigarette consumption in order to better
understand the cumulative biological effects of chronic tobacco exposure. The present case-control
study contributes valuable information regarding the interaction between heavy metal exposure and
oxidative stress in smokers in a population for whom such data are still lacking.

2. Materials and Methods

2.1. Study Design: Analytical case control community-based study was conducted at Khartoum state,
during the period from June to September 2022.

2.2. Sample size: A total of 100 subjects were enrolled in the study, 50 cigarette smokers as case group
and 50 healthy individuals as control group.
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2.3. Inclusion and exclusion criteria: Cigarettes smokers from age 18 to 60 years were included. New
smokers, smokers with chronic diseases, liver disease and malignancy were excluded.

2.4. Data collection and blood sampling: Structured questionnaire was design to collect medical and
personal information included age, BMI, duration of smoking, cigarettes per day. Samples were collected
using sterile disposable plastic syringe after cleaning the vein puncture area with 70 % ethanol. 5 ml of
whole blood was collected in the syringe, using anticoagulant heparin, then centrifuging at 1000-2000xg
for 5 minutes. Then plasma was transfer into sterile plain container and store in 2-8° C until being tested.
The plasma lead was estimated using atomic absorption spectrophotometric method, while the plasma
oxidative stress parameters were measured using spectrophotometric method.

2.5. Ethical Considerations: Before conducting the study, the proposal was approved by ethical
committee of national university and the lab at which the study was done, informed constant was
obtained from all participants in the study

2.6. Data analysis: The result of the study was expressed (mean +SD) and percentage (%) and P value
consider less than or equal (0.05) is consider significant. The result was analyzed by using statistical
package for social science (SPSS) version 20.

3. Results

3.1. Study Population Characteristics

A total of 100 participants was enrolled for the study, 50 cigarette smokers and 50 non-smokers. The
mean age of smokers was 41.2 years and the average duration of smoking was 14.1 years with an
average number of cigarettes/days of 22.3. The mean body mass index (BMI) was 22.6 kg/m2 for
smokers and 21.1 kg/m2 for non-smokers. The findings reported here describe the baseline
characteristics of the study population, as shown in Table 1.

Table 1: Descriptive Statistics of study population

Variables N Minimum Maximum Mean * SD
Age (smokers) 50 18.0 60.0 41.2 +113
Duration of smoking/ years (smokers) 50 0.5 40.0 141+ 6.5
Number cigarette/day (smokers) 50 1 50 223122
BMI (smokers) 50 16.7 24.1 22.6+1.7
Age (non-smokers ( 50 17.0 70.0 36.2+4.6
BMI (nonsmokers) 50 18.3 23.5 21.1+22

3.2. Clinical Manifestations Seen in Cigarette Smokers
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As described in Figure 1, the majority of smokers (80%) reported no smoking-related symptoms. Heavy
cough and fever/headache/abdominal pain were the most common complaints in symptomatic
participants. Difficulty in breathing, limb numbness and light cough were less common.

3.3. Plasma Lead and Oxidative Stress Biomarkers among Smokers and Non-Smokers

Plasma lead levels were significantly higher in smokers compared to non-smokers (1.9 +1.1vs. 0.4 £
0.3, P<0.001). Also, GPx activity in smokers was significantly higher. Whereas much lower activities of
glutathione reductase (GR) and catalase were found in the smokers. No significant differences were
found between the two groups with respect to SOD activity or MDA concentrations. The results suggest
that chronic cigarette smoking altered the antioxidant defense machineries, as shown in Table 2.

Table 2: (Mean SD) of plasma lead and oxidative stress markers among study population

Study parameters  Smokers Non smokers  P-value
N=50 N=50
Lead 1.9+1.1 04103 0.00
GSH 427.4+37.2 27821292 0.00
GR 13.4+3.2 18.6+2.9 0.00
SOD 10.7+1.6 11.2+0.7 0.86
Catalase 7.3+3.2 10.2+2.7 0.03
MDA 2.3+0.6 2709 0.46

3.4. Correlation of Plasma Lead Levels with Smoking Characteristics

As demonstrated in Table 3, Age, BMI and cigarettes smoked per day were not significantly correlated
with plasma lead concentration. However, plasma lead concentration was positively associated with
duration of smoking, and this was statistically significant. Because the correlation coefficient reported
was r = 1.00, this result should be interpreted with caution and verified before publication, as perfect
correlations are extremely rare in biological studies.

Table 3: Correlation between plasma parameters and study variables of smokers
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parameters Variable r P-value

Age 0.13 043
BMI -0.26 0.71
Duration of smoking/ years 1 0.00

Plasmalead  Number of cigarette / days ~ -0.12  0.18

Age 0.17 0.32
BMI -0.24 0.41
GSH Duration of smoking/ years ~ 0.22  0.28

Number of cigarette / days 0.83  0.02

Age 0.19 0.52
BMI -0.13  0.59
GR Duration of smoking/ years ~ 0.21  0.63

Number of cigarette / days -0.17 0.79

Age -0.28 0.72
BMI -0.15 0.69
SOD Duration of smoking/ years ~ -0.21  0.83

Number of cigarette / days 0.31 0.29

Age -0.07 0.54
BMI -0.34 0.61
Catalase Duration of smoking/ years -0.25 0.76

Number of cigarette / days -0.42 0.82

Age -0.38 0.42
BMI -0.38 0.57
MDA Duration of smoking -0.17 0.63

Number of cigarette / days 0.13  0.39

Discussion

The current study evaluated the plasma lead concentrations and biomarkers of oxidative stress among
cigarette smokers. It showed that the smokers had significantly higher plasma lead concentrations
along with altered antioxidant defense mechanisms compared to non-smokers(25). In particular,
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significantly increased activities of glutathione peroxidase (GPx) and significantly decreased activities of
glutathione reductase (GR) and catalase, and no significant differences in superoxide dismutase (SOD)
activity and malondialdehyde (MDA) levels were found. In addition, plasma lead concentrations were
positively correlated with the duration of smoking, while GPx activity was correlated with the number of
cigarettes smoked per day. These results indicate that chronic cigarette smoking causes cumulative
lead exposure and alters the antioxidant defense system, disturbing the redox homeostasis(26, 27).

The significant increase of plasma lead concentration in smokers is consistent with the well-known role
of tobacco smoking as a relevant source of heavy metal exposure. Tobacco plants take up lead from
contaminated soil and environment and inhalation of cigarette smoke provides an efficient route for
systemic lead absorption. Repeated exposure over many years leads to lead building up in the blood and
bones, which causes long-term toxicity. Lead is known to cause oxidative stress by producing excessive
reactive oxygen species (ROS), mitochondrial dysfunction, and inhibition of antioxidant enzymes, and it
increases the risk of cardiovascular, neurological, renal, and respiratory diseases (28, 29).

The changes in the antioxidant enzymes in smokers reflect a disbalance in the oxidative defense system.
The increase in GPx activity can be considered as a compensatory adaptive response to the increase of
oxidative stress, which is confirmed by the increased detoxification of hydrogen peroxide and lipid
hydroperoxides(30, 31). In contrast, the reduction in GR and catalase activities suggests a decreased
antioxidant capacity after chronic cigarette smoke exposure(32). Lead readily binds to sulfhydryl groups
and can directly inhibit antioxidant enzymes or interfere with essential cofactors required for their
activity. Taken together, these changes suggest that long term smoking overpowers the endogenous
antioxidant defense system despite activation of some protective mechanisms(33, 34).

Unlike GPx, GR and catalase, no significant difference in SOD activity was observed between smokers
and non-smokers. Some previous studies have reported similar findings, but the literature remains
inconsistent(32, 35, 36). These discrepancies may be explained by differences in smoking intensity and
duration, nutritional status, environmental exposure, analytical methods and genetic susceptibility.
Therefore, the lack of significant changes in SOD activity should not be interpreted as evidence of normal
oxidative status, especially when significant changes in other biomarkers of antioxidant activity are
detected.

Similarly, plasma MDA concentrations, a widely accepted marker of lipid peroxidation, were not
significantly different in the two groups. This finding is contrary to many previous studies which reported
increased levels of MDA in smokers. This may be attributed to the relatively smaller sample size,
biological variability, dietary intake of antioxidants or the compensatory antioxidant responses. The
increased GPx activity may have partially restricted lipid peroxidation and prevented an observable
increase in circulating MDA concentrations(37, 38). The positive association between plasma lead levels
and duration of smoking suggests that lead exposure in chronic smokers is cumulative(7). Similarly, the
positive correlation between GPx activity and the number of cigarettes smoked per day indicates that the
greater the exposure to tobacco, the greater the oxidative stress and the stimulation of the antioxidant
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responses(31, 39). The reported correlation coefficient (r = 1.00) between plasma lead and smoking
duration should be questioned before publication; perfect correlations are unusual in biological
studies(7, 40).

Strengths of this study include the concurrent measurement of plasma lead and several oxidative stress
biomarkers allowing for a comprehensive assessment of redox status in smokers. However, the results
should be interpreted in the context of several limitations including the relatively small sample size, the
single-center design, and the cross-sectional study design, which do not allow for causal inference.
Moreover, we did not evaluate various confounding factors such as dietary antioxidant intake,
occupational exposure and environmental pollution.

Conclusion

Chronic cigarette smoking was associated with increased plasma lead concentrations and significant
alterations in antioxidant defense mechanisms, suggesting that oxidative stress is an important pathway
through which smoking exerts its toxic effects. These results demonstrate the importance of reduction
of tobacco exposure and provide the basis for further large prospective studies to elucidate the
association of heavy metal accumulation, oxidative stress and diseases related to smoking.
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Distribution of symptoms among smokers
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