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Abstract

Objectives: This study aimed to develop a model of the relationship between inflammatory cytokine and/or vascular adhesion molecule levels and clinical symptoms

in individuals exposed to lead (Pb), manganese (Mn) or both (Pb+Mn).

Methods: The study included 104 male workers exposed to metals for different durations in a factory setting (Mn-, Pb- and Pb+Mn-exposed groups) and 76 non-
exposed male workers (control group). Interleukin (IL)-6, IL-10, Tumor Necrosis Factor (TNF)-q, soluble (s)E-selectin, and Vascular Cell Adhesion protein (VCAM)-1 levels
were analyzed using enzyme-linked immunosorbent assays. Mn and Pb levels were determined using inductively coupled plasma mass spectrometry.

Results: Significant intergroup differences were observed in the levels of IL-6, IL-10, TNF-q, and sE-selectin (p<0.01 for all), but not VCAM-1 (p=0.298). Fatigue was the
most frequent symptom in all groups (25.7%, 37.1%, and 44.1%, respectively). Other symptoms included tremor and anxiety in the Mn-exposed group (5.7%), and tremor

and paresthesia in the Pb-exposed (14.7%) and Pb+Mn-exposed groups (20.6%).

Conclusions: The correlation between increased biomarker levels and clinical symptoms suggests a close relationship between inflammation and neurotoxicity. This
relationship not only explains the effect of the former on the latter but also provides a clinical model for the early diagnosis of neuroinflammation.

Introduction

Constitutive neurogenesis affects both children and
adults and is known to correlate closely with neurocognitive
functions such as learning and memory [1]. Inflammation is a
systemic reaction. However, the brain reacts to inflammation
differently than peripheral tissues. Under normal conditions,
the Blood-Brain Barrier (BBB) is selectively permeable and
allows only the passage of T-cells, macrophages, and dendritic

cells [2]. However, inflammation of the brain initiates the
secretion of anti- and pro-inflammatory cytokines by resident
microglia, astrocytes, infiltrating peripheral macrophages, and
lymphocytes. This activity both stimulates the migration of
leukocytes to the region and promotes astrogliosis [3].

Pathologically, Parkinson’s Disease (PD) is characterized by
the massive degeneration and loss of nigrostriatal dopaminergic
neurons. Many studies of PD have also emphasized the
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concomitant neuroinflammation and increased oxidative
stress resulting from the presence of inflammatory markers
[4,5]. Pathologically, the activation of microglial cells is
considered the initial and significant inflammatory response
and is associated with increased levels of cytokines, especially
Tumor Necrosis Factor (TNF)-a, interleukin (IL)-6, and IL-10
[6,7]. Among the approximately 200 cytokines that have been
recognized to date, IL-6, IL-10, and TNF-a are well known to
play pivotal roles in inflammation. IL-10 appears to moderate
the inflammatory response by inhibiting the expression of
many inflammatory cytokines, chemokines, and chemokine
receptors [8] and also suppresses the pro-inflammatory
functions of cytokines such as TNF-a, IL-6, IL-1, and IL-8 [9].
IL-6 regulates immune responses, including inflammation,
by promoting T-cell proliferation, B-cell differentiation, and
IgG, IgA, and IgM production by plasma cells [10]. The pro-
inflammatory cytokine TNF-a contributes directly or indirectly
to the degeneration of dopaminergic neurons in the substantia
nigra [11,12].

Meanwhile, Vascular Cell Adhesion Molecule (VCAM)-
1 and E-selectin are known to accelerate the adhesion and
transmigration of mononuclear cells through the vascular
endothelium, including the BBB [13,14]). These adhesion
molecules have significant predictive value for clinical
monitoring. Accordingly, many studies of cerebrovascular
diseases, including stroke and cerebral infarction, identified
VCAM-1 and E-selectin as potential biomarkers for various
stages of these diseases [15,16].

Manganese (Mn) is a cofactor for many metabolic enzymes
and is thus essential for life. In the brain, Mn plays vital roles
in the synthesis of manganese superoxide dismutase and
glutamine synthetase [17,18]. Despite these essential roles,
Mn overexposure is common, especially in occupational and
environmental settings. Occupational exposure occurs most
frequently among welders, miners, and metal recyclers [19].
According to animal studies, Mn was shown to accumulate in
the brains of rats during the first 4 days of administration, and
its primary targets were the globus pallidus and striatum of the
basal ganglia. Furthermore, from the brain at a much slower
rate than from other tissues, such as the liver and kidney
[20,21].

Mn overexposure and related neurotoxicity may cause
the development of manganism, a parkinsonian syndrome.
Despite significant clinical similarities between manganism
and Idiopathic Parkinson’s Disease (IPD), cumulative evidence
shows that manganism primarily affects the globus pallidus
and striatum of basal ganglia, whereas IPD mainly targets the
substantia nigra [22]. Additionally, some studies have reported
a link between occupational exposure to Mn and disorders of
seminal functioning and hormone secretion [23,24].

Lead (Pb), a toxic metal with no identified biological
function, has been the cause of widespread occupational
and environmental contamination and therefore, lead
exposure has become a major public health issue. Several
mechanisms have been proposed to describe the role of Pb
in the development of neurotoxicity, and acute or chronic
Pb exposure has been shown to cause several neurological
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problems, including neurobehavioral functional impairment,
peripheral neuropathies, and chronic encephalopathy [25-
27]. Similar to Mn exposure, several studies have linked an
increase in inflammatory biomarkers to Pb neurotoxicity
[28,29]. Furthermore, many disorders, such as hypertension,
atherosclerosis, anemia, renal impairment, and hearing loss,
were found to be associated with chronic Pb exposure in an
occupational setting [30,31].

Therefore, in this study, we aimed to develop a model
that would elucidate the relationship of pro-inflammatory
cytokine and/or adhesion molecule levels with the severity of
neurological conditions in individuals exposed to Pb, Mn, or
both metals (Pb+Mn).

Materials and methods
Study population

This study included 104 male workers who were exposed
to Mn, Pb, or Pb+Mn in the workplace and 76 male workers
with no history of occupational exposure to these or other
metals (control group). Both control and exposed subjects
were examined at the Ankara Occupational and Environmental
Diseases Hospital in 2017. For all subjects, the age and body
mass index were determined. Information about cigarette
smoking, alcohol consumption, and chronic diseases was
obtained through self-reported questionnaires.

The exposed group comprised welders and metal recyclers
who were identified by their work histories and the results of
toxicological analyses. The inclusion criteria for the exposed
groups were a high serum level of Mn (Group 2, n=35), Pb
(Group 3, n=35), or Pb+Mn (Group 4, n=34). Overexposure
was defined as a blood or Mn level exceeding 5 or 10pg/dL,
respectively [32,33]. Subjects with conditions that might
affect biomarker levels, including coronary vascular disease,
hypertension, rheumatic diseases, diabetes mellitus, acute
infections, chronic lung disease, cancer, and alcohol addiction,
were excluded from the study. All subjects in the control group
were healthy and asymptomatic and were selected from among
nonsmoking and non-alcohol-consuming workers to eliminate
the effects of smoking and alcohol consumption on symptoms
attributable to neurotoxicity.

Collection and laboratory analysis of biological samples

During annual health examinations, blood samples were
collected from each subject for immunological, toxicological,
and routine analyses. Serum was separated from each blood
sample via centrifugation at 1500 rpm for 10 minutes and
transferred to 2mL centrifuge tubes. Subsequently, the
serum samples were transported to the Occupational and
Environmental Toxicology Laboratory of the Yozgat Bozok
University Science and Technology Application and Research
Center (BILTEM) in a cold chain environment. All samples
were stored at -20°C until analysis.

The serum levels of IL-6, IL-10, TNF-a, sE-selectin,
VCAM-1, Mn, and Pb levels were assessed in diluted samples.
The levels of IL-6, IL-10, TNF-a, sE-selectin, and VCAM-1
were determined using Enzyme-Linked Immunosorbent Assay
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(ELISA) kits (KAP1261, KAP1321, and KAP1751 from DIAsource,
Belgium; DZE201120263 and DZE201120204 from SunRed-bio,
Shanghai, respectively). The samples were placed on ELISA
microplates pre-treated according to the kit instructions.
Once the assay reactions were terminated, the results were
determined using a plate reader (CLARIOstar, BMG LABTECH).
For all cytokine measurements, a 450nm wavelength and
5-point calibration curves were used (respective r> values:
0.9995, 0.9993, 0.9994, 0.9997, and 0.9992). Quality control
samples were used for verification. A linear regression was
used to evaluate all cytokine data.

To analyze Mn and Pb, 1-mL aliquots of blood were placed
in Teflon tubes in a microwave oven (Start D Microwave
Digestion System, Milestone). Thereafter, 5mL of nitric
acid (HNO3 65%, Suprapur) and 5mL of ultrapure water
were added to the blood samples, which were digested in
the microwave. The samples were then transferred to 50mL
polypropylene tubes, and deionized water was added to a
total volume of 20mL. The digested samples were stored
in these tubes at 4°C prior to analysis [34]. Subsequently,
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mass spectrometry (iCAP Qc, Thermo Scientific, USA). The
method was validated using Certified Reference Materials
(Seronorm™ Trace Elements Whole Blood L-2). The r2 values
of the calibration curves were found 0.9999 (f(x)=106685.25
62*x+115396.5787; BEC=1.082ppb; LoD=0.0860ppb) for Mn
and 0.9999 (f(x)=344403.6097*x+45469.3049; BEC=0.132ppb;
LoD=0.0084ppb) for Pb.

Statistical analysis

SPSS Statistics version 24.0 (SPSS Inc., Chicago, IL,
USA) was used for the statistical analysis. The relationships
between the main parameters and symptoms in the control
and exposed groups were evaluated using the t-test (Tables
1,2). Associations between categorical variables were evaluated
using the chi-square test (Table 2). The Pearson test was
performed to evaluate the correlations between cytokine levels
and toxicological/biochemical variables in all groups (Table
3). A regression analysis was used to identify the independent
variables (Mn and Pb) that correlated with the dependent
variable (IL-6, TNF-a, sE-selectin) (Table 4). For all analyses,

the samples were subjected to inductively coupled plasma a p-value <0.05 was considered statistically significant.

Table 1: Relationships between the main parameters in all groups (n=180).

Group 1 Group 2 Group 3 Group 4
Parameters
(n=180) ?::;';;I Only Mn Exposure (n=35) Only F(’:=E3);p)osure Mn - Pb Exposure (n=34)
Age (years) 42.45+7.27 42.74+7.20 42.14+5.88 41.74+6.97 0.936
Work Duration (years) 15.49+6.46 15.805.71 15.17¢3.30 14.53+4.67 0.787
Mn (pg/L) 6.12+2.78 21.85+19.19 3.60+3.96 17.54+7.39 <0.001**
Pb (ug/dL) 3.30£2.67 2.46%1.56 28.30+21.48 23.20423.60 <0.007**
IL-6 (pg/mL) 30.02+16.70 38.33%11.93 35.41+8.73 42.57+21.12 0.0071**
IL-10 (pg/mL) 34.30+18.54 44.46+15.94 40.21£3.73 50.5620.90 <0.007**
TNF-a (pg/mL) 3.58+1.35 4.40+1.45 4.6610.34 5.27+1.52 <0.001**
sE-selectin (ng/mL) 41.78%19.55 58.25+20.23 47.47+9.71 54.63+13.52 <0.0071**
VCAM-1 (ng/mL) 8.04+4.41 7.08+2.39 6.9911.52 7.8241.55 0.298
WBC (kp/L) 7.60+1.93 6.88+1.41 7.3842.18 7.1742.07 0.302
HGB (g/dL) 15.32+1.40 15.1541.33 15.17£1.36 15.18+1.21 0.885
HCT (%) 45.741+3.85 45.24+4.11 45.09+3.64 44.87+3.19 0.662
Creatinine (umol/L) 0.84+0.11 0.86+0.13 0.83+0.07 0.84+0.13 0.691

IL-6: Interleukin-6; IL-10: Interleukin-10; TNF-a: Tumor Necrosis Factor alpha; sE-selectin: soluble E-selectin; VCAM-1: Vascular Cell Adhesion Molecule 1; WBC: White Blood
Cell; HGB: Haemoglobin; HCT: Hematocrit. Parameters were assessed according to Student’s t-test. Values were presented as meanztstandard deviation. **p<0.01 value was
considered as significant

Table 2: Relationships between the main parameters in groups of symptomatic patients.

Symptoms
Parameters t p
No (n=56) Yes (n=48)

Work Duration (years) 14.70+4.39 15.73+4.92 -1.130 0.261

Mn (ug/L) 14.50+16.88 14.07+10.85 0.153 0.879

Pb (ug/dL) 16.22421.64 19.934£21.19 -0.881 0.380
IL-6 (pg/mL) 33.69+11.47 44.62+16.45 -3.974 <0.007**
IL-10 (pg/mL) 40.39+11.23 50.44118.36 -3.420 0.0071**

TNF-a (pg/mL) 4.65%1.25 4.91+1.28 -1.027 0.307

sE-selectin (ng/mL) 52.13416.67 54.96+14.40 -0.920 0.360

VCAM-1 (ng/mL) 7.2842.28 7.31£1.31 -0.102 0.919

WBC (kp/L) 6.97+1.65 7.34+2.17 -0.992 0.324

HGB (g/dL) 15.04+1.35 15.3141.21 -1.053 0.295

HCT (%) 44.81+3.90 45.36%3.32 -0.765 0.446

Creatinine (umol/L) 0.84+0.11 0.84+0.12 -0.032 0.974

WBC: White Blood Cell; HGB: Haemoglobin; HCT: Hematocrit; IL-6: Interleukin-6; IL-10: Interleukin-10; TNF-a: Tumor Necrosis Factor alpha; sE-selectin: soluble E-selectin;
VCAM-1: Vascular Cell Adhesion Molecule 1. Parameters were assessed according to Student’s t-test. Values were presented as meantstandard deviation.

**p<0.01 value was considered as significant
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Table 3: Pearson correlation coefficients of all tested parameters.

Age Dl‘ﬁ::i';n n Pb IL-6 10 TNFa Creatinine
(years) =) (ug/L) (ug/dL) (pg/mL) (pg/mL) (pg/mL) T (umol/L)

Age (vears) 1 0.548% 0078 0014 0004 005  -006  -0.035 -0.144 -0.019 0022  0.003 0.137
Work Duration (years) 1 0074 0132 0009  -004  -0122  -0079  -0.178% 0051 0001  -0.023 0.044
Mn(ug/L) 1 0.004  0.229% 0111  0206* 0297+ 0018 -0.116 -0.155* -0.191%*  -0.005
Pb(ug/dL) 1 0.109 011 0200% 0017  -0.066 -0.042 -0.046 -0.063  -0.092
IL-6(pg/mL) 1 0.311% 0273 0286 0044 -0.108 -0.013  -0.06 0.034
IL-10(pg/mL) 1 0.375%  0.197% 005  -0.034 0053 0013 0.126
TNF-a(pg/mL) 1 0.178* 0113  0.184* -0.013  -0.039 0.065
SE-selectin (ng/mL) 1 0.203% -0.047 0021 002 0.092
VCAM-1(ng/mL) 1 0096 0118 0148  0.019
WBC(kp/L) 1 0231% 0271%  0.065
HGB(g/dL) 1 0.948%%  0.160%
HCT(%) 1 0.162*

Creatinine (umol/L)

1

WBC: White Blood Cell; HGB: Haemoglobin; HCT: Hematocrit; IL-6: Interleukin-6; IL-10: Interleukin-10; TNF-a: Tumor Necrosis Factor alpha; sE-selectin: soluble E-selectin;
VCAM-1: Vascular Cell Adhesion Molecule 1. Correlation is significant at the *p<0.05; **p<0.01 (2-tailed)

Table 4: Results of a regression analysis.

Independent

in Pb-exposed and Pb+Mn-exposed subjects than in control

Dependent variable(s) : F Beta t R? subjects (for IL-6: 35.41+8.73, 42.57+21.12, and 30.02+16.70pg/
variable(s) mL; for IL-10: 40.21+3.73, 50.56+20.90, and 34.30+18.54pg/

IL-6 Mn 9838 0229 3137 0052 mL; for TNF-o: 4.66+0.34, 5.27+1.52, and 3.58+1.35pg/mL,;
Formula IL-6=31,623 + 0,317.Mn for sE-selectin: 47.47+9.71, 54.63+13.52, and 41.78+19.55ng/

Mn — 0.205 2.849* 0,082 mL, respectively; p<0.01 for all). On the other hand, there

TNF-a Pb 0.199 2.759* was no significant difference in VCAM-1 levels for all groups
Formula TNF-a=3.813 + 0,025.Mn+0.016.Pb (7.82#1.55ng/mL in the Pb+Mn-exposed group, 6.99+1.52ng/

Mn 17,222% 0.297 4.150* 0.088 mL in the Pb—exposed group, 7.0812.39ng/mL in the Mn-

sE-selectin Formula SEselectin=43.502+0.462.Mn exposed group, and 8.04t4.41ng/mL in the control group;

*p<0.05; **p<0.01

Results

This study included 180 male subjects, who were stratified
into a control group (Group 1) of 76 subjects, Mn-exposed
group (Group 2) of 35 subjects, Pb-exposed group (Group 3)
of 35 subjects, and Pb+Mn-exposed group (Group 4) of 34
subjects. The relationships between the main parameters in all
groups are presented in Table 1. Participants in Groups 1, 2,
3, and 4 reported work durations of meanztstandart deviation
as 15.49+6.46, 15.80+5.71, 15.17+3.30, and 14.53%4.67 years,
respectively. The subjects were young and middle-aged,
with no significant differences in age between the groups
(42.45%7.27, 42.74+7.20, 42.14+5.88, and 41.74+6.97 years, for
Groups 1, 2, 3, and 4; p<0.936) (Table 1). However, significant
differences in Mn and Pb levels (p<0.001 for all) were observed
between the groups (Table 1).

In our study, the serum levels of IL-6, IL-10, TNF-a,
and sE-selectin were significantly higher in Mn-exposed
subjects than in control subjects (for IL-6: 38.33+11.93 vs.
30.02+16.70pg/mL; for IL-10: 44.46+15.94 VS. 34.30+18.54pg/
mL; for TNF-a: 4.40%1.45 vs. 3.58+1.35pg/mL; for sE-selectin:
58.25+20.23 VS. 41.78+19.55pg/mL; p<0.01 for all). Similarly,
the levels of these biomarkers were also significantly higher

p>0.05 for all) (Table 1). Moreover, a comparison among the
symptomatic groups (excluding the control group) revealed
significant differences in IL-6 and IL-10 levels (p<0.01), but
not in TNF-a and sE-selectin levels (p>0.05) (Table 2).

The Pearson correlation coefficients of all parameters are
presented in Table 3. Significant highly positive correlations
were observed between the level of Mn and the levels of IL-
6, TNF-o, and sE-selectin (r=0.229, r=0.206, and r=0.297,
respectively; p<0.01). However, a negative correlation was
found between the Mn and hemoglobin levels (r=-0.155,
p<0.01). Furthermore, a significant highly positive correlation
was observed between the Pb and TNF-a levels (r=0.200,
p<0.01). The TNF-a level also correlated positively with the
white blood cell count (r=0.184, p<0.05), while the VCAM-1
level correlated positively with the hematocrit level (r=0.148,
p<0.05) (Table 3).

A regression analysis revealed no significant effects of
Pb exposure on IL-6 and sE-selectin levels (p>0.05) (Table
4). Similarly, Pb+Mn exposure had no effect on IL-10 levels
(p>0.05). However, Mn exposure accounted for 5.2% and
8.8% of the observed changes in IL-6 and sE-selectin levels,
respectively (p<0.05 and p<0.01, respectively). Pb+Mn exposure
accounted for 8.2% of the observed changes in TNF-a (p<0.05).
The results of the regression analysis are shown in Table 4 and
the corresponding graphs are presented in Figures 1-3.
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Figure 1: R? values and scatter plot of the correlation between manganese (Mn) and

interleukin (IL)-6 levels.

a
b -
e - -
L]
! - .
+ St Tt = .
Lé j‘? e v - .
. ug o
4000 | . x"_ .
.”: et e
4 .
00 - R
L]
..
ol
« 3
. .
300000 A DOC0O £ pO0OD & DO000 T 00000

Mn and Pb

Figure 2: R? values and scatter plot of the correlation between lead+manganese
(Pb+Mn) and tumor necrosis factor (TNF)-a levels.
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Discussion

Central nervous system inflammation can cause significant
brain damage [35]. The pathogenesis of various neurological
diseases, including PD, Alzheimer’s disease, multiple sclerosis,
and dementia, is closely related to localized inflammatory
responses in the brain. The activation of nigral microglia and
the release of pro-inflammatory neurotoxic factors may be an
essential component of the process of dopaminergic neuron
degeneration in PD [36-39]. Although chronic low-to-high-
dose Mn exposure may cause a neurotoxic syndrome that is
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symptomatically similar to PD, the former syndrome lacks
nigrostriatal dopaminergic neuron damage and thus differs
from clinical PD. Additionally, this neurotoxic syndrome is
resistant to levodopa treatment [40]. Therefore, an incorrect
assessment of the patient’s Mn exposure history may lead to
difficulties in diagnosis and treatment.

Pb is a neurotoxic substance with well-known deleterious
neurodevelopmental effects in children. Pb also plays an
important role in the etiology and pathogenesis of many diseases
ranging from peripheral neuropathy to acute encephalopathy.
Pb exposure also presents a diagnostic challenge because it
tends to be associated with slight neurological symptoms. For
this reason, we aimed to develop a model demonstrating the
relationship between the levels of inflammatory cytokines and/
or vascular adhesion molecules and the presence or absence of
clinical symptoms in individuals exposed to Pb, Mn, or both.
Although numerous studies have evaluated the link between
toxic metal exposure and neurotoxicity, few have investigated
the association between pro-inflammatory cytokine levels and
neurotoxicity in such cases.

In this study, exposure symptoms were observed in 11,
18, and 19 subjects in Groups 2, 3, and 4, respectively. In all
exposed groups, the most common symptom was fatigue
(25.7%, 37.1%, and 44.1% of 104 subjects, respectively), while
the least frequent symptoms were tremor and anxiety in Group
2(5.7%) and tremor and paresthesia in Groups 3(14.3%) and
4(20.6%). Bowler et al. observed that tremors (91.5%) was
the most frequently reported symptom in a cohort of welders,
followed by mood changes (72.3%), neurological problems
(61.7%), sleep disturbances (55.3%), headaches (44.7%), and
sexual dysfunction (28%) [41]. By contrast, our study observed
considerably lower frequencies of these symptoms, suggesting
that the Mn-exposed subjects might have been in the initial
phases of neurotoxicity. Fatigue and depression were the most
frequent symptoms among Mn-exposed subjects (25.7% and
20.0%, respectively), while fatigue and headache were the
most frequent symptoms in the Pb+Mn-exposed group (44.1%
and 32.4%, respectively).

Manganism is a neurodegenerative disease of the cerebral
cortex and basal ganglia caused by excessive exposure to Mn
[42,43]. Neuroinflammatory activation plays roles in both the
progression of manganism and the promotion of neurological
damage from both acute and chronic exposure. Although
TNF-o is the main regulator of multiple inflammatory
genes, IL-6 and CCL5 were shown to regulate the signals and
production of these genes in two types of glial cells during Mn
exposure [44]. Cytokines have been increasingly implicated in
acute and chronic neuronal degeneration [45]. Recent clinical
studies have reported increased levels of TNF-qa, IL-6, IL-1b,
and interferon-y in post-mortem brain tissues [46,47]. In our
study, we observed strong relationships between the levels of
Mn and of the pro-inflammatory cytokines IL-6 and TNF-q,
as well as the adhesion marker sE-selectin. We also identified
associations between the levels of IL-6 and IL-10 levels and
clinical symptoms. By contrast, Scharrer et al. reported no
changes in the blood levels of fibrinogen, C-reactive protein,
antithrombin III, factor VIII, von Willebrand factor, soluble
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intercellular adhesion molecule-1, TNF-o, IL-6, and IL-8
in subjects exposed to welding fumes [48]. Previous studies
have reported significant increases in the levels of major
neuroinflammatory cytokines, such as TNF-a, after Mn
exposure in a dose-dependent manner. Additionally, most
previous studies reported strong correlations of the blood
levels of cytokines and vascular adhesion molecules with the
intensity of exposure [46]. In our study, the serum levels of IL-
6, IL-10, TNF-q, and sE-selectin were significantly higher in
Mn-, Pb-, and Pb+Mn-exposed subjects, compared to control
subjects. However, we observed no significant differences in
VCAM-1 levels between the groups.

Importantly, our study findings describe the characteristics
of the exposed groups. All subjects were young and middle-
aged male workers. The exposed subjects exhibited neurological
symptoms that correlated strongly with the neurotoxic effects
of Mn and Pb exposure. We note that continued exposure in
the absence of proper protection could enhance the severity
and frequency of clinical symptoms as the affected individual
ages. Therefore, our findings indicate the strong relationship
between healthy working conditions and healthy aging.

Conclusions

In conclusion, our study revealed an association of
symptoms attributable to Pb, Mn and Pb+Mn exposure with
inflammation. Exposure to these metals was responsible for
activating the inflammatory response, which in turn was
associated with increases in the levels of cytokines (IL-6 and
TNF-a) and sE-selectin. The subjects’ conditions also correlated
significantly with symptoms associated with increased levels
of pro-inflammatory cytokines, especially IL-6 and IL-10.
The identified correlations between increased biomarker levels
and clinical symptoms suggest a close relationship between
inflammation and neurotoxicity. Our findings not only support
the concept of inflammation as an etiological mechanism
underlying neurotoxicity but also provide clinicians with a
model for the early diagnosis of neuroinflammation.

To our knowledge, this is the first published report of an
evaluation of these biomarkers in the context of combined
Pb+Mn exposure. Although several reports have focused
separately on the etiological relationships of Pb and Mn with
neurotoxicity, combined exposure is very common and thus
comprises a major health problem, especially in occupational
settings. Although our study does not demonstrate an exact
causal relationship, it indicates significant correlations
between measured parameters and related symptoms.

Limitations of the study

The cross-sectional nature of this study and the related
temporal effect weaken the observed relationship between
metal exposure and disease. Furthermore, workplace air
measurements were not performed due to a lack of healthy
results from the related units of the workplaces in the control
group. Furthermore, smokers and alcohol drinkers were
excluded from this study to eliminate the confounding effects
of these factors. However, this may have led to selection bias
due to incorrect self-reporting about these parameters.
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