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Abstract: This study investigates the effect of occupational exposure to pyrethroid insecticides on the
blood chemo-profiles of workers in the Jazan region. This study was conducted to examine this issue,
and workers were divided into exposure groups based on how long they had been employed —from
one to two years to more than eight years. Blood samples were analyzed to determine their
parameters, and their chemo-profile was assessed by GCMS analysis. The study showed that as
exposure durations rise, blood parameter alterations become more significant. Those exposed for
more than eight years were far more sensitive than those exposed for shorter periods of time, and the
prevalence of chronic disorders rose dramatically. The findings show a direct link between prolonged
exposure to pyrethroid insecticides at work and changes in blood chemical profiles. The study
emphasizes the importance of improved safety practices at work and the continuous exposure of
workers to hazardous components while they undergo monitoring.

Keywords: occupational exposure; pyrethroid pesticides; blood chemo-profiling

1. Introduction

The increased agricultural activities and the expansion of irrigated farming have led to a rise in
pesticide usage; hence, one of the critical occupational dangers worldwide is the subsequent
poisoning by these pesticides [1]. Pesticides were the most often involved substance in human
exposures in 2022, according to the 2022 NPDS Annual Report, which provides data on exposure
cases reported to US poison centers [2]. Acounted for 3.69% of the total number of single substance
exposure (3.53% in pediatric (<5 years) and 4.61% in adult (>20 years).

Among the often used common pesticides are pyrethroids like Deltamethrin, Cyphenothrin, D-
Tetramethrin, Lambdacyhalothrin, D-Phenothrin, Permethrin, Niclosamide, Cyfluthrin, Allethrin,
and organophosphates like Fenitrothion. Although these compounds are rather effective in
regulating pests, their acute toxicity in animals is the most evident. Also can cause liver enlargement,
arise in liver enzyme activity, and increase susceptibility to a range of diseases, including respiratory
problems, skin disorders, and neurological effects of individuals who are exposed to high levels of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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these chemicals for long durations [3-6]. Since they are harmful and might have different effects on
different health aspects, these substances endanger the occupational workers.

Out of all the pyrethroids, only permethrin has been identified as potential or weak carcinogen
by USEPA; its mutagenicity has been assessed to be very low [3]. According to WHO's [7] report, no
laboratory research on human beings have revealed any carcinogens. Most of the 573 cases of acute
pyrethroid primarily poisoning recorded in China between 1983 and 1988 came from occupational
or unintentional exposure. Following the insecticide's injection into air-conditioning ducts, a severe
form of unintentional pyrethroids poisoning was recorded. The affected individuals complained
dyspnea, nausea, headache and irritability [8,9]. While sensomotor-polyneuropathy in the lower
extremities and vegetative nervous disorders, like paroxysmal tachycardia, increased heat sensitivity
and reduced exercise tolerance related to circulatory dysfunction [9,10], the chronic sequelae of
pyrethroids exposure include cerebro-organic disorders.

Pesticides can induce systemic affect and be taken into the body via the skin, inhalation or
ingestion. Blood parameters changes, higher oxidative stress, and changed metabolic processes have
been associated to repeated exposure to these compounds [9,11-13]. Gas Chromatography-Mass
Spectrometry (GC-MS) technique analysis of biomarkers and organic profiles has provided valuable
data regarding the biochemical changes linked with pesticide exposure [14,15]. This is crucial to be
able to develop policies that can be implemented to be able to prevent or reduce the impacts of these
compounds on human health, safety practices, laws and regulations, and therapy.

There have been various studies conducted to evaluate how pesticides affect hematological
parameters. For example, the pyrethroids deltamethrin and permethrin have been linked to oxidative
stress, alterations in red blood cell (RBC) count, hemoglobin levels, and white blood cell (WBC) count
[16-19]. Fenitrothion, an organophosphate, has been linked to anemia and leukocytosis in those who
have been exposed to the insecticide at work [20]. The aforementioned differences in blood markers
indicate that long-term pesticide exposure causes immunological issues and systemic harm.
Moreover, workers exposed to organophosphates and pyrethroids showed lower antioxidant
enzyme activity [21,22]. These findings show that oxidative stress may be involved in the
pathophysiology of pesticide poisoning, resulting in cell damage and inflammation.

Furthermore, multiple pesticide exposures may occur, resulting in synergistic or cumulative
toxicity. For example, exposure to both pyrethroids and organophosphates has been shown to
enhance oxidative stress and disrupt metabolic processes [23,24]. This underscores the need for
additional research on the cumulative effects of pesticide exposure in order to better comprehend the
risks to human health. As a result, characterisation of blood chemo-profiles and the use of identified
metabolites as biomarkers of pyrethroid pesticide exposure could help in the identification and
prediction of potential harmful consequences, which may be employed in preventive actions and risk
assessments.

2. Materials and Methods

The research was conducted with the participation of a total of 250 male volunteers who were
between the ages of 20 and 60 and who worked with pesticides in the Jazan region of Saudi Arabia.
Participants in this study had exposure intervals that ranged from one to two years, three to five
years, six to eight years, and even more than eight years (exposure intervals: 1-2, 3-5, 6-8, more than
8 years). The use of a questionnaire allowed for the collection of a variety of information, including
demographic data, the amount of time that participants had been exposed to pesticides, and the
existence of chronic conditions. Following the collection of blood samples for the purpose of carrying
out a biochemistry analysis, the samples were extracted through the use of solid phase extraction in
order to carry out a gas chromatography-mass spectrometry (GC-MS) study.

Samples that were prepared using the procedure described by Latif et al. (2012) [25], with a few
modifications. One milliliter of whole blood was placed into a screw-capped vial that had a capacity
of twenty milliliters. An internal standard of one microgram per milliliter of triphenylphosphine
(TPP) was added to the blood. Immediately following that, one milliliter of methanol was added to
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the mixture, and it was vortexed for a duration of one minute. After two minutes of vortexing, ten
milliliters of an extraction solvent that was composed of n-hexane and acetone in a ratio of nine to
one was added to the mixture. Sonication was performed on the bottles for a period of two minutes
after the addition of two grams of anhydrous sodium sulfate. Following this, the bottles were
centrifuged for a period of five minutes at a speed of four thousand revolutions per minute. The layer
of organic solvent was then filtered into clean 12 ml tubes using a 0.45 pum syringe filter. This was
done after the method described above. The liquid that was produced was then subjected to the
influence of nitrogen gas in order to evaporate it until it became dry. After everything was said and
done, the residues were reconstituted with 200 microliters of methanol, and then they were put into
a GCMS vial that was 2 milliliters in volume and had 300 microliters of insert.

A gas chromatograph-mass spectrometer (GCMSQP-2010 ultra, Shimadzu, Japan) was utilized
in order to carry out the GC. They were developed in accordance with the description that was
supplied by Hassan et al (2014) [26], with a few modifications. For the purpose of chromatographic
separation of components, a capillary column manufactured by Thermo Scientific and designated as
TR-5 MS was utilized. The interior diameter of the column measured thirty-five millimeters, and its
thickness measured twenty-five micrometers. The column measured thirty meters in length. One
milliliter per minute was found to be the optimal flow rate for the helium carrier gas, according to
the findings of the study. In order to inject the sample extract, which had a volume of 2 microliters,
into the injection port, a splitless mode that was heated to 260 degrees Celsius was utilized. For one
minute, the temperature in the oven was kept at 70 degrees Celsius, and then it gradually increased
to 210 degrees Celsius at a rate of 30 degrees Celsius per minute, with a hold interval of two minutes
in between each increment. In the end, the ramping rate was increased to 290 degrees Celsius at a
rate of 20 degrees per minute, and there was a holding period of fifteen minutes. A temperature of 70
degrees Celsius was chosen for the oven's beginning temperature for a period of one minute. It was
necessary to make use of the electron ionization (EI) source in addition to the scan mode mode that
was contained within the mass spectrometer in order to run it. The electron energy was 70 eV and
the temperature of the interface was maintained at 290 degrees Celsius, while the temperature of the
ion source was maintained at 230 degrees Celsius.

The method of statistical analysis involved data grouping by exposure groups and compounds,
calculating descriptive statistics (mean, SEM, and occurrences), and identifying significant
compounds using R Statistical Software. Non-parametric testing due to non-normal distribution
(Shapiro-Wilk test, p<0.001) and Kruskal-Wallis methods with significance at (p<0.05) were used. For
significant compounds mean peak areas were compared and mean values with 95% confidence
intervals were calculated.

3. Results

This study investigated the relationship between the frequency of chronic diseases and the
duration of pesticide exposure in 250 workers. The age distribution of the participants was as follows:
20-30 (62), 31-40 (101), 41-50 (62), and 51-60 (25). The participants ranged in age from 20 to 60. Most
frequently between the ages of 31 and 40, participants also fall from the 20-30 and 41-50 age ranges.
The four groups of exposure times are 1-2 years (n = 52), 3-5 years (n = 44), 6-8 years (n =26), and >8
years (n = 128). Although most participants have either secondary or tertiary education, a small
number have only finished primary school.

The proportion of chronic diseases increases with longer exposure periods: 1-2 years (5.7% have
chronic diseases), 3-5 years (4.5%), 6-8 years (7.7%), 8+ years (21.1%) (Figure 1). This indicates that
workers in exposure group 4 (8+ years) have roughly a 3.7-fold higher risk of chronic diseases
compared to those in exposure group 1 (1-2 years). Chronic diseases were relatively infrequent in the
shorter exposure groups but increased significantly in workers with longer exposure periods.

The trend analysis revealed a significant association between exposure duration and chronic
disease prevalence. Its demonstrates the substantial increase in chronic disease prevalence associated
with longer exposure durations, particularly in Group 4 where the prevalence is approximately 3.7
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times higher than in Group 1. Starting with 5.7% in the 1-2 years group and 4.5% in the 3-5 years
group, rising to 7.7% in the 3-5 years group, and then reaching 21.1% in the 8+ years group, the
frequency of chronic diseases exhibited a steady increase with longer exposure periods. This trend
shows a significant link between chronic disease risk and exposure length; workers with more than
8 years of exposure show particularly greater susceptibility to disease.
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Figure 1. Association between Occupational Exposure Duration and Chronic Disease Risk. Bar plot showing the
prevalence of chronic diseases across different exposure duration groups. The x-axis represents exposure groups
(Group 1: 1-2 years, Group 2: 3-5 years, Group 3: 6-8 years, and Group 4: 8+ years), while the y-axis shows the
percentage of workers with chronic diseases. A significant increase in chronic disease prevalence is observed in
Group 4 (21.1%) compared to Group 1 (5.7%), representing a 3.7-fold increase in risk (p = 0.00553, Kruskal-Wallis
test).

3.1. Blood Parameters Analysis Results

The study evaluated hematological and biochemical parameters across four exposure duration
groups: 1-2 years, 3-5 years, 6-8 years, and 8+ years. All participants had complete blood count and
biochemical parameters measured (Table 1).

Table 1. Hematological and Biochemical Parameters across different exposure groups.

Study groups (exposure period)

Parameter

1-2 years 3-5 years 6-8 years 8+ years

WBC (x103/ML) 6.93+0.26 8.30+0.39 7.23+0.36 7.05+0.19

RBC (x10¢/uL) 5.67+0.10 5.73+0.09 5.55+0.07 5.45+0.08
HGB (g/dL) 14.61+0.29 14.85+0.17 14.74+ 0.19 14.19+ 0.22
HCT (%) 45.67+0.75 45.43+0.59 45.49+ 0.64 43.93+ 0.66
PLT (x10%/uL) 34592+10.58  298.20+10.61  338.88+£14.95  333.68+9.19
MCV (FL) 81.59+1.20 80.51+1.10 82.99 +1.11 7943 +1.14
MCH (PG) 25.68 £ 0.44 26.05+0.44 26.68 £ 0.39 25.92+0.49
ALB (g/L)* 40.20+ 0.59 39.80+0.59 39.41+0.79 37.95+ 0.50*
GGT (U/L)* 50.35+ 3.26 39.05+2.38 49.42+5.23 57.83+291
TP (g/L) 76.84+ 0.89 7494+ 1.11 74.47+1.45 74.76+ 0.87
ALPI(U/L) 86.40+ 3.72 83.91+3.41 83.76+ 5.95 90.54+2.27
AST (U/L) 25.56+1.15 26.89+1.88 23.36+1.31 26.03+0.79
ALTI (U/L) 4721+ 2.64 45.02+ 5.66 46.64+ 5.15 47.39+1.76

Note: Values are presented as mean + standard error of the mean (SEM). WBC: white blood cell count; RBC: red
blood cell count; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular
hemoglobin; MCHC: mean corpuscular hemoglobin concentration; PLT: platelet count; ALB: albumin; GGT:
gamma-glutamyl transferase; TP: total protein; ALPL alkaline phosphatase; AST: aspartate aminotransferase;

ALTL alanine aminotransferase. Exposure groups are categorized as 1-2 years (n=52), 3-5 years (n=44), 6-8 years
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(n=25), and 8+ years (n=127). * Indicates parameters with statistically significant differences between groups (p

< 0.05)may have a footer.

Analysis of blood parameters across different exposure durations revealed significant alterations
in several parameters. The bar plot for significant parameters (Figure 2) demonstrates the changes in
parameters levels with increase the exposure duration.
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Figure 2. Blood parameters across different exposure periods. Bar plot revealed significant differences in blood
parameters across exposure group. Each panel represents one parameter —white blood cell count (WBC), platelet
count (PLT), albumin (ALB), and gamma-glutamyl transferase (GGT). The x-axis represents exposure groups
(Group 1: 1-2 years, Group 2: 3-5 years, Group 3: 6-8 years, and Group 4: 8+ years), while the y-axis shows the

mean unit of blood parameters.

Albumin (ALB) levels exhibited a significant declining trend with increased exposure duration
(p=0.003). The mean albumin (ALB) levels showed a significant decrease in the 8+ years group (37.95
+0.50 g/L) compared to the 1-2 years group (40.20 + 0.59 g/L), representing a consistent downward
trend across exposure categories. Based on the correlation analysis between exposure period and
blood parameters, pearson correlation analysis revealed a significant negative correlation between
exposure duration and serum albumin (ALB) levels (r =-0.952, p = 0.048), indicating a strong inverse
relationship between exposure time and albumin concentration. This suggests a potential decline in
liver synthetic function with prolonged exposure. With a p=0.0002, gamma-glutamyl transferase
(GGT) showed the most notable change among each of the parameters. From 50.35 + 3.26 U/L in the
1-2 years group to 57.83 £ 2.91 U/L in the 8+ years group, GGT levels showed an increasing tendency
with respect to exposure time; a clear dip in the 3-5 year group (39.05 + 2.38 U/L). Additionally
statistically significant changes in White Blood Cell Count (WBC) (p=0.016) and Platelet Count (PLT)
(p=0.032) were found.

RBC, HGB, HCT, MCV, MCH, MCHC, TP, ALPI, AST, and ALTI were among the other blood
parameters that did not approach statistical significance differences across exposure groups (p>0.05).
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This indicates that there are more subtle alterations in these markers between groups. Nevertheless,
for all of the exposure durations, these metrics remained within the guidelines of their respective
reference ranges.

3.2. Blood Chemo-Profiling Analysis

The GCMS study identified compounds displaying significant differences across exposure
groups. Overall, the findings show that 1,080 different chemicals were found among all the groups.
Investigating group distributions, unique compounds, and compound area trends allowed to identify
the most important trends and variations among the exposure groups. Indicating a greater diversity
of chemicals with longer exposure times, Group 4 (8+ years) had the most samples (127) and unique
compounds (268). With 25 samples and 48 unique compounds, Group 3 (6-8 years) had the lowest
compound identified range. Groups 1 (1-2 years) and 2 (3-5 years) had correspondingly modest
sample numbers (52 and 44, respectively) and unique compounds (142 and 118, respectively). Group
4 (8+ years) contains the highest number of compounds with significant unique compounds per
group according to the intersection analysis; meanwhile, the intersections expose notable overlap
between groups, especially between adjacent exposure length groups. This implies the formation of
new compounds with extended exposure times as well as persistence of some compounds over time.

In addition, 192 compounds were always present in all four exposure groups, which are the key
compounds that persist during all exposure times. Out of the 192 prevalent compounds, 25 exhibited
relationships with exposure times. Moreover, the study revealed compounds with both growing and
declining trends between groups; for most compounds across exposure groups the distribution
shows clear increases in mean area (Figure 3). Among them, one showed negative connections and
24 chemicals showed positive ones. Correlation coefficients between the average area of each
compound and the exposure period were obtained in order to find compounds having significant
correlations to exposure periods. The non-normal distribution of the data and different sample sizes
across groups led the analysis to use non-parametric statistical techniques (Kruskal-Wallis rank sum
test).
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Figure 3. (a) Exposure-related Changes in common compounds Levels During pesticides exposure. Data are
presented as mean + standard error of the mean (SEM) for Group 1 (1-2 years, n=52), Group 2 (3-5 years, n=44),
Group 3 (6-8 years, n=26), and Group 4 (8+ years, n=128). Statistical analysis was performed using Kruskal-Wallis
test followed by Dunn's multiple comparisons test with Bonferroni correction. The y-axis represents the mean
peak area. Error bars indicate standard error of the mean (SEM) above the mean. (b) Exposure-related Changes

in common compounds Levels During pesticides exposure.

The values of common compounds were determined for four age groups: Group 1 (1-2 years),
Group 2 (3-5 years), Group 3 (6-8 years), and Group 4 (8+ years). The study found significant
exposure-related patterns in various common chemical components across four age groups (1-2
years, 3-5 years, 6-8 years, and 8+ years). The compounds had both positive and negative associations
with exposure periods, indicating systematic changes in chemical composition over time (Figure 3).

The results showed significant exposure-related increase, with progressive increase observed
from Group 1 (1-2 years) to Group 4 (8+ years) in the levels of 2-Ethylhexanal ethylene glycol acetal
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(1600% increase), 1-Hexyl-2-nitrocyclohexane (1562% increase), Arachidonic acid methyl ester,
Pyributicarb (614% increase), 3-Phenyl-6-(4-nitrophenyl)-4H-(1,2,3)triazolo(1,5-d)(1,3,4)oxadiazin-4-
one (505% increase), 2-(3-methyl-2-cyclopenten-1-yl)-2-methylpropionaldehyde (380 increase),
Ethanone,  2-(formyloxy)-1-phenyl-(+350%  increase),  Phenol,  2,2'-methylenebis[6-(1,1-
dimethylethyl)-4-methyl- (250% increase), 1,2,4,5-Tetroxane, 3,3,6,6-tetramethyl- (180% increase), 2,4-
Di-tert-butylphenol (159% increase), 1-Benzoyl-2-phenyl-3-(4-chlorophenyl)-cyclopropane (150%
increase), Benzoic acid, 4-methyl- (148% increase), Hydrogen isocyanate (132% increase), 7,9-Di-tert-
butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione (+87.66% increase), and trimethylene oxide (72%
increase).

The findings also showed an exposure-related escalation, characterized by a consistent upward
pattern in mean levels correlating with exposure duration, particularly between Group 1 (1-2 years)
and Group 4 (8+ years) for 2-Propynenitrile, 3-fluoro- (2344% increase), Hydroxymethyl 2-hydroxy-
2-methylpropionate (2234% increase), Fluoranthene (650% increase), Orcinyl di-tiglate (556%
increase), Trifluoroacetyl-di-t-butylphosphine (272% increase), Guanidine (153% increase),
Ethylenimine (106% increase), propargyl alcohol (68% increase), and Etilefrine (22% increase). The
consistent rise in many compounds suggests that accumulation associated to exposure is a prevalent
occurrence. The results reveal a propensity for elevated levels with exposure; however, the variability
within groups complicates the identification of statistically significant differences. Additional
research with larger sample sizes may be necessary to confirm these trends.

In contrast, the compound Bis(cis-13-docosenamido)methane is unique among the investigated
compounds in that it shows a significant decrease in average detected area with increasing exposure
times. Specifically, the average area measured in the youngest exposure group (1-2 years) is
approximately 2.7 times greater than that observed in the group exposed for 8+ years. This negative
trend may indicate that this compound accumulates more in earlier age groups. The significant
reduction of approximately 62% from Group 1 to Group 4 suggests a possible exposure-related
metabolic or environmental mechanism influencing the levels of Bis(cis-13-docosenamido)methane.

3.3. The Relationship Between Common Compounds and Albumin Concentrations

In order to determine if common compounds had significant effects on albumin concentrations,
linear regression models were used to examine the relationship between common compound relative
levels and albumin concentrations across exposure groups (Figure 4).

The analysis reveals a strong and statistically significant negative relationship between albumin
levels and Pyributicarb (p = 0.001, R? = 0.998), 1-Benzoyl-2-phenyl-3-(4-chlorophenyl)-cyclopropane
(p = 0.011, R? = 0.977), and 2-Ethylhexanal ethylene glycol acetal (p = 0.032, R? = 0.937). The inverse
relationship appears to be statistically significant, with a dose-response pattern across the exposure
groups. The strong R? value indicates that increased exposure to this compound significantly
contributes to lower albumin levels..

The study also revealed a notable inverse connection between albumin levels and area
measurement for phenol, 2,2'-methylenebis[6-(1,1-dimethylethyl)-4-methyl- (p = 0.057, R? = 0.889),
and 2,4-Di-tert-butylphenol (p = 0.086, R? = 0.836) across the analyzed exposure groups. Unlike other
compounds, Bis(cis-13-docosenamido)methane shows a positive connection with albumin levels (p =
0.050, R? = 0.902). Calculated to be 0.950, the correlation value indicated a strong positive linear
relationship. Although the slope's p-value is slightly higher than the usual 0.05 threshold, it still
suggests a significant tendency toward significance, especially given that the study is based on four
distinct exposure groups.
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Figure 4. Relationship between common compounds and serum albumin levels across different exposure
durations. Mean serum albumin concentrations (g/L) are plotted against mean compounds areas (in millions)
for four exposure groups: 1-2 years (gray, n=52), 3-5 years (blue, n=44), 6-8 years (orange, n=25), and 8+ years
(red, n=127). The blue line represents the linear regression fit, with the shaded area indicating the 95% confidence

interval.

4. Discussion

In 250 participants occupationally exposed to pesticides in the Jazan region of Saudi Arabia, this
study examined the effects of pesticide exposure on blood parameters as well as the significant
changes in blood chemo-profile related with exposure periods.

The prevalence of chronic diseases and exposure time showed a notable correlation according
to trend study. Workers with 8 or more years of exposure had a 3.7-fold higher risk of chronic diseases
than those with 1-2 years of experience, therefore proving that the longer the exposure, the more risk
of chronic health problems exists. This tendency is in agreement with previous studies showing that
total occupational hazard exposure—including pesticides—highly increases the incidence of chronic
health problems. Research on pesticide exposure workers has revealed that longer exposure times
increase the risk of respiratory and neurological illnesses [27]. In this study, the observed risk increase
after six years suggests a threshold effect, accelerating disease development by overwhelming the
body's compensatory systems. This study population has 10.80% chronic diseases, which is consistent
with occupational cohort data. However, demographics, intensity, and exposure type may vary.
Studies show that long-term pesticide exposure increases the risk of chronic diseases such diabetes
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[28,29]. These findings emphasize the importance of improving workplace preventative actions,
particularly for long-term exposed workers. Early intervention, exposure reduction, and health
monitoring lower chronic illness risk.

This study also found that albumin levels were significantly lower after 8+ years of exposure
than after 1-2 years, which is consistent with previous research associating chronic environmental or
occupational stress to liver function abnormalities. Chronic pesticide exposure reduced albumin
levels, potentially due to impaired liver synthesis or increased protein metabolism, according to
Palaniswamy, S. et al. (2021) and Tarhoni, M.H. (2008) [30,31]. Additionally, the results indicate a
correlation between alterations in some blood parameters and prolonged exposure durations. The
most alarming results originated from GGT and albumin levels, indicating potential hepatic damage
due to prolonged exposure. GGT exhibits an increasing trend relative to exposure duration,
particularly in the 8+ age demographic, whereas ALB demonstrates an overall decreasing trend with
extended exposure time. These findings emphasize the importance of albumin as a sensitive indicator
of prolonged exposure effects, especially when other liver function tests show no evident changes
[32,33]. This suggests that albumin may serve as a sensitive marker for long-term effects on liver
function, necessitating more investigation into its therapeutic significance. Future research should
examine the role of additional confounding variables and biochemical markers in detecting early
indicators of liver injury.

GCMS results analysis demonstrated that Group 4 (8+ years) had the most distinct compounds,
showing prolonged exposure complicates the chemical profile. It may imply cumulative effects or
secondary compounds generated over time. The data also show dynamic compound abundance
variations throughout exposure periods, with significant correlations and fold changes suggesting
biomarkers or exposure-related effects. Including 2,4-Di-tert-butylphenol, trimethylene oxide,
Pyributicarb, Phenol, 2,2'-methylenebis[6-(1,1-dimethylethyl)-4-methyl-, 1-Benzoyl-2-phenyl-3-(4-
chlorophenyl)-cyclopropane, 2-(3-methyl-2-cyclopenten-1-yl)-2-methylpropionaldehyde, 2-
Ethylhexanal ethylene glycol acetal, Hydrogen isocyanate, Benzoic acid, 4-methyl-, Ethanone, 2-
(formyloxy)-1-phenyl-,  7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione, = 3-Phenyl-6-(4-
nitrophenyl)-4H-(1,2,3)triazolo(1,5-d)(1,3,4)oxadiazin-4-one, 1-Hexyl-2-nitrocyclohexane,
Arachidonic acid methyl ester and 1,2,4,5-Tetroxane, 3,3,6,6-tetramethyl-. The results showed that
exposure increased the previously mentioned compounds, especially after 8 years. A significant
exposure-related accumulation pattern suggests it may be a marker for metabolic alterations. It may
also indicate physiological or environmental variables affecting its accumulation. More research is
needed to confirm these findings and use it as an exposure-related biomarker and metabolic monitor.
All these compounds can behave as reactive intermediates impacting redox equilibrium, metabolism,
or enzyme efficiency.

Interestingly, propargyl alcohol levels increased significantly from 1-2 to 3-5 years of exposure.
This chemical is widely utilized as a solvent and intermediary in pesticide formulations. Its high
reactivity and capacity for oxidative stress generation have been observed and proved to cause
adenomas in toxicological studies [34]. Furthermore, the data show that trimethylene oxide, a
chemical that appears to induce atherosclerosis, increased by 72% from exposure group 1 to group 4.
Trimethylene oxide has been linked to increased plaque in the aorta [35]. 2,4-Di-tert-butylphenol and
Pyributicarb have toxicity characteristics that distinguish them from other detected compounds with
significant associations. 2,4-Di-tert-butylphenol disrupts the endocrine system [36] and Pyributicarb
alters metabolism [37]. This study also found significant temporal trends in Hydrogen isocyanate
levels across exposure periods, suggesting cumulative effects. Chemically reactive hydrogen
isocyanate is used in industry and as a pesticide byproduct. The level rise with prolonged exposure
may indicate bioaccumulation. Since isocyanates form persistent protein adducts, they persist in
biological tissues longer [38,39]. Chronic isocyanate exposure can cause asthma and hypersensitivity
pneumonitis [38,40]. These findings emphasize the significance of monitoring and limiting exposure
to this compounds and the need for additional studies into long-term health effects, particularly in
occupationally exposed populations. While Bis(cis-13-docosenamido)methane exhibited a significant
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positive correlation, Pyributicarb, 1-Benzoyl-2-phenyl-3-(4-chlorophenyl)-cyclopropane and 2-
Ethylhexanal ethylene glycol acetal showed significant negative correlations with Albumin levels.
The positive relationship between Bis(cis-13-docosenamido)methane could suggest a compensating
or protective biological effect on albumin levels at given exposure levels, thereby requiring more
investigation.

The study's small sample size in some demographic categories, as well as other potential
confounding factors, limit its ability to fully represent the complexity of chemical exposure. Further
research is needed to confirm these findings and assess the health affects of these compounds,
particularly for vulnerable groups.

5. Conclusions

In conclusion, the study found significant links between pesticide exposure and health markers.
Workers with 8+ years of exposure had a higher risk of chronic diseases than those with 1-2 years.
Several compounds increased while some decreased with exposure length. This study reveals
chemical exposure trends throughout time. The observed trends may be pesticide exposure
biomarkers, but higher sample sizes are needed to confirm. This study emphasizes the necessity for
health monitoring and targeted exposure reduction.
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