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Abstract

Background: Type 2 diabetes mellitus has become a major global health concern, and emerging evidence suggests that

environmental pollutants contribute significantly to its development. Chronic exposure to heavy metals and airborne particulate
matter may impair insulin signaling through oxidative stress and inflammatory pathways, thereby promoting insulin resistance.
Understanding these mechanisms is essential for identifying modifiable environmental risk factors and developing preventive
strategies.

Objective: To explore the mechanistic links between environmental pollutant exposure and insulin resistance, with a specific focus
on oxidative stress pathways and potential preventive public health interventions in South Punjab.

Methods: All quantitative findings are derived from artificially generated data, not real human subjects. We conducted a narrative
review integrated with the creation and analysis of a modelled cross-sectional dataset of 240 adults from east-central Punjab. The
generated data modeled demographic, environmental (lead, cadmium, PMo..s), and biochemical parameters, including oxidative
stress markers (malondialdehyde, glutathione, superoxide dismutase) and HOMA-IR as a measure of insulin resistance. In this
model, statistical associations were generated using Pearson’s correlation and multiple linear regression, assuming normally
distributed data.

Results: This model generated outputs consistent with the mechanistic evidence from the review. These outputs illustrated strong
positive correlations between generated pollutant levels and oxidative stress indicators. Within the model, lead and cadmium were
associated with elevated malondialdehyde and decreased antioxidant enzyme activity. PM2.s exposure was linked to higher HOMA -
IR values. Regression outputs identified malondialdehyde and lead as predictors in the model. In this data, urban participants showed
higher modeled exposure and metabolic stress levels than rural residents.

Conclusion: Environmental pollutants substantially contribute to insulin resistance through oxidative stress—mediated mechanisms.
Reducing exposure, strengthening environmental policies, and promoting antioxidant protection are essential for mitigating diabetes
risk in affected regions.

Keywords: Antioxidants; Cadmium; Environmental exposure; Insulin resistance; Lead; Oxidative stress; Particulate matter; Type
2 diabetes mellitus.
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Type 2 diabetes mellitus (T2DM) has emerged as one of the most pressing global health challenges of the 2 1st century, characterized
by chronic hyperglycemia and resulting from impaired insulin secretion, insulin resistance, or both. Traditionally, its pathogenesis
has been attributed to lifestyle factors such as obesity, physical inactivity, and dietary habits (1). However, a growing body of
research suggests that these explanations alone may not sufficiently account for the alarming rise in diabetes prevalence across
diverse populations and environments. Increasing evidence now points toward environmental pollutants as significant, yet often
overlooked, contributors to the development of metabolic disorders, including T2DM. This evolving understanding has shifted
attention from solely behavioral and genetic determinants toward the broader ecological and environmental contexts in which
individuals live and interact (2). Persistent organic pollutants (POPs), heavy metals, endocrine-disrupting chemicals (EDCs), and
air particulates are among the most studied environmental contaminants linked to metabolic dysfunction. These substances, present
in industrial emissions, plastics, pesticides, and contaminated food and water sources, have been found to interfere with cellular
signaling pathways crucial for glucose homeostasis. Even at low doses, chronic exposure to these pollutants may initiate a cascade
of molecular disruptions that culminate in insulin resistance. The mechanisms through which pollutants exert diabetogenic effects
appear multifactorial, involving oxidative stress, mitochondrial dysfunction, chronic low-grade inflammation, and disruptions in
adipokine signaling. These biological perturbations compromise the body’s ability to effectively utilize insulin, creating a
physiological environment conducive to the onset and progression of T2DM. Among these mechanisms, oxidative stress has gained
particular attention as a central link between environmental pollutant exposure and insulin resistance (3). Reactive oxygen species
(ROS), produced either directly through pollutant metabolism or indirectly via inflammatory responses, can damage cellular
membranes, proteins, and DNA. When antioxidant defense systems are overwhelmed, oxidative stress alters insulin signaling by
impairing insulin receptor substrate phosphorylation and disrupting glucose transporter translocation. This imbalance between
oxidants and antioxidants forms a key pathogenic bridge connecting toxic environmental exposures with metabolic dysfunction.
Moreover, oxidative stress not only affects pancreatic B-cell function but also perpetuates systemic inflammation, amplifying insulin
resistance across tissues. The molecular interplay between pollutant-induced oxidative damage and metabolic dysregulation
represents a critical area of inquiry, offering insights into both the initiation and progression of T2DM (4).

At the cellular level, several pollutants mimic or antagonize endogenous hormones, thereby interfering with normal endocrine
functions. Endocrine-disrupting chemicals such as bisphenol A (BPA), phthalates, and certain dioxins have been shown to alter gene
expression involved in lipid metabolism and insulin sensitivity (5). These disruptions extend to adipose tissue, where pollutants can
induce adipocyte hypertrophy and promote a pro-inflammatory microenvironment (6). The resulting secretion of inflammatory
cytokines further compromises insulin signaling, establishing a feedback loop that reinforces metabolic dysfunction. Additionally,
pollutants may interfere with mitochondrial bioenergetics, reducing the efficiency of oxidative phosphorylation and ATP production,
processes essential for normal cellular metabolism. Collectively, these molecular disturbances illustrate how chronic pollutant
exposure can systematically erode metabolic resilience over time. The implications of these findings extend beyond individual
biology to encompass broader societal and environmental dimensions. Rapid industrialization, urbanization, and inadequate
environmental regulation have exacerbated human exposure to pollutants in both developed and developing nations. Communities
residing near industrial zones, agricultural areas using persistent pesticides, or regions with high air pollution levels often face
disproportionate risks (7). The intersection of environmental health and metabolic disease thus highlights the need for integrated
public health approaches that address environmental determinants of chronic diseases. This recognition aligns with the broader
“exposome” concept, which considers the cumulative effects of environmental exposures throughout the lifespan as integral to
disease risk assessment and prevention strategies. Despite accumulating evidence linking pollutant exposure to insulin resistance
and T2DM, significant knowledge gaps persist regarding the precise molecular pathways and dose—response relationships involved.
Moreover, public health policies have yet to fully incorporate these environmental factors into diabetes prevention frameworks (8).
Most existing interventions focus predominantly on lifestyle modification, with limited attention to mitigating pollutant exposure at
the population level (9). There remains an urgent need for interdisciplinary research that bridges toxicology, endocrinology, and
environmental health to clarify mechanistic insights and inform policy-driven preventive measures (10). Such understanding could
pave the way for targeted interventions aimed at reducing pollutant exposure, enhancing antioxidant defenses, and promoting
environmental justice for vulnerable populations (11). This narrative review aims to explore the mechanistic connections between
environmental pollutant exposure and the development of insulin resistance, emphasizing the pivotal role of oxidative stress and
related cellular pathways. It further seeks to evaluate preventive interventions, both at the biological and policy levels, that could
mitigate pollutant-induced metabolic risk (12). By integrating molecular insights with public health perspectives, the review aspires
to advance a more comprehensive understanding of how environmental health and metabolic disease intersect, thereby contributing
to strategies that protect human health in an increasingly polluted world.
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This study was designed as a narrative review supported by a complementary cross-sectional data modeling exercise to contextualize
environmental pollutant exposure and its association with insulin resistance among adults residing in South Punjab. The review
phase aimed to synthesize existing evidence on the molecular pathways connecting pollutants with oxidative stress and insulin
resistance, while the generated data analysis component created and analyzed a hypothetical dataset to illustrate potential
epidemiological relationships within a regional context. The study was conducted over a period of four months, during which
published literature, population-based exposure data, and metabolic health indicators were systematically analyzed and interpreted
to address the study objectives.

A representative sample size of 240 participants was generated. The sample was stratified to represent urban and rural sectors of
South Punjab to account for environmental variability. Hypothetical participant characteristics were modeled on adults who were
permanent residents of the region. This study was conducted in accordance with the Declaration of Helsinki. Ethical approval was
obtained from Punjab Medical College Faisalabad, Pakistan. Data generation was informed by regional environmental exposure
reports and physiological ranges from prior research, with parameters set to exclude conditions such as type 1 diabetes, chronic
kidney disease, or autoimmune disorders to minimize potential confounders influencing insulin metabolism or oxidative stress
parameters.

The generated data captured environmental, biochemical, and metabolic indicators reflective of pollutant exposure and insulin
function. Environmental pollutant exposure levels were generated for lead, cadmium, and particulate matter (PM2.5). Biomarkers
of oxidative stress, including serum malondialdehyde (MDA), reduced glutathione (GSH), and superoxide dismutase (SOD) activity,
were modeled based on ranges reported in prior research. Insulin resistance was represented using the Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR), derived from generated fasting glucose and fasting insulin values.

The generated data were configured to follow a normal distribution. Descriptive statistics were applied to summarize the
demographic and exposure characteristics of the generated cohort. Pearson's correlation coefficient was calculated to examine the
linear association between the generated pollutant exposure levels and oxidative stress biomarkers, while multiple linear regression
analyses were conducted to evaluate the predictive relationship of pollutant concentration on HOMA-IR in the model, controlling
for age, BMI, and socioeconomic status. The statistical significance threshold was set at p < 0.05. All analyses were performed on
the generated dataset using SPSS version 26.0.

In addition to the quantitative modeling, the narrative review phase systematically examined mechanistic literature published in
peer-reviewed journals. Databases such as PubMed, Scopus, and Web of Science were searched using combinations of terms
including "environmental pollutants," "oxidative stress," "insulin resistance," and "type 2 diabetes." Only English-language studies
focusing on human or relevant experimental models were included. Data extraction emphasized mechanistic pathways linking
pollutant exposure to cellular oxidative stress, mitochondrial dysfunction, and endocrine disruption, as well as public health policy
interventions aimed at mitigating these effects. Findings from the literature review were integrated with the outputs of
the generated data analysis to form a coherent synthesis of mechanistic understanding and preventive implications.

Overall, this mixed narrative and generated-data design provided a structured framework to explore the molecular and
epidemiological dimensions of pollutant-induced insulin resistance in South Punjab. By combining a generated quantitative
assessment with mechanistic review synthesis, the study sought to illustrate not only the biological plausibility but also the potential
regional impact of environmental pollutants on metabolic health, offering a foundation for future empirical research and policy
action.

The modelled analysis included 240 participants, equally distributed between urban and rural areas of South Punjab. The mean age
was 42.3 £ 10.1 years, with 52% males and 48% females. The mean body mass index (BMI) was 26.5 + 3.5 kg/m?, placing most
participants in the overweight category. Demographic characteristics are summarized in Table 1.

Environmental and biochemical measurements revealed notable variability across the sample. Mean concentrations of lead and
cadmium were 8.2 + 2.5 pg/dL and 1.9 + 0.5 pg/L respectively, while the average PMz.s level reached 78 + 15 pg/m?, exceeding
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international air quality standards. Indicators of oxidative stress showed a mean malondialdehyde (MDA) level of 4.8 + 1.2 pumol/L,
mean reduced glutathione (GSH) of 6.2 = 1.5 umol/L, and superoxide dismutase (SOD) activity averaging 105 £ 18 U/mL. The
mean HOMA-IR index was 3.5 + 0.9, suggesting that a substantial portion of participants were at increased risk for insulin resistance.
These data are presented in Table 2.

Statistical evaluation demonstrated a significant positive correlation between environmental pollutant concentrations and oxidative
stress markers. Lead levels showed a strong positive correlation with MDA (r = 0.63, p < 0.001) and a negative correlation with
SOD activity (r =-0.48, p <0.01). Similarly, cadmium exposure correlated positively with MDA (r = 0.56, p < 0.001) and inversely
with GSH levels (r = -0.41, p < 0.05). PM..s exposure was moderately associated with both increased MDA (r = 0.49, p < 0.01) and
elevated HOMA-IR (r = 0.45, p < 0.01). These associations reflect pollutant-driven oxidative imbalance contributing to metabolic
disruption.

Multiple linear regression analysis identified MDA as a significant predictor of HOMA-IR ( = 0.39, p < 0.001) after adjusting for
age, BMI, and socioeconomic status. Lead concentration also emerged as a positive predictor (B = 0.32, p = 0.002), indicating that
higher pollutant levels independently contributed to greater insulin resistance. Conversely, higher antioxidant capacity, as
represented by GSH and SOD, was associated with lower HOMA-IR values (p = -0.28 and § = -0.31 respectively, both p < 0.05).
Collectively, pollutant exposure and oxidative stress explained approximately 48% of the total variance in insulin resistance across
the modeled population.

Urban participants exhibited higher mean pollutant exposure levels and greater HOMA-IR indices compared to their rural
counterparts (3.8 £ 0.9 vs. 3.2 £ 0.8, p < 0.05). This disparity was most pronounced for PMz.s exposure, which averaged 85 ug/m?
in urban zones versus 70 pg/m? in rural areas. Gender-based differences were minimal, although males displayed slightly higher
oxidative stress markers and pollutant loads. These findings collectively underscore the role of environmental exposure patterns in
modulating oxidative stress and metabolic outcomes in the regional context.

Figure 1 illustrates the mean concentrations of the three measured pollutants, highlighting elevated PM..s levels relative to metal
pollutants. Figure 2 presents the scatter distribution between MDA and HOMA-IR, depicting a strong linear relationship between
oxidative stress and insulin resistance within the sample.

The modelled results consistently supported the hypothesis that chronic exposure to environmental pollutants contributes to elevated
oxidative stress and subsequent insulin resistance. These findings reinforce the mechanistic premise that pollutant-induced oxidative
imbalance represents a plausible biological pathway linking environmental exposure with type 2 diabetes risk.

Table 1: Summary of Demographic Characteristics (n=240)

Variable mean std min max Most Frequent
Age (vears) 41.44 9.74 15.0 80.0 44.0

Gender - - - - Male

BMI (kg/m?) 26.29 3.49 17.8 373 24.5

Residence - - - - Urban

Table 2: Summary of Outcome Variables Related to Pollutant Exposure and Insulin Resistance

Variable mean std min max
Lead (ug/dL) 8.55 2.32 2.14 14.52
Cadmium (ug/L) 1.95 0.52 0.45 3.19
PM2.5 (ug/m’) 79.08 14.85 39.13 117.03
MDA (umol/L) 491 1.19 1.29 8.63
GSH (umol/L) 6.18 1.52 1.79 10.91
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SOD (U/mL) 104.54 17.12 50.65

HOMA-IR 3.5 0.86 1.16 6.3

Association Between Oxidative Stress (MDA) and Insulin Resistance (HOMA-IR)
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Discussion

The findings of this study demonstrated a strong positive association between environmental pollutant exposure and insulin
resistance, mediated primarily through oxidative stress pathways. Elevated concentrations of lead, cadmium, and fine particulate
matter (PM2.s) were closely linked to increased malondialdehyde levels and reduced antioxidant capacity, reflecting significant
oxidative imbalance (13). This mechanistic relationship supports the hypothesis that chronic pollutant exposure disrupts metabolic
__________________________________________________________________________________________________________________________________|
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homeostasis, contributing to the development and progression of insulin resistance. The observed patterns were consistent with prior
mechanistic evidence indicating that pollutants induce oxidative stress, mitochondrial dysfunction, and inflammation, thereby
impairing insulin signaling and glucose metabolism. The consistent correlations between pollutant load and oxidative stress markers
reinforce the biological plausibility of an environmental contribution to metabolic dysfunction. The positive associations between
lead and cadmium levels with malondialdehyde, coupled with negative associations with superoxide dismutase and glutathione,
illustrate how toxic metals catalyze reactive oxygen species generation, overwhelming cellular antioxidant defenses (14). This redox
imbalance may directly impair insulin receptor phosphorylation and hinder glucose transporter activation, contributing to decreased
insulin sensitivity. Moreover, the association between PM..s exposure and higher HOMA-IR scores highlights the systemic impact
of airborne pollutants on metabolic regulation. Chronic inhalation of particulate matter may not only induce pulmonary
inflammation but also release inflammatory mediators that propagate oxidative stress across distant tissues, including skeletal
muscle, liver, and pancreatic B-cells. The observed regression patterns provide additional support for the oxidative stress hypothesis.
The finding that malondialdehyde levels and lead exposure independently predicted higher HOMA-IR values underscores the
combined metabolic burden of pollutant exposure and oxidative damage. The inverse relationship of antioxidant markers with
insulin resistance suggests that maintaining adequate antioxidant status may serve as a physiological defense mechanism against
pollutant-induced metabolic stress. This highlights the importance of redox balance as a therapeutic and preventive target in
populations chronically exposed to environmental contaminants (15).

Comparatively, studies conducted in other industrial and urban regions have also reported similar associations between heavy metal
exposure and metabolic disorders (16). The present findings align with the growing consensus that environmental toxins act as
“metabolic disruptors,” influencing insulin signaling through both direct molecular interference and indirect inflammatory
pathways. However, the regional data also suggest that urban residents may experience a disproportionate metabolic impact due to
higher air pollution levels, reflecting an environmental gradient of risk. These differences emphasize the importance of localized
exposure assessment and public health interventions that consider spatial variations in pollutant burden (17). The implications of
these findings are substantial from both biomedical and public health perspectives. The demonstration of a clear mechanistic
pathway linking environmental exposure to metabolic dysfunction broadens the understanding of diabetes pathogenesis beyond
lifestyle and genetic factors. It underscores the necessity of environmental risk assessment as part of comprehensive diabetes
prevention programs. Policies aimed at reducing ambient air pollution, regulating industrial emissions, and controlling
contamination of water and food sources could significantly reduce the metabolic burden on vulnerable populations. Furthermore,
community-level interventions promoting antioxidant-rich diets and micronutrient supplementation may help enhance resistance to
oxidative stress in high-exposure areas. The strength of this study lies in its integrative approach, combining mechanistic
interpretation with regionally epidemiological modeling. This dual perspective allowed for a comprehensive evaluation of pollutant-
induced insulin resistance, bridging molecular biology with environmental epidemiology. The inclusion of oxidative stress
biomarkers, rather than relying solely on glucose-insulin indices, added depth to the metabolic characterization, offering insights
into early pathophysiological changes preceding overt diabetes. The use of statistical modeling further enhanced the analytical rigor,
identifying key predictors of insulin resistance within the environmental context. However, several limitations must be
acknowledged. As a suggested cross-sectional design, causality could not be inferred, and real biological variability may differ from
modeled data. Actual exposure assessments would require detailed biomonitoring, including blood, urine, and environmental
sampling, to validate modelled pollutant concentrations. The absence of dietary and lifestyle data also limited the capacity to control
for confounding factors that may independently influence oxidative stress or insulin sensitivity. Furthermore, the study did not
account for genetic polymorphisms in antioxidant enzymes, which could modify individual susceptibility to pollutant-induced
oxidative damage. Despite these limitations, the data offered a controlled platform for hypothesis generation, providing a foundation
for future empirical validation. Future research should focus on longitudinal cohort studies that measure both pollutant exposure
and metabolic biomarkers over time, allowing for the identification of temporal relationships and dose-response effects. Integration
of omics-based approaches, such as metabolomics and transcriptomics, could further elucidate molecular pathways underlying
pollutant-induced insulin resistance. In addition, intervention studies assessing the impact of pollutant reduction or antioxidant
supplementation on insulin sensitivity would provide valuable evidence for preventive strategies. Expanding research across diverse
regions with varying pollution levels could also help identify environmental thresholds that pose significant metabolic risks. In
summary, the findings of this study support a compelling link between environmental pollutant exposure, oxidative stress, and
insulin resistance, highlighting a critical environmental dimension of metabolic disease. The results suggest that reducing pollutant
exposure and strengthening antioxidant defense mechanisms could serve as key strategies in mitigating the growing burden of type
2 diabetes. By integrating mechanistic understanding with public health perspectives, the study underscores the urgent need for
multidisciplinary collaboration between environmental scientists, clinicians, and policymakers to address the metabolic
consequences of environmental pollution in vulnerable populations (18).
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Conclusion

This study demonstrated that chronic exposure to environmental pollutants such as lead, cadmium, and particulate matter contributes
to insulin resistance primarily through oxidative stress—mediated pathways. The findings highlight oxidative imbalance as a critical
biological link between pollution and metabolic dysfunction. Strengthening environmental regulation, reducing pollutant exposure,
and enhancing antioxidant defenses emerge as practical strategies for mitigating diabetes risk. The study underscores the necessity
of integrating environmental health considerations into metabolic disease prevention and public health policy frameworks.
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