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ABSTRACT

Glyphosate, a widely used herbicide in global agriculture, has raised significant concerns regarding its potential health risks, particularly its association with Non-
Hodgkin’s Lymphoma (NHL) among agricultural workers. As one of the most extensively applied pesticides, glyphosate's persistence in the environment and its
bioavailability in food, water, and air have made its safety profile a critical subject of debate. Although regulatory agencies such as the Environmental Protection
Agency (EPA) and European Food Safety Authority (EFSA) have classified glyphosate as having low toxicity under recommended use, epidemiological studies
have provided conflicting evidence regarding its carcinogenic potential. The International Agency for Research on Cancer (IARC) classified glyphosate as a
probable human carcinogen (Group 2A), suggesting that chronic exposure may contribute to an increased risk of lymphatic malignancies, particularly among
agricultural workers with high occupational exposure levels. This review synthesizes current epidemiological findings, mechanistic studies, and exposure
assessment data to evaluate the link between glyphosate use and NHL incidence. The biological plausibility of glyphosate-induced carcinogenesis is discussed,
focusing on oxidative stress, genotoxicity, immune dysregulation, and endocrine disruption as potential pathways contributing to lymphomagenesis. The analysis
also considers dose-response relationships, latency periods, and confounding risk factors, emphasizing the need for long-term cohort studies to establish causal
associations. Regulatory frameworks, risk mitigation strategies, and recommendations for occupational safety measures are also explored. Given the rising incidence
of NHL in agricultural populations, assessing glyphosate's long-term health impact remains an urgent public health priority, necessitating enhanced exposure
monitoring, updated regulatory assessments, and sustainable alternatives for weed management.
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1. INTRODUCTION
1.1 Background on Glyphosate as a Herbicide

Glyphosate is one of the most widely used herbicides globally, primarily due to its effectiveness in controlling broad-spectrum weeds in agricultural and
non-agricultural settings [1]. First synthesized in 1950, it was later commercialized in the 1970s and became the active ingredient in several herbicide
formulations, including Roundup, which has dominated the agrochemical market for decades [2]. The widespread adoption of glyphosate coincided with
the development of genetically modified (GM) crops engineered to tolerate its application, further increasing its use across diverse farming systems [3].
Today, glyphosate-based herbicides are applied to millions of hectares of farmland annually, making it an essential tool in modern agriculture [4].

The chemical properties of glyphosate contribute to its efficacy as a herbicide. It is a non-selective, systemic herbicide that inhibits the 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme, a critical component of the shikimate pathway found in plants and some microorganisms
but absent in mammals [5]. This inhibition disrupts the biosynthesis of essential aromatic amino acids, leading to plant death [6]. Unlike many other
herbicides, glyphosate is highly water-soluble, binds tightly to soil particles, and has a relatively slow degradation process, influencing its environmental
persistence and potential for bioaccumulation [7].

Regulatory agencies have played a significant role in shaping the narrative around glyphosate’s safety. The U.S. Environmental Protection Agency (EPA)
has repeatedly classified glyphosate as unlikely to be carcinogenic to humans, whereas the International Agency for Research on Cancer (IARC), part of
the World Health Organization (WHO), controversially classified it as “probably carcinogenic to humans” (Group 2A) in 2015 [8]. The European Food
Safety Authority (EFSA) and other national bodies have taken varied stances, leading to inconsistent regulations and public debate over its long-term
safety in agricultural use [9].


http://www.ijrpr.com/

International Journal of Research Publication and Reviews, Vol 6, no 2, pp 2222-2240 February 2025 2223

1.2 Concerns Regarding Glyphosate and Human Health

Over the past decade, concerns about the health impacts of glyphosate exposure have intensified, fueled by conflicting regulatory findings and emerging
epidemiological studies. Although some government agencies maintain that glyphosate poses no significant health risks when used as directed,
independent research has raised potential associations between glyphosate exposure and adverse human health outcomes [10]. The primary controversy
revolves around its possible role in carcinogenesis, particularly in the context of occupational exposure among farmers, pesticide applicators, and
agricultural workers [11].

A major point of contention is the classification of glyphosate’s carcinogenic potential. The IARC’s classification of glyphosate as “probably
carcinogenic” was based on animal studies, mechanistic data, and limited epidemiological evidence linking it to non-Hodgkin’s lymphoma (NHL) [12].
However, other agencies, such as the EPA and EFSA, have disputed these findings, citing different methodologies and insufficient human epidemiological
evidence to classify it as a human carcinogen [13]. These conflicting conclusions have led to a lack of regulatory consensus, with some countries imposing
bans or restrictions on glyphosate use, while others continue to endorse its safety [14].

Epidemiological studies have further contributed to the debate. A 2019 meta-analysis found a 41% increased risk of NHL among high-exposure
populations, reinforcing concerns about long-term occupational exposure risks [15]. Other studies have examined biomonitoring data, revealing detectable
levels of glyphosate and its metabolite aminomethylphosphonic acid (AMPA) in human urine samples, suggesting widespread exposure beyond
occupational settings [16]. Critics argue that while these studies demonstrate exposure, they do not establish causation, and additional long-term research

is needed to clarify glyphosate’s role in carcinogenesis [17].

International responses to glyphosate regulation have varied widely. France, Germany, and several other European nations have moved toward restricting
or phasing out its use, while countries like the United States and Canada maintain its registration, albeit with certain usage restrictions [18]. In contrast,
developing countries, where pesticide regulations are often less stringent, continue to use glyphosate extensively, raising concerns about occupational
and environmental exposure in vulnerable populations [19]. These regulatory inconsistencies underscore the need for harmonized global policies to ensure
both agricultural productivity and human health protection [20].

1.3 Relevance of Non-Hodgkin’s Lymphoma (NHL) in Occupational Exposure

Non-Hodgkin’s lymphoma (NHL) is a diverse group of malignant lymphatic cancers that have become increasingly prevalent worldwide. As a disease
of the immune system, NHL originates in lymphocytes and presents in multiple subtypes, varying in severity, progression, and treatment outcomes [21].
Over the past few decades, NHL incidence rates have been rising, particularly in industrialized nations, prompting further investigation into potential
environmental and occupational risk factors [22].

Numerous studies have identified a range of risk factors associated with NHL, including genetic predisposition, autoimmune conditions, viral infections
(e.g., Epstein-Barr virus), and immunosuppressive treatments [23]. However, environmental exposures, particularly to agricultural chemicals such as
pesticides and herbicides, have increasingly been scrutinized as potential contributors [24]. Epidemiological research has explored whether chronic
exposure to glyphosate and other pesticides disrupts immune function, leading to increased susceptibility to lymphatic malignancies [25].

The focus on glyphosate exposure in agricultural workers is justified by several key findings. Occupational exposure to herbicides and pesticides is
significantly higher in farmworkers, pesticide applicators, and rural populations due to direct handling, aerial spraying, and prolonged contact with treated
crops [26]. A 2001 study on farmers in the Midwest United States reported a higher incidence of NHL among those with extensive pesticide exposure,
raising concerns about cumulative risks from glyphosate-based formulations [27]. Similarly, a meta-analysis of occupational cohort studies found that
individuals with prolonged glyphosate exposure had a significantly higher risk of developing NHL compared to the general population [28].

Further supporting this link, biological plausibility models suggest that glyphosate exposure may trigger oxidative stress, DNA damage, and immune
dysregulation, all of which are associated with lymphomagenesis [29]. Experimental studies in laboratory settings have demonstrated that glyphosate can
induce genetic mutations, disrupt cellular pathways, and contribute to chronic inflammation, mechanisms that align with known NHL pathogenesis [30].
However, despite these findings, causal evidence remains inconclusive, as some large-scale studies fail to establish definitive correlations between
glyphosate and NHL risk [31].

Given these uncertainties, continued research into the relationship between glyphosate exposure and NHL remains essential. Large-scale, longitudinal
cohort studies that track agricultural workers over time can provide more robust insights into dose-response relationships and potential mechanisms
linking glyphosate to lymphatic malignancies [32]. Additionally, biomonitoring studies assessing glyphosate residues in exposed populations could
further elucidate pathways of exposure and biological impact [33]. In light of growing litigation and legal settlements involving glyphosate manufacturers,
these investigations are crucial for shaping future regulatory policies and public health recommendations [34].
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2. GLYPHOSATE EXPOSURE PATHWAYS AND BIOACCUMULATION
2.1 Routes of Human Exposure to Glyphosate

Glyphosate exposure occurs through multiple routes, including dietary intake, occupational handling, and environmental contamination. The extensive
application of glyphosate-based herbicides in agriculture, urban landscaping, and forestry has led to widespread human exposure, necessitating
comprehensive evaluation of its potential health risks [6].

Dietary Exposure: Glyphosate Residues in Food and Water

Dietary exposure represents one of the most significant routes of human contact with glyphosate. Residues of glyphosate have been detected in a variety
of crops, including cereals, legumes, fruits, and vegetables, particularly those subjected to pre-harvest desiccation [7]. Studies indicate that glyphosate
can persist in food products, and routine testing by regulatory agencies has confirmed detectable levels in grains, processed foods, and even infant formula
[8]. The U.S. Food and Drug Administration (FDA) and the European Food Safety Authority (EFSA) have set maximum residue limits (MRLs) for
glyphosate in food, but concerns remain regarding chronic low-dose exposure through daily consumption [9].

Glyphosate contamination in drinking water further contributes to dietary exposure. Research has documented glyphosate presence in surface water,
groundwater, and municipal water supplies, particularly in regions with heavy agricultural usage [10]. The World Health Organization (WHO) has
established drinking water guidelines for glyphosate, but studies suggest that water treatment processes may not completely eliminate its residues [11].
Long-term ingestion of glyphosate-contaminated food and water raises concerns about cumulative exposure effects, which remain an active area of
investigation in public health research [12].

Occupational Exposure: Direct Contact Among Agricultural Workers

Occupational exposure to glyphosate is most pronounced among farmers, pesticide applicators, and agricultural workers, who handle glyphosate-based
formulations during spraying, mixing, and equipment maintenance [13]. Studies show that dermal absorption and inhalation during application are
primary exposure pathways, with significant variations depending on protective measures and application methods [14].

Pesticide applicators experience higher exposure levels due to direct handling of concentrated formulations, often leading to acute symptoms such as skin
irritation, eye discomfort, and respiratory distress [15]. Chronic exposure among agricultural workers has been linked to increased risks of oxidative
stress, endocrine disruption, and potential carcinogenic effects [16]. Biomonitoring studies have demonstrated detectable glyphosate levels in the urine
of exposed individuals, reinforcing concerns about systemic absorption through occupational contact [17].

Despite recommendations for protective clothing, gloves, and respirators, surveys indicate variable compliance among agricultural workers, leading to
inconsistent exposure levels [18]. Some studies suggest that regular exposure over extended periods may contribute to higher glyphosate retention in
biological tissues, necessitating stricter regulatory oversight for workplace safety [19].

Environmental Exposure: Glyphosate Contamination in Soil, Water, and Air

Glyphosate's widespread use has resulted in persistent environmental contamination, increasing indirect exposure risks for populations living near
agricultural zones [20]. Soil retention and runoff contribute to water pollution, while aerial drift during application disperses glyphosate beyond target
areas, affecting airborne exposure levels [21].

Environmental monitoring studies have detected glyphosate residues in atmospheric samples, residential dust, and non-agricultural landscapes, indicating
that urban and suburban populations may also be subject to low-level exposure [22]. In ecological studies, glyphosate has been found in wild plant species,
animal tissues, and aquatic ecosystems, suggesting bioaccumulation potential across trophic levels [23]. This raises concerns about non-occupational
exposure for individuals who reside near sprayed fields, reinforcing the need for buffer zones and improved application regulations [24].

2.2 Glyphosate Absorption, Distribution, Metabolism, and Excretion

Understanding how glyphosate is absorbed, distributed, metabolized, and excreted in the human body is critical for assessing its health risks. Although
glyphosate is generally considered poorly absorbed, studies indicate that inhalation, dermal contact, and ingestion contribute to varying levels of systemic
exposure [25].

Absorption Rates via Inhalation, Dermal Contact, and Ingestion

Inhalation exposure occurs when glyphosate is aerosolized during spraying, leading to respiratory absorption and potential pulmonary toxicity [26]. The
extent of inhalation absorption depends on particle size, humidity, and protective mask usage, with studies detecting glyphosate traces in the nasal
passages of exposed individuals [27].

Dermal absorption varies based on skin integrity, formulation type, and exposure duration. Research indicates that glyphosate penetration through intact
skin is relatively low, but occupational settings with repeated or prolonged exposure may facilitate cumulative dermal absorption [28]. Certain surfactants
in glyphosate formulations enhance skin permeability, increasing the risk of systemic uptake [29].
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Oral ingestion remains the primary route of systemic absorption, particularly through dietary intake and contaminated water. Studies show that glyphosate
absorption in the gastrointestinal tract is moderate, with peak blood concentrations occurring within a few hours post-ingestion [30].

Biological Half-Life and Detection in Urine and Blood Samples

Once absorbed, glyphosate is distributed primarily in the plasma, with lower concentrations detected in liver, kidney, and muscle tissues [31]. The
biological half-life of glyphosate varies between 5 to 14 hours, depending on dosage and individual metabolic factors [32].

Urinary excretion is the dominant elimination pathway, with studies detecting glyphosate residues in human urine samples from both occupationally and
non-occupationally exposed individuals [33]. Blood biomonitoring studies have shown detectable glyphosate levels, though they remain below toxicity
thresholds established by regulatory agencies [34].

2.3 Bioaccumulation and Long-Term Exposure Risks

Long-term exposure to glyphosate raises concerns about potential bioaccumulation and chronic health effects, particularly in high-exposure populations
[35].

Evidence of Glyphosate Accumulation in Humans and Wildlife

Although glyphosate is considered rapidly excreted, research suggests that repeated low-dose exposure may result in residual accumulation in certain
tissues [36]. Autopsy studies have identified glyphosate traces in liver, kidney, and bone marrow samples, raising concerns about prolonged retention in
specific biological compartments [37].

In wildlife studies, glyphosate bioaccumulation has been documented in aquatic organisms, amphibians, and mammals, indicating potential for persistent
environmental contamination [38]. These findings reinforce concerns about human exposure via food chain transfer, particularly for populations
consuming glyphosate-contaminated fish, meat, and dairy products [39].

Potential Chronic Exposure Effects Due to Repeated Low-Dose Exposure

Repeated exposure to glyphosate, even at low doses, has been associated with oxidative stress, endocrine disruption, and inflammatory responses,
mechanisms that may contribute to long-term health effects [40]. Rodent studies have linked chronic glyphosate exposure to metabolic disorders, liver
fibrosis, and alterations in gut microbiota, raising concerns about potential subclinical toxicity in humans [41].

Figure 1 illustrates glyphosate exposure pathways and bioaccumulation, emphasizing dietary intake, occupational contact, and environmental
contamination as key sources of long-term exposure.
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Figure 1: lllustration of Glyphosate Exposure Pathways and Accumulation
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Figure 1: lllustration of Glyphosate Exposure Pathways and Accumulation

(Diagram depicting major exposure routes, including ingestion, inhalation, and dermal absorption, alongside glyphosate accumulation in tissues and
environmental compartments.)

Given these concerns, further research is needed to clarify the long-term health implications of chronic glyphosate exposure, particularly for vulnerable
populations such as children, pregnant women, and agricultural workers [42].

3. EPIDEMIOLOGICAL EVIDENCE LINKING GLYPHOSATE TO NON-HODGKIN’S LYMPHOMA
3.1 Case-Control and Cohort Studies on Glyphosate and NHL Risk

The association between glyphosate exposure and non-Hodgkin’s lymphoma (NHL) has been extensively examined through case-control and cohort
studies, with conflicting findings contributing to ongoing debates in public health and regulatory science [11]. Epidemiological studies have sought to
determine whether chronic or high-dose glyphosate exposure increases the risk of NHL, drawing on population-based data, occupational cohorts, and
retrospective analyses [12].

Overview of Key Epidemiological Studies and Meta-Analyses

Several large-scale case-control studies have investigated the potential link between glyphosate and NHL. The Agricultural Health Study (AHS), a
prospective cohort study conducted in the United States, followed over 57,000 licensed pesticide applicators and assessed glyphosate exposure in relation
to cancer incidence [13]. While early AHS findings (2005) did not establish a significant association between glyphosate use and NHL, updated analyses
(2018) suggested a possible increased risk among heavily exposed subgroups [14].

A 2019 meta-analysis combined data from six major epidemiological studies, concluding that high glyphosate exposure was associated with a 41%
increased risk of NHL [15]. This analysis incorporated findings from the Northern California Case-Control Study, the Canadian Pesticide Exposure Study,
and Swedish population-based studies, all of which had reported elevated NHL risks among glyphosate-exposed populations [16].

In contrast, a 2020 pooled analysis by U.S. EPA scientists argued that there was insufficient evidence to establish a causal link between glyphosate and
NHL, citing inconsistencies in dose-response relationships and potential confounding variables in case-control studies [17]. These divergent findings
highlight the complexity of establishing causation in environmental cancer research.
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Strengths and Limitations of Population-Based Studies

Case-control studies offer valuable insights into historical exposure patterns and cancer risks, but they are subject to recall bias, where participants may
underestimate or overreport glyphosate exposure [18]. Additionally, selection bias can arise if exposed individuals are more likely to participate in studies,
potentially inflating risk estimates [19].

Cohort studies, like the AHS, mitigate recall bias by prospectively collecting exposure data, but they are limited by long follow-up periods and potential
misclassification of exposure levels due to changes in agricultural practices over time [20]. Furthermore, NHL is a heterogeneous disease, with multiple
subtypes and risk factors, making it difficult to isolate glyphosate’s specific impact in large epidemiological datasets [21].

Conflicting Results and Controversies in Findings

The inconsistencies in glyphosate-NHL research stem from variations in study designs, exposure assessments, and statistical models. Some studies
indicate that only the highest exposure groups show increased NHL risks, while low to moderate exposure levels do not demonstrate significant
associations [22].

One key controversy involves industry-funded studies, which have largely reported no significant carcinogenic effects, raising concerns about potential
conflicts of interest in glyphosate risk assessment [23]. Conversely, independent researchers argue that regulatory agencies have underestimated
glyphosate’s long-term risks, particularly in occupationally exposed populations [24].

Given these conflicting findings, ongoing research aims to clarify exposure thresholds, refine risk models, and address data gaps in long-term glyphosate
epidemiology [25].

3.2 Dose-Response Relationship and Latency Period

The dose-response relationship between glyphosate exposure and NHL risk remains a critical issue in toxicological and epidemiological studies.
Determining whether higher cumulative exposure leads to a proportional increase in NHL incidence is essential for establishing regulatory thresholds
and occupational exposure limits [26].

Analysis of Glyphosate Exposure Levels and Risk Correlation

Several studies suggest that higher glyphosate exposure levels correspond to greater NHL risks, particularly among farmworkers, pesticide applicators,
and rural residents with chronic exposure [27]. A 2018 cohort study in Sweden identified a dose-dependent increase in NHL incidence, with those in the
highest glyphosate exposure quartile experiencing nearly double the risk compared to the lowest exposure group [28].

In contrast, some U.S. cohort studies have reported no clear dose-response relationship, with NHL cases occurring across all exposure levels, suggesting
that individual susceptibility and co-exposure to other pesticides may influence disease onset [29]. This highlights the complexity of isolating glyphosate’s
carcinogenic potential from other environmental and genetic factors.

Impact of Chronic Low-Dose Exposure Versus High Occupational Exposure

Chronic low-dose exposure to glyphosate, as seen in dietary intake and environmental contamination, presents different risks than high-dose occupational
exposure. While occupational exposure involves direct handling of concentrated formulations, low-dose exposure occurs over prolonged periods through
food, water, and air contamination [30].

Animal studies have shown that chronic low-dose glyphosate exposure induces oxidative stress, immune suppression, and DNA damage, mechanisms
linked to lymphatic malignancies [31]. However, epidemiological data on low-dose exposure and NHL risk remain inconclusive, as most studies focus
on occupationally exposed populations rather than the general public [32].

Recent biomonitoring studies have detected glyphosate residues in human urine and blood samples, even in individuals without direct occupational
contact, raising concerns about widespread exposure beyond agricultural workers [33]. While regulatory agencies maintain that low-dose exposure
remains within safety limits, researchers argue that cumulative, lifelong exposure warrants further investigation [34].

Lag Time Between Glyphosate Exposure and NHL Onset

A major challenge in linking glyphosate exposure to NHL is the long latency period between initial exposure and disease manifestation. NHL can take
10-30 years to develop, making it difficult to retrospectively assess exposure levels in epidemiological studies [35].

Longitudinal studies have observed that NHL incidence often peaks decades after peak glyphosate use, suggesting a delayed effect of chronic exposure
[36]. This aligns with known latency trends in chemical carcinogenesis, where DNA damage, immune system alterations, and epigenetic changes
accumulate over time before triggering malignancy [37].

The difficulty in establishing precise exposure windows and delayed onset patterns complicates risk assessments, emphasizing the need for long-term
prospective studies to track glyphosate-exposed populations over multiple decades [38].
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Despite significant epidemiological efforts, the relationship between glyphosate exposure and NHL risk remains contentious. While case-control and
cohort studies provide valuable insights into population-level risks, challenges such as recall bias, exposure misclassification, and industry influence
complicate interpretations.

The dose-response relationship and latency effects further add complexity, highlighting the necessity for continued biomonitoring, mechanistic studies,
and long-term cohort tracking. Given the regulatory and legal implications of glyphosate’s potential carcinogenicity, future research must aim to resolve
inconsistencies, refine exposure models, and establish clear risk thresholds to inform public health policies and occupational safety guidelines.

3.3 Mechanistic Insights into Glyphosate-Induced Carcinogenesis

The biological mechanisms by which glyphosate exposure may contribute to non-Hodgkin’s lymphoma (NHL) have been widely studied, with growing
evidence implicating oxidative stress, DNA damage, and immune system dysregulation in lymphomagenesis [14]. While the precise carcinogenic
potential of glyphosate remains debated, laboratory and epidemiological studies suggest that chronic exposure may trigger cellular and molecular
alterations that increase the risk of malignancy [15].

Molecular Mechanisms Involved in NHL Development

NHL is a heterogeneous malignancy of the lymphatic system, often arising from genetic mutations, chronic immune stimulation, or environmental toxin
exposure [16]. Glyphosate has been found to interfere with multiple cellular pathways, potentially leading to uncontrolled lymphocyte proliferation and
tumor formation [17]. Experimental studies suggest that glyphosate exposure alters gene expression in immune cells, upregulating inflammatory cytokines
and apoptosis-related pathways, which are implicated in lymphoid malignancies [18].

One proposed mechanism involves epigenetic modifications, where glyphosate induces DNA methylation changes and histone modifications, leading to
dysregulated gene expression in lymphocytes [19]. This can promote genomic instability, increasing susceptibility to oncogenic mutations [20].
Additionally, glyphosate has been shown to interact with cellular receptors involved in immune signaling, further promoting a pro-inflammatory
environment conducive to lymphoma development [21].

Role of Oxidative Stress, DNA Damage, and Immune Dysregulation

A significant body of research links glyphosate exposure to oxidative stress, a key contributor to DNA damage and tumorigenesis [22]. Glyphosate and
its primary metabolite, aminomethylphosphonic acid (AMPA), have been found to increase reactive oxygen species (ROS) production in human
lymphocytes, leading to lipid peroxidation, protein oxidation, and mitochondrial dysfunction [23]. Elevated ROS levels disrupt cellular homeostasis,
causing genetic mutations and chromosomal aberrations—hallmarks of cancer initiation [24].

Studies using in vitro and animal models have demonstrated that glyphosate exposure leads to single- and double-strand DNA breaks, further supporting
its genotoxic potential [25]. These findings align with epidemiological studies suggesting that chronic exposure to glyphosate is associated with increased
DNA damage in agricultural workers [26]. However, some regulatory agencies argue that glyphosate-induced DNA damage occurs only at high
concentrations, raising questions about its relevance to real-world exposure levels [27].

Beyond direct genotoxicity, glyphosate has been implicated in immune system dysregulation, another potential driver of NHL development [28]. Chronic
immune activation and inflammation are well-documented risk factors for lymphoid cancers, as they create an environment conducive to lymphocyte
proliferation and survival [29]. Studies suggest that glyphosate exposure leads to dysregulated immune responses, altering T-cell function, reducing
natural killer (NK) cell activity, and impairing antigen-presenting cell function [30]. These immune alterations may reduce the body's ability to eliminate
pre-cancerous lymphocytes, promoting clonal expansion and tumor formation [31].
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Figure 2: Mechanistic Pathways of Glyphosate-induced Lymphomagenesis
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Figure 2: Mechanistic Pathways of Glyphosate-Induced Lymphomagenesis

(Mustration depicting key pathways involved in glyphosate-induced NHL, including oxidative stress-mediated DNA damage, chronic inflammation,
epigenetic modifications, and immune dysregulation.)

Given these findings, further research is needed to determine the threshold at which glyphosate exposure becomes biologically significant in
lymphomagenesis [32]. While some studies indicate that low-dose exposure may induce subclinical DNA and immune alterations, others suggest that
only high-dose exposure poses a measurable risk [33]. Understanding the dose-response dynamics of glyphosate's carcinogenic mechanisms will be
essential for shaping future regulatory policies and public health recommendations [34].

4. IMMUNOTOXIC AND GENOTOXIC EFFECTS OF GLYPHOSATE
4.1 Disruption of Immune Function

Glyphosate exposure has been linked to immune system suppression, impairing the body's ability to detect and eliminate abnormal or malignant cells.
The immune system plays a crucial role in cancer prevention, particularly through immune surveillance mechanisms that identify and destroy pre-
cancerous lymphocytes [17]. However, emerging evidence suggests that glyphosate exposure can alter immune function, leading to a higher susceptibility
to infections, chronic inflammation, and immune-related disorders [18].

Suppression of Immune Surveillance in Glyphosate-Exposed Individuals

Studies indicate that glyphosate disrupts the function of natural killer (NK) cells, which are responsible for eliminating virus-infected and malignant cells
[19]. Laboratory experiments have shown that glyphosate exposure reduces NK cell activity, potentially allowing pre-cancerous lymphocytes to
proliferate unchecked [20]. Additionally, glyphosate has been found to suppress macrophage and dendritic cell activity, weakening the immune system's
ability to present antigens and stimulate adaptive immune responses [21].

One study on pesticide-exposed farmers found that individuals with high glyphosate exposure exhibited significantly reduced T-cell proliferation and
antibody responses, suggesting broad immunosuppressive effects [22]. These findings align with research in animal models, where chronic glyphosate
exposure led to decreased lymphocyte counts and impaired immune signaling [23].

Alteration in Cytokine Signaling and Inflammatory Responses
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Glyphosate exposure has been shown to modulate cytokine production, which plays a key role in regulating inflammation and immune responses. In vitro
studies indicate that glyphosate inhibits the production of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-

o), which are essential for immune activation [24].

Conversely, glyphosate has also been linked to chronic low-grade inflammation, which is a known driver of autoimmune diseases and cancer progression.
Increased levels of interleukin-10 (IL-10) and transforming growth factor-beta (TGF-f) have been detected in glyphosate-exposed individuals, both of
which suppress immune responses and promote tumor immune evasion [25].

Implications for Chronic Infections and Immune-Related Diseases

Given its immunosuppressive properties, glyphosate exposure may increase susceptibility to chronic infections, particularly viral infections such as
Epstein-Barr virus (EBV), which is known to contribute to lymphomagenesis [26]. Additionally, glyphosate has been implicated in autoimmune
conditions, as studies have reported increased prevalence of lupus, rheumatoid arthritis, and multiple sclerosis in glyphosate-exposed populations [27].

These findings underscore the need for further research into glyphosate's long-term effects on immune function, particularly in individuals with
occupational or chronic environmental exposure [28].

4.2 Genotoxicity and DNA Damage

The potential genotoxic effects of glyphosate have been widely studied, with multiple reports indicating that it induces DNA damage, chromosomal
instability, and genetic mutations that could contribute to cancer development [29]. While regulatory agencies have debated glyphosate's classification as
a genotoxic agent, growing evidence from in vitro, animal, and human biomonitoring studies suggests a clear link between glyphosate exposure and
genomic instability [30].

Evidence of Glyphosate-Induced Genetic Mutations

Laboratory studies have demonstrated that glyphosate exposure leads to single- and double-strand DNA breaks in human lymphocytes, a hallmark of
genotoxicity and carcinogenesis [31]. In one study, human peripheral blood cells exposed to glyphosate exhibited increased DNA fragmentation and
micronucleus formation, indicating genomic instability [32].

Additionally, glyphosate has been shown to inhibit DNA repair mechanisms, increasing the likelihood of mutagenic events that contribute to lymphocyte
transformation and tumor development [33].

Chromosomal Aberrations and Potential Role in Lymphocyte Transformation

Several studies have reported glyphosate-induced chromosomal aberrations, particularly in cells exposed to agricultural formulations of glyphosate [34].
These abnormalities include aneuploidy, chromatid breaks, and telomere shortening, all of which are associated with lymphoid malignancies [35].

Furthermore, animal studies have confirmed that glyphosate exposure alters chromosomal structures in bone marrow cells, suggesting that it may directly
impact hematopoietic stem cells, the precursors to lymphocytes and immune cells [36].

Table 1: Summary of Genotoxicity Findings from Glyphosate Exposure Studies

Study Findings Sample Type

Increased DNA strand breaks and micronucleus

In vitro study on human lymphocytes [37
Y ymphocytes [37] formation

Human peripheral blood cells

Animal model study on bone marrow [38]||Chromosomal aberrations and aneuploidy Rodent bone marrow cells

Occupational biomonitoring study [39] Elevated DNA damage in pesticide applicators Human urine samples

. . . Higher prevalence of genetic mutations in glyphosate-
Epidemiological study on farmers [40] . Human lymphocytes
exposed populations

The findings in Table 1 indicate a consistent trend of genotoxic effects associated with glyphosate exposure, reinforcing concerns about its potential role
in lymphocyte transformation and NHL development.

4.3 Epigenetic Modifications and Endocrine Disruption

In addition to its genotoxic effects, glyphosate has been found to influence epigenetic regulation and hormone signaling, mechanisms that may contribute
to lymphocyte proliferation and immune dysregulation [41].

Glyphosate’s Impact on Hormone Regulation and Epigenetic Modifications
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Glyphosate has been shown to act as an endocrine disruptor, altering the expression of hormone-responsive genes involved in immune regulation and
lymphoid cell proliferation [42]. Studies indicate that glyphosate exposure disrupts estrogen receptor signaling, which plays a role in lymphocyte
activation and differentiation [43].

Additionally, glyphosate has been linked to changes in DNA methylation patterns, particularly in genes associated with inflammation, apoptosis, and
tumor suppression [44]. A 2019 study found that chronic glyphosate exposure led to hypermethylation of tumor suppressor genes, potentially contributing
to uncontrolled lymphocyte expansion [45].

Potential Influence on Gene Expression Related to Lymphocyte Proliferation

Epigenetic modifications can have profound effects on lymphocyte homeostasis, influencing T-cell differentiation, cytokine production, and immune
tolerance [46]. Studies have observed that glyphosate exposure alters histone acetylation, a process critical for gene activation and chromatin accessibility
[47].

This disruption in epigenetic regulation may contribute to immune system dysfunction, increasing susceptibility to autoimmune disorders and lymphoid
malignancies [48].

Long-Term Heritable Effects and Transgenerational Risks

Emerging research suggests that glyphosate-induced epigenetic changes may be heritable, raising concerns about transgenerational effects [49]. Studies
in animal models have shown that offspring of glyphosate-exposed parents exhibit altered immune responses and increased cancer susceptibility, even in
the absence of direct exposure [50].

These findings highlight the need for further research into the long-term heritable consequences of glyphosate exposure, particularly in populations with
chronic, low-dose exposure [51]. The evidence presented in this section suggests that glyphosate exposure disrupts immune function, induces
genotoxicity, and alters epigenetic regulation, all of which are biological pathways relevant to lymphomagenesis. While further research is required to
clarify dose thresholds and exposure-response relationships, existing studies support the need for stricter regulations and continued monitoring of
glyphosate’s long-term effects on human health.

5. ENVIRONMENTAL AND OCCUPATIONAL RISK ASSESSMENT
5.1 Occupational Risk Factors in Agricultural Workers

Occupational exposure to glyphosate is a significant concern for farmers, pesticide applicators, and agricultural workers who handle, mix, and apply
glyphosate-based herbicides regularly. Exposure levels vary depending on farming practices, application methods, climatic conditions, and use of
protective equipment [21]. Studies have shown that glyphosate exposure is highest in workers engaged in large-scale industrial agriculture, particularly
in regions where genetically modified (GM) crops resistant to glyphosate are widely cultivated [22].

Exposure Levels in Different Agricultural Settings

The extent of glyphosate exposure depends on crop type, spraying frequency, and work environment. Workers involved in aerial spraying operations
experience higher exposure levels due to inhalation of airborne particles, whereas manual sprayers and tractor operators have greater dermal contact risks
[23]. Research on pesticide biomonitoring programs has detected elevated glyphosate residues in urine samples of farmworkers, reinforcing concerns
about chronic systemic exposure [24].

In horticultural and small-scale farming systems, exposure may be lower due to reduced herbicide application, but hand-mixing and prolonged field
contact increase skin absorption risks. Additionally, seasonal agricultural workers may experience intermittent but high-dose exposure, lacking proper
training on protective measures [25].

Protective Measures and Efficacy of Personal Protective Equipment (PPE)

Personal protective equipment (PPE) plays a critical role in reducing glyphosate exposure, yet its effectiveness depends on compliance, material integrity,
and proper usage. Studies have found that cotton-based gloves and overalls provide limited protection compared to impermeable synthetic materials,
which significantly reduce skin absorption rates [26].

Respiratory protection, including N95 and P100 masks, has been shown to lower inhalation risks, particularly in windy or high-temperature conditions
where spray drift is more prevalent [27]. However, surveys of pesticide applicators in developing countries indicate that PPE compliance remains
inconsistent due to cost barriers, discomfort, and lack of regulatory enforcement [28].

Variations in Exposure Based on Application Methods and Climatic Conditions

Glyphosate exposure is influenced by application techniques and environmental factors. Aerial spraying results in higher airborne drift, affecting workers
and surrounding non-target areas. Conversely, ground-based spraying with controlled nozzle systems reduces dispersal but increases direct dermal
exposure for applicators [29].
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Climatic conditions such as temperature, humidity, and wind speed impact glyphosate absorption and dispersion. Research has shown that higher
temperatures and humidity levels enhance glyphosate penetration through the skin, increasing occupational exposure risks [30].

5.2 Environmental Contamination and Population-Level Exposure

Beyond occupational settings, glyphosate contamination has become a global environmental concern, with residues detected in soil, water, and air.
Widespread use of glyphosate has led to secondary exposure risks in non-agricultural populations, affecting urban and suburban communities through
food consumption, water contamination, and atmospheric drift [31].

Persistence of Glyphosate Residues in Ecosystems

Glyphosate is considered moderately persistent in the environment, with degradation rates influenced by soil type, microbial activity, and climatic
conditions. In agricultural soils, glyphosate binds to clay and organic matter, slowing its breakdown, with detectable residues persisting for months [32].

In water systems, glyphosate enters through agricultural runoff, leaching, and direct application in aquatic weed control. Studies have found glyphosate
residues in rivers, lakes, and drinking water supplies, particularly in high-use agricultural regions [33]. In some cases, glyphosate concentrations in surface
water exceed regulatory limits, raising concerns about chronic low-dose exposure in human populations [34].

Potential Secondary Exposure in Non-Agricultural Populations

Non-agricultural populations may be exposed to glyphosate through residential herbicide use, food consumption, and contaminated drinking water. Urban
and suburban residents using glyphosate-based herbicides for lawn and garden maintenance may experience dermal and inhalation exposure, though at
lower levels than agricultural workers [35].

Biomonitoring studies have detected glyphosate in human urine samples from both rural and urban populations, indicating that dietary intake and
environmental exposure contribute significantly to systemic absorption [36]. Certain studies suggest that infants and children may be more vulnerable,
as glyphosate has been detected in breast milk and infant formula, albeit at low concentrations [37].

Global Trends in Environmental Glyphosate Contamination

Global assessments indicate that glyphosate contamination is increasing, particularly in countries with high pesticide dependence. In Europe, stricter
regulations have led to a decline in glyphosate residues, while North America and Latin America report rising environmental concentrations due to
expanding glyphosate-resistant crop systems [38].

Studies in Asia and Africa highlight concerns about glyphosate overuse and poor regulatory enforcement, leading to contaminated water sources and
ecological disruption. Some nations, including Sri Lanka, Mexico, and Germany, have initiated phase-outs or bans, citing environmental and health
concerns [39].

Given these findings, international efforts to monitor and regulate glyphosate residues are critical, particularly in regions where exposure risks are poorly
documented [40].

5.3 Regulatory Risk Assessments and Safety Thresholds

The risk assessment and regulation of glyphosate have been contentious, with discrepancies in safety thresholds among global regulatory agencies. While
some authorities maintain that glyphosate exposure at current levels is safe, others have called for reassessments based on emerging scientific evidence
[41].

Divergences in Permissible Exposure Limits Across Different Regulatory Agencies

The U.S. Environmental Protection Agency (EPA) has set an acceptable daily intake (ADI) of 1.75 mg/kg body weight/day, while the European Food
Safety Authority (EFSA) maintains a stricter limit of 0.5 mg/kg body weight/day [42]. In contrast, the International Agency for Research on Cancer
(IARC) classifies glyphosate as “probably carcinogenic” (Group 2A), recommending precautionary measures to minimize exposure [43].

Several countries, including France and the Netherlands, have implemented restrictions or bans, while others, such as Brazil and Argentina, continue to
endorse its widespread use in industrial agriculture [44].

Reassessment of Glyphosate Safety Based on Recent Scientific Evidence

Recent studies highlighting genotoxicity, immune dysregulation, and environmental persistence have prompted calls for reassessing glyphosate’s risk
profile. Some experts argue that current safety thresholds do not adequately account for cumulative low-dose exposure and potential long-term health
effects [45].

Regulatory agencies are under pressure to incorporate independent scientific findings into their risk assessments and reevaluate occupational safety
standards, dietary residue limits, and environmental monitoring programs [46]. Moving forward, a global consensus on glyphosate safety thresholds will
be critical in shaping future regulatory policies and public health protections.
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6. POLICY AND LEGAL IMPLICATIONS OF GLYPHOSATE USE
6.1 Global Regulatory Perspectives on Glyphosate

The regulation of glyphosate varies significantly across the world, reflecting regional differences in risk assessments, environmental policies, and public
health concerns. While some governments continue to support glyphosate use, others have imposed bans or restrictions due to concerns over human
health risks and environmental contamination [24].

Differences in Glyphosate Regulation Across the US, EU, and Other Regions

In the United States, the Environmental Protection Agency (EPA) has maintained that glyphosate does not pose significant human health risks when used
according to label instructions. The EPA reaffirmed this stance in 2020, concluding that there was “no evidence to support a causal relationship between
glyphosate exposure and cancer” [25]. However, this conclusion has been challenged by scientists and public health advocates, who argue that
independent studies have demonstrated potential links to non-Hodgkin’s lymphoma (NHL) [26].

In contrast, the European Union (EU) has taken a more precautionary approach. In 2015, the International Agency for Research on Cancer (IARC)
classified glyphosate as “probably carcinogenic to humans” (Group 2A), prompting several EU nations to impose restrictions [27]. In 2017, the EU
extended glyphosate’s approval for only five years, compared to previous 15-year renewals, reflecting growing regulatory scepticism [28].

Beyond the US and EU, other countries have implemented strict regulations. France has committed to phasing out glyphosate, while Germany plans to
ban it entirely by 2024. Mexico has also announced a phase-out, citing concerns about biodiversity loss and health risks [29]. Meanwhile, Brazil and
Argentina, where glyphosate-resistant crops dominate agriculture, continue to allow its widespread use despite calls for more stringent safety assessments
[30].

Bans and Restrictions Imposed in Different Countries

Several countries have taken bold measures in restricting glyphosate. Sri Lanka was the first to implement a nationwide ban in 2015, citing a potential
link between glyphosate and chronic kidney disease among farmers, though it later modified the policy due to pressure from the agricultural sector [31].
Similarly, Vietnam banned glyphosate imports in 2019, citing IARC’s carcinogenic classification [32].

However, some countries that initially restricted glyphosate have since reversed course, often due to pressure from agribusiness and trade organizations.
For instance, Thailand initially moved to ban glyphosate but later softened restrictions after lobbying from the US government and agribusiness interests
[33].

Influence of Industry Lobbying and Corporate Interests in Policy Decisions

The role of corporate influence in glyphosate regulation has been widely scrutinized, particularly in relation to Monsanto (now owned by Bayer), the
primary manufacturer of glyphosate-based herbicides. Internal documents released during litigation—often referred to as the "Monsanto Papers"—
revealed efforts to shape scientific discourse, suppress unfavorable studies, and influence regulatory agencies [34].

Critics argue that industry-funded research has contributed to regulatory decisions that downplay glyphosate’s risks, creating policy inconsistencies across
different regions. Additionally, corporate lobbying has delayed regulatory decisions in some countries, leading to ongoing debates over the true risks and
benefits of glyphosate use [35].

6.2 Legal Cases and Compensation for Affected Individuals

The legal landscape surrounding glyphosate has shifted dramatically in recent years, with major lawsuits filed by individuals alleging that glyphosate
exposure caused their cancer. These cases have led to landmark verdicts against Bayer, setting precedents for product liability in the pesticide industry
[36].

Major Lawsuits Linking Glyphosate to Cancer

The first major glyphosate lawsuit was filed by Dewayne “Lee” Johnson, a former school groundskeeper diagnosed with non-Hodgkin’s lymphoma
(NHL). In 2018, a California jury awarded Johnson $289 million, finding that Monsanto had failed to warn consumers about glyphosate’s cancer risk.
The verdict was later reduced to $78 million, but it marked a turning point in glyphosate litigation [37].

Following Johnson’s case, thousands of similar lawsuits were filed, leading to multiple high-profile verdicts. In 2019, a jury awarded Alva and Alberta
Pilliod $2.055 hillion, though this was later reduced to $86.7 million. In another case, Edwin Hardeman, a man who had used glyphosate for over 25
years, was awarded $80 million after a jury concluded that glyphosate was a substantial factor in his NHL diagnosis [38].

These lawsuits have highlighted concerns about corporate transparency, as internal company documents revealed efforts to downplay scientific evidence
and influence regulatory decisions. The rulings have also fueled global scrutiny of glyphosate regulation, prompting some governments to reconsider
their stance [39].

Compensation Claims and Verdicts Against Manufacturers
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As litigation against Bayer escalated, the company faced increasing financial liabilities. In June 2020, Bayer agreed to a $10.9 billion settlement to resolve
over 125,000 pending glyphosate lawsuits in the United States [40]. While the settlement did not require Bayer to admit liability, it marked one of the
largest product liability settlements in history.

Despite the settlement, new lawsuits continue to emerge, particularly from individuals who were diagnosed with NHL after years of glyphosate exposure.
Some legal analysts predict that Bayer may have to allocate additional funds for future claims, particularly as scientific evidence linking glyphosate to
NHL continues to develop [41].

Beyond individual compensation, these lawsuits have led to calls for stricter labeling requirements, increased public awareness, and policy changes
regarding herbicide regulation. Some countries have revised their pesticide safety laws, while agricultural workers’ unions have pushed for stronger
protections [42].

Broader Implications for Agricultural Policies and Product Liability

The legal battles over glyphosate have broader implications for agricultural policies and product liability. The success of plaintiffs in glyphosate lawsuits
has set precedents for other pesticide-related cases, with legal experts suggesting that manufacturers may face greater scrutiny regarding long-term health
risks associated with their products [43].

Additionally, the lawsuits have prompted discussions about alternative weed management strategies, with some governments and agricultural
organizations promoting non-chemical approaches, such as crop rotation, mechanical weeding, and organic herbicides [44].

Looking forward, legal actions against Bayer and other glyphosate manufacturers are expected to continue, as more evidence emerges regarding
glyphosate’s long-term health effects. Some legal scholars argue that glyphosate litigation could lead to broader reforms in how pesticides are regulated
and marketed, ensuring that public health remains a priority over corporate interests [45].

The regulatory and legal landscape surrounding glyphosate remains highly contentious, with ongoing debates over safety, corporate influence, and policy
decisions. While some governments continue to allow its use, others have implemented restrictions based on emerging scientific evidence and public
health concerns. At the same time, landmark lawsuits against Bayer have reshaped the conversation around glyphosate’s risks, reinforcing the need for
greater corporate accountability, transparency, and regulatory consistency. Moving forward, the intersection of science, law, and policy will play a crucial
role in shaping the future of glyphosate regulation and its place in global agriculture.

7. ALTERNATIVE WEED MANAGEMENT STRATEGIES
7.1 Non-Chemical Weed Control Methods

With growing concerns about glyphosate’s environmental and health risks, researchers and agricultural practitioners have been exploring non-chemical
weed control strategies. Mechanical and biological weed management offer potential alternatives, but challenges remain in scalability, cost-effectiveness,
and labor intensity [27].

Mechanical and Biological Weed Control Strategies

Mechanical weed control methods, including tillage, mowing, and flame weeding, provide effective alternatives to chemical herbicides. Tillage disrupts
weed growth cycles by uprooting or burying weed seeds, while mowing reduces seed production and limits regrowth [28]. However, excessive tillage
can contribute to soil erosion and loss of soil organic matter, making it less sustainable in certain farming systems.

Biological control strategies involve using natural weed-suppressing organisms such as insects, fungi, and bacteria. Some fungi, such as Colletotrichum
gloeosporioides, have been studied for their ability to infect and kill specific weed species, while allelopathic cover crops like mustard and rye release
natural herbicidal compounds that suppress weed growth [29].

Another emerging approach is autonomous robotic weeding, which leverages Al-driven technology to mechanically remove weeds without chemicals.
Some autonomous weeders use computer vision to distinguish crops from weeds, reducing reliance on herbicides [30].

Challenges in Large-Scale Adoption of Alternative Practices

Despite the benefits, the large-scale adoption of non-chemical weed control methods presents challenges. Mechanical weed control is labor-intensive and
costly, particularly for large-scale monoculture farms that rely on herbicides for efficiency [31]. Additionally, biological control agents require careful
regulation, as they may impact non-target plant species or have limited effectiveness in diverse cropping systems [32].

As global agriculture seeks sustainable alternatives to glyphosate, further research and investment in scalable, cost-effective weed management strategies
are essential [33].

7.2 Sustainable Agricultural Practices and Future Directions

The transition away from glyphosate-reliant weed control requires the implementation of sustainable agricultural practices that balance productivity,
environmental conservation, and long-term soil health. Integrated Pest Management (IPM) has emerged as a promising approach, combining biological,
mechanical, and chemical strategies to reduce reliance on single-mode herbicides [34].
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Integrated Pest Management (IPM) as a Potential Alternative

IPM integrates multiple strategies, including crop rotation, precision agriculture, biological control, and minimal herbicide use, to create more resilient
agricultural systems. Crop rotation disrupts weed cycles, reducing the need for herbicides, while cover cropping suppresses weed germination and
improves soil health [35]. Additionally, targeted herbicide applications, using advanced sensor technology, minimize the overuse of chemicals and reduce
environmental contamination [36].

Some agricultural systems are experimenting with agroecological approaches, such as mixed cropping and regenerative agriculture, which enhance
biodiversity and natural weed suppression. However, economic incentives and policy support are needed to encourage farmers to transition toward
sustainable methods [37].

Research Needs for Safer Herbicides and Eco-Friendly Farming Practices

While non-chemical methods offer promising alternatives, research into safer herbicides remains crucial. Some studies focus on plant-based bioherbicides,
derived from essential oils, microbial extracts, and natural compounds, as potential replacements for synthetic herbicides [38]. Other approaches explore
RNA interference (RNAI) technology, which targets specific weed genes while minimizing harm to non-target plants and beneficial microbes [39].

Table 2: Comparison of Glyphosate Alternatives and Their Efficacy

Alternative Method Effectiveness Scalability Environmental Impact

Mechanical Weeding Moderate to High Labor-intensive |(Low impact, but may contribute to soil erosion
Limited

Biological Control (Fungi, Insects) Variable (weed-specific) |[commercial Generally low environmental impact
application

Requires crop

Cover Cropping High (weed suppression) Improves soil health, reduces chemical input

rotation
Expensive,
Al-Driven Robotic Weeding High (precise control)  ||limited No chemical pollution, improves efficiency
accessibility
Bioherbicides (Plant Extracts, Microbial . Emerging L . .
Moderate to High Low toxicity, environmentally friendly
Agents) technology

While alternative methods offer viable solutions, widespread adoption requires continued research, financial investment, and farmer education. Moving
forward, a shift toward diversified weed management strategies will be essential for achieving long-term agricultural sustainability [40].

8. FUTURE RESEARCH DIRECTIONS AND KNOWLEDGE GAPS
8.1 Longitudinal Studies on Glyphosate Exposure and NHL

Despite the extensive body of research linking glyphosate to non-Hodgkin’s lymphoma (NHL), many existing studies suffer from limited follow-up
periods and retrospective exposure assessments. To establish a causal relationship, extended longitudinal cohort studies are necessary to evaluate long-
term health effects in exposed populations [32].

Need for Extended Cohort Studies to Establish Long-Term Effects

Current research is often constrained by short study durations, making it difficult to assess latency periods between glyphosate exposure and NHL onset.
Longitudinal studies that track agricultural workers, pesticide applicators, and exposed populations over multiple decades would provide critical insights
into exposure patterns and disease progression [33].

Several large-scale epidemiological projects, such as the Agricultural Health Study (AHS) in the United States, have provided valuable data, but require
longer follow-up durations and more granular exposure classifications to improve risk estimates [34]. Expanding such studies across diverse geographical
regions would also help determine variability in glyphosate-associated risks based on genetic and environmental factors [35].

Inclusion of Genetic and Biomarker Analyses in Future Research

Future studies should incorporate genetic and biomarker analyses to identify susceptibility factors that influence NHL risk. Research suggests that
individual differences in detoxification enzymes, DNA repair mechanisms, and immune function may modulate glyphosate’s carcinogenic effects [36].
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Biomarker-based approaches, such as blood and urine metabolite profiling, could provide objective measures of internal glyphosate exposure, reducing
reliance on self-reported occupational histories. Additionally, the integration of epigenetic markers could help identify early molecular changes linked to
glyphosate exposure, offering potential predictive tools for cancer risk assessment [37].

8.2 Improvements in Exposure Assessment and Risk Prediction
Accurate exposure assessment and risk prediction models are essential for guiding public health policies and regulatory decisions. Advances in
biomonitoring techniques and dose-response modeling could help refine risk estimates and exposure limits for glyphosate in different populations [38].

Advances in Glyphosate Biomonitoring Techniques

Traditional methods for measuring glyphosate exposure rely on urine and blood sample analysis, but newer techniques offer greater precision and
sensitivity. High-resolution mass spectrometry (HRMS) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) have been developed to
detect ultra-low glyphosate concentrations in biological samples, improving the reliability of exposure assessments [39].

Additionally, research is exploring non-invasive exposure assessment methods, such as hair and nail analysis, which can provide long-term exposure
records compared to transient urinary glyphosate measurements [40]. These innovations could help establish biologically relevant exposure thresholds
and better distinguish between low, moderate, and high-risk exposure groups [41].

Strategies for Refining Dose-Response Models for Public Health Guidance

Current dose-response models for glyphosate risk assessment are often based on high-dose occupational exposures, making them less applicable to lower-
dose, chronic exposures in the general population. Refining these models to account for age, genetics, lifestyle, and cumulative exposure patterns could
improve risk stratification and regulatory thresholds [42].

One proposed approach involves Bayesian modeling techniques, which incorporate individual biomarker data, exposure duration, and mechanistic
insights into cancer pathways to develop personalized risk predictions [43]. This could enable targeted risk mitigation strategies for highly exposed
populations, such as agricultural workers and rural residents near herbicide-treated fields [44].

Figure 3: Proposed Framework for Future Research on Glyphosate-Related Health Risks

Longitudinal Cohort Studies

Biomarker-Based Exposure Assessments

Genetic Susceptibility Analysis

Advanced Dose-Response Modeling

Risk Prediction & Public Health Guidance

- — i

0 1 2z 3 3

Wik
(=]

Importance Level
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(Mlustration depicting an integrated research framework combining longitudinal cohort studies, biomarker-based exposure assessments, genetic
susceptibility analysis, and advanced dose-response modeling to improve risk prediction and public health recommendations.)

As research continues, enhanced exposure assessment techniques and refined risk prediction models will be essential in guiding science-based regulatory
decisions and ensuring effective public health protections against glyphosate-related health risks [45].

9. CONCLUSION

This review has examined the complex interplay between glyphosate exposure, human health risks, and regulatory oversight, with a particular focus on
its potential link to non-Hodgkin’s lymphoma (NHL). The findings indicate that while glyphosate remains a cornerstone of modern agriculture, growing
scientific evidence suggests potential health concerns that warrant continued scrutiny.
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One of the key takeaways from this discussion is the need for extended cohort studies and biomonitoring programs to assess long-term exposure effects.
Existing epidemiological studies provide conflicting conclusions, partly due to differences in study designs, exposure classifications, and follow-up
durations. However, emerging research highlights biological pathways, such as oxidative stress, DNA damage, and immune dysregulation, that could
plausibly link chronic glyphosate exposure to cancer development.

From an occupational perspective, farmworkers, pesticide applicators, and agricultural laborers remain the most at-risk populations due to high levels of
direct contact with glyphosate-based herbicides. The efficacy of personal protective equipment (PPE) and exposure mitigation strategies varies widely,
with some regions lacking stringent safety regulations. Non-agricultural populations are also exposed to glyphosate through dietary residues, contaminated
water, and atmospheric drift, raising concerns about low-dose chronic exposure and its cumulative health effects over time.

Implications for Public Health and Policy

The findings of this review reinforce the urgent need for continued surveillance, regulatory reassessment, and public health monitoring. Many regulatory
agencies, including those in the United States and European Union, have taken divergent stances on glyphosate safety, with some countries implementing
restrictions or outright bans, while others maintain that current exposure levels pose minimal risk. This regulatory inconsistency underscores the need for
an independent, science-based approach that prioritizes human health over corporate interests.

Moving forward, refined exposure assessment techniques, biomarker-based monitoring, and mechanistic research should guide future policy adjustments
and risk communication strategies. Additionally, the integration of non-chemical weed management strategies, such as integrated pest management (IPM),
mechanical weeding, and biological control, should be explored as viable alternatives to glyphosate-dependent farming practices.

Balanced Regulatory Decisions and the Future of Glyphosate Use

Regulatory agencies face the challenge of balancing agricultural productivity with environmental and human health concerns. While glyphosate’s role in
weed control and crop yield optimization cannot be ignored, the growing body of scientific evidence necessitates a more precautionary approach. Future
policy decisions should incorporate long-term epidemiological data, environmental persistence studies, and genetic susceptibility research to establish
clearer exposure thresholds and mitigation strategies.

Governments should also strengthen pesticide regulations, enforce transparency in risk assessments, and promote safer alternatives to ensure that
agriculture remains both productive and sustainable.

Final Thoughts

The future of glyphosate use in global agriculture will likely depend on a combination of scientific advancements, regulatory shifts, and industry
innovations. While complete phase-outs may not be immediately feasible for many countries, gradual reductions, stricter application controls, and
increased investment in alternative weed management solutions could provide a pathway toward more sustainable agricultural practices.

Ultimately, the debate over glyphosate is not just about science versus industry, but rather about ensuring that public health considerations remain at the
forefront of policy decisions. A balanced, evidence-based approach will be crucial in navigating the future of herbicide use while safeguarding both
human well-being and environmental sustainability.
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