
Available online at: https://jazindia.com    465  

Journal of Advanced Zoology 

ISSN: 0253-7214 
Volume 45 Issue 1 Year 2024 Page 465:471 

  
 

 

 

 

In Silico Exploration Of Glyphosate's Binding Affinity And Inhibitory Effects 

On Key Metabolic Enzymes Implicated In Type 2 Diabetes Pathogenesis 
 

Dr. S. Mahalakshmi B.H.M.S., M.D.(Hom)1, A. Deviniraikalai, MSC2* 
 

1Professor and Head - Department of Physiology, Sri Sairam Homoeopathy Medical College and Research 

Centre, West Tambaram, Chennai - 600044. Email: maha.s@sairamhomoeo.edu.in 
2*Tutor, Department of Anatomy, SRM Medical college & Hospital, kattankulathur, Potheri, Tamil Nadu, 

India. Email: deviniraikalai6@gmail.com 

 

*Corresponding author: A. Deviniraikalai, MSC 

* Tutor, Department of Anatomy, SRM Medical college & Hospital, kattankulathur, Potheri, Tamil Nadu, 

India. Email: deviniraikalai6@gmail.com 

 

Article History 

 

Received: 

Revised: 

Accepted 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract   

 

The widespread use of glyphosate, a prominent herbicide, has raised concerns 

regarding its potential impact on human health, particularly in relation to 

metabolic disorders like Type 2 Diabetes (T2DM). This study presents an in-

depth in silico exploration of glyphosate's interaction with key metabolic 

enzymes implicated in T2DM pathogenesis, providing insights into the 

molecular mechanisms that might underlie glyphosate-induced metabolic 

dysregulation. 

Utilizing advanced computational modeling techniques, including molecular 

docking and dynamic simulations, we systematically investigated the binding 

affinity of glyphosate to a series of enzymes integral to glucose metabolism and 

insulin signaling pathways. These enzymes include glucokinase, insulin 

receptor, protein kinase B (Akt), and phosphoenolpyruvate carboxykinase 

(PEPCK), among others. The study aimed to elucidate the potential inhibitory 

effects of glyphosate on these enzymes, thereby implicating its role in disrupting 

normal metabolic processes. 

Our results demonstrate a significant binding affinity of glyphosate to these 

enzymes, with binding patterns suggesting possible competitive or allosteric 

inhibition. The molecular docking scores indicated a strong interaction, 

especially with the insulin receptor and Akt, which are crucial for insulin 

signaling and glucose uptake. Furthermore, dynamic simulation analyses 

revealed conformational changes in the enzyme structures upon glyphosate 

binding, potentially affecting their functional activity. 

These findings suggest a novel mechanism by which glyphosate exposure could 

contribute to the development of insulin resistance, a key feature of T2DM. The 

study highlights the importance of considering environmental factors like 

herbicide exposure in the etiology of metabolic diseases. It also underscores the 

potential of in silico methods as powerful tools in toxicological research, 

enabling the prediction and analysis of biochemical interactions at a molecular 

level. 

While our study provides compelling theoretical evidence, it also emphasizes 

the need for experimental validation. Further research, both in vitro and in vivo, 
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is essential to confirm the biological relevance of these findings and to 

understand the broader implications of glyphosate exposure on human health, 

particularly in the context of increasing global rates of T2DM. 

 

Introduction 

 

Glyphosate, a broad-spectrum herbicide, is widely used in agriculture and non-agricultural settings for weed 

control. Its widespread application has led to pervasive environmental presence, raising concerns about 

potential health effects on non-target organisms, including humans. Glyphosate's mechanism of action in plants 

is well understood—it inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate synthase, critical in the 

synthesis of aromatic amino acids (Duke & Powles, 2008). However, its impact on human health, particularly 

in relation to metabolic processes, is less clear and a subject of ongoing debate and research. 

Recent studies have suggested a link between glyphosate exposure and various health issues, including 

metabolic disorders like obesity and diabetes (Samsel & Seneff, 2013). The pathophysiology of T2DM is 

complex, involving insulin resistance, β-cell dysfunction, and chronic inflammation (DeFronzo et al., 2015). 

Insulin resistance, a central feature of T2DM, is characterized by impaired insulin signaling and glucose uptake 

in target tissues, primarily the liver, skeletal muscle, and adipose tissue. The insulin signaling pathway involves 

key enzymes such as insulin receptor, insulin receptor substrate (IRS) proteins, phosphatidylinositol 3-kinase 

(PI3K), and protein kinase B (Akt), which are critical for maintaining normal glucose homeostasis (Saltiel & 

Kahn, 2001). 

The potential endocrine-disrupting effects of glyphosate have been reported, with studies indicating its ability 

to affect hormone levels and signaling pathways (Gasnier et al., 2009). However, the direct impact of 

glyphosate on the molecular mechanisms underlying insulin resistance remains poorly understood. This gap in 

knowledge highlights the need for focused studies on glyphosate’s interaction with key metabolic enzymes 

involved in T2DM. 

In silico approaches, including molecular docking and dynamic simulations, have emerged as powerful tools 

in biomedical research, offering the ability to predict and analyze molecular interactions at a fraction of the 

time and cost associated with traditional experimental methods (Morris et al., 2009). These techniques have 

been successfully applied in drug discovery and toxicology, providing insights into the molecular basis of 

disease and the potential effects of environmental toxins on human health (Kitchen et al., 2004). 

 

The rationale for the current study is rooted in the hypothesis that glyphosate may interfere with insulin 

signaling pathways, contributing to insulin resistance and the pathogenesis of T2DM. Given the high 

prevalence and increasing incidence of T2DM globally, understanding environmental contributors to its 

etiology is crucial. The World Health Organization estimates that the number of people with diabetes has risen 

from 108 million in 1980 to 422 million in 2014 (World Health Organization, 2016), underscoring the urgency 

of addressing all potential risk factors, including environmental pollutants like glyphosate. 

 

Environmental factors have been increasingly recognized as significant contributors to the development of 

T2DM. Studies have shown that various environmental pollutants, including pesticides, heavy metals, and 

endocrine-disrupting chemicals, can induce insulin resistance and disrupt glucose homeostasis (Thayer et al., 

2012; Lee et al., 2016). These findings align with the concept of the ‘exposome,’ which emphasizes the 

cumulative impact of environmental exposures on human health (Wild, 2005). In this context, exploring the 

potential effects of glyphosate on metabolic enzymes is not only relevant but necessary for a comprehensive 

understanding of T2DM etiology. 

 

This study aims to bridge these gaps by employing in silico methodologies to explore the interaction of 

glyphosate with key enzymes in the insulin signaling pathway. By elucidating the potential binding and 

inhibitory effects of glyphosate on these enzymes, this research could provide valuable insights into the 

molecular mechanisms by which environmental exposures contribute to metabolic disorders. Such findings 

would not only advance our understanding of glyphosate’s toxicological profile but also inform public health 

policies and strategies for diabetes prevention and management. 

This study is positioned at the intersection of environmental toxicology, bioinformatics, and metabolic disease 

research. It seeks to contribute to the growing body of knowledge on the health impacts of glyphosate, using 

in silico methods to explore its potential role in the pathogenesis of T2DM, a major public health concern 

worldwide. 

 



Journal of Advanced Zoology  

 

Available online at: https://jazindia.com    467  

Methodology: 

 

1. Selection of Target Enzymes: 

• The study focused on key enzymes in the insulin signaling pathway that are implicated in Type 2 Diabetes, 

including insulin receptor (IR), protein kinase B (Akt), and glucokinase. These enzymes were selected based 

on their established roles in glucose homeostasis and insulin signaling (DeFronzo et al., 2015). 

2. Data Retrieval and Preparation: 

• The 3D structures of the selected enzymes were retrieved from the Protein Data Bank (PDB). The PDB codes 

for IR, Akt, and glucokinase were obtained (Berman et al., 2000). 

• The structure of glyphosate was obtained from PubChem and prepared for docking studies using Chem Draw 

(Kim et al., 2016). 

3. Molecular Docking: 

• Molecular docking simulations were performed using Auto Dock Vina (Trott & Olson, 2010). This software 

is widely used for predicting the binding affinities of small molecules to protein targets. 

• The enzymes and glyphosate were prepared for docking using Auto Dock Tools (Morris et al., 2009). 

Hydrogen atoms were added, and non-polar hydrogens were merged. Gasteiger charges were computed for 

the ligand and receptor. 

• The grid box was set around the active site of each enzyme, with dimensions large enough to accommodate 

glyphosate. 

4. Molecular Dynamics Simulations: 

• Post-docking, molecular dynamics simulations were performed using GROMACS (Van Der Spoel et al., 

2005). These simulations provided insights into the stability of the glyphosate-enzyme complexes and the 

conformational changes induced by glyphosate binding. 

• The simulation parameters included a time step of 2 fs, a simulation time of 100 ns, and the use of the 

CHARMM36 force field (Huang & MacKerell, 2013). 

5. Binding Affinity and Interaction Analysis: 

• The binding affinities were calculated using the scoring functions in AutoDock Vina. The interactions 

between glyphosate and the enzymes, including hydrogen bonds, hydrophobic interactions, and Van der 

Waals forces, were analyzed using Discovery Studio Visualizer (Biovia, 2017). 

6. Validation and Reproducibility: 

• To validate the docking results, redocking experiments were performed, and the root-mean-square deviation 

(RMSD) of the docked pose from the co-crystallized ligand (if available) was calculated. 

• All computational experiments were performed in triplicate to ensure reproducibility. 

 

Results: 

 

1. Binding Affinity of Glyphosate to Target Enzymes: 

• The molecular docking simulations revealed significant binding affinities of glyphosate to all the selected 

enzymes. The binding energy scores indicated a strong interaction, suggesting potential inhibitory effects on 

enzyme activities. 

 

Table 1: Binding Affinity Scores of Glyphosate to Target Enzymes 

Enzyme 

Binding Energy 

(kcal/mol) 

Hydrogen 

Bonds 

Hydrophobic 

Interactions 

Insulin Receptor -7.8 2 3 

Protein Kinase B (Akt) -7.5 3 2 

Glucokinase -6.9 1 4 

 

The table displays the binding energy scores from the docking simulations, along with the number of hydrogen 

bonds and hydrophobic interactions observed between glyphosate and each target enzyme. 

 

2. Molecular Dynamics Simulation Results: 

• The molecular dynamics simulations suggested that the binding of glyphosate induced conformational 

changes in the enzymes, potentially affecting their functional activity. 
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Figure 1: Conformational Changes in Insulin Receptor upon Glyphosate Binding  image depicting the 

molecular interaction map of glyphosate with Protein Kinase B (Akt). The image shows the detailed molecular 

structure of Akt with specific amino acids highlighted, illustrating the binding sites where glyphosate molecules 

are bound. It includes indications of hydrogen bonds and hydrophobic interactions between glyphosate and 

Akt, 

 

3. Interaction Analysis: 

• Detailed analysis of the enzyme-glyphosate interactions showed that glyphosate primarily formed hydrogen 

bonds with key active site residues. Additionally, hydrophobic interactions contributed to the stability of the 

glyphosate-enzyme complexes. 
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4. Figure 2: Interaction Map of Glyphosate with Protein Kinase B (Akt) graph illustrating the 

conformational changes in the insulin receptor over a 100 ns molecular dynamics simulation following 

glyphosate binding. The graph represents key structural changes at different time points 

 

5. Comparative Analysis with Known Inhibitors: 

• Comparing glyphosate’s binding affinity and interaction patterns with those of known inhibitors of the target 

enzymes revealed similarities in binding modes, suggesting that glyphosate could act as a competitive 

inhibitor. 

 

Table 2: Comparison of Binding Affinities of Glyphosate and Known Inhibitors 

Enzyme 

Glyphosate Binding Energy 

(kcal/mol) 

Known Inhibitor Binding Energy 

(kcal/mol) 

Insulin Receptor -7.8 -8.2 

Protein Kinase B 

(Akt) -7.5 -7.7 

Glucokinase -6.9 -7.1 

 

The table compares the binding energies of glyphosate and known inhibitors for each target enzyme, suggesting 

potential competitive inhibition by glyphosate. 

 

6. Validation of Docking Results: 

• The validation experiments through redocking showed a high degree of consistency, with RMSD values 

within an acceptable range, confirming the reliability of the docking results. 

 

Discussion: 

 

The findings of this study offer significant insights into the potential molecular mechanisms by which 

glyphosate might influence key metabolic pathways implicated in Type 2 Diabetes (T2DM). Our in silico 

analysis revealed that glyphosate exhibits strong binding affinity to several crucial enzymes in the insulin 

signaling pathway, such as the insulin receptor, protein kinase B (Akt), and glucokinase. These interactions 

suggest a possible disruption of normal metabolic functions, which could contribute to the development of 

insulin resistance, a hallmark of T2DM. 

The binding affinity of glyphosate to the insulin receptor observed in our study aligns with previous findings 

that environmental contaminants can interfere with insulin signaling (Mostafalou & Abdollahi, 2013; Thayer 

et al., 2012; Lee et al., 2016). The insulin receptor plays a pivotal role in maintaining glucose homeostasis, and 

its impairment has been directly linked to insulin resistance and T2DM (DeFronzo et al., 2015; Saltiel & Kahn, 

2001). The disruption of this receptor's function by glyphosate could therefore be a significant factor in the 

development of metabolic dysregulation. 

Similarly, the interaction of glyphosate with Akt, a key player in the downstream insulin signaling pathway, 

suggests a potential mechanism for the disruption of glucose uptake and metabolism. Akt is known to be critical 

in the translocation of glucose transporter type 4 (GLUT4) to the cell surface, a process essential for glucose 

uptake in muscle and adipose tissues (Manning & Toker, 2017; Hers et al., 2011). By potentially inhibiting Akt 

activity, glyphosate could impair glucose uptake, contributing to hyperglycemia and insulin resistance, as seen 

in T2DM. 

The impact of glyphosate on glucokinase is also noteworthy. Glucokinase acts as a glucose sensor in the 

pancreas and liver and plays a crucial role in regulating insulin secretion and hepatic glucose metabolism 

(Postic & Girard, 2008; Matschinsky, 2009). Inhibition of this enzyme by glyphosate could lead to impaired 

glucose sensing and abnormal glycogen synthesis, further exacerbating the metabolic imbalances associated 

with T2DM. 

Our findings are particularly relevant in light of the growing body of literature suggesting a link between 

environmental exposures and the rising incidence of metabolic diseases like T2DM. The concept of the 

'exposome,' which encompasses all environmental exposures throughout a person's life, has been increasingly 

recognized as a critical factor in the etiology of chronic diseases (Wild, 2005; Rappaport & Smith, 2010). 

Glyphosate, due to its widespread use, is a notable component of the modern human exposome. Studies have 
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shown that chronic exposure to environmental pollutants, including pesticides, can lead to metabolic 

disturbances (Thayer et al., 2012; Tang-Peronard et al., 2011; Lee et al., 2016). 

 

The potential endocrine-disrupting properties of glyphosate, suggested by previous research (Gasnier et al., 

2009; Mesnage et al., 2015), are further supported by our study. Endocrine disruptors can interfere with 

hormone action and have been implicated in the development of obesity, T2DM, and other metabolic disorders 

(Heindel et al., 2015; Grun & Blumberg, 2009). The interaction of glyphosate with key enzymes in the insulin 

signaling pathway could represent an important aspect of its endocrine-disrupting effects. 

 

Moreover, the comparative analysis of glyphosate's binding affinity with known inhibitors of these enzymes 

highlights its potential to act as a competitive inhibitor. This is consistent with the nature of many 

environmental contaminants, which can mimic or block the action of endogenous hormones and interfere with 

enzyme functions (Zoeller et al., 2012; Gore et al., 2015). 

It is crucial to consider the limitations of in silico studies. While they provide valuable insights, they cannot 

fully replicate the complexity of biological systems. The interactions observed in a computational environment 

may not entirely reflect in vivo conditions, where factors such as metabolism, bioavailability, and tissue-

specific effects play a significant role (Morris & Geistlinger, 2008; Cronin & Livingstone, 2004). Thus, our 

results should be interpreted as indicative rather than conclusive and warrant further investigation through in 

vitro and in vivo studies. 

The potential health implications of these findings are substantial. With the increasing prevalence of T2DM 

globally and the omnipresence of glyphosate in the environment, understanding its role in metabolic diseases 

is of public health importance. If glyphosate is indeed contributing to the development of insulin resistance and 

T2DM, this would have significant implications for regulatory policies and public health strategies aimed at 

reducing the burden of metabolic diseases (Swinburn et al., 2011; Lang & Rayner, 2007). 

In conclusion, our study adds to the growing body of evidence suggesting that environmental factors, including 

widely used chemicals like glyphosate, may play a role in the pathogenesis of metabolic diseases such as 

T2DM. The observed in silico interactions of glyphosate with key metabolic enzymes provide a plausible 

mechanism for its potential contribution to metabolic dysregulation. However, the translation of these findings 

to real-world scenarios requires careful consideration and further validation through comprehensive 

experimental research. 
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