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Abstract: Glyphosate, an endocrine disruptor, has an adverse impact on human health through food 

and also has the potential to produce reactive oxygen species (ROS), which can lead to metabolic 

diseases. Glyphosate consumption from food has been shown to have a substantial part in insulin 

resistance, making it a severe concern to those with type 2 diabetes (T2DM). However, minimal 

evidence exists on how glyphosate impacts insulin-mediated glucose oxidation in the liver. Hence 

the current study was performed to explore the potential of glyphosate toxicity on insulin signaling 

in the liver of experimental animals. For 16 weeks, male albino Wistar rats were given 50 mg, 100 

mg and 250 mg/kg b. wt. of glyphosate orally. In the current study, glyphosate exposure group was 

linked to a rise in fasting sugar and insulin as well as a drop in serum testosterone. At the same 

time, in a dose dependent fashion, glyphosate exposure showed alternations in glucose metabolic 

enzymes. Glyphosate exposure resulted in a raise in H2O2 formation, LPO and a reduction in anti-

oxidant levels those results in impact on membrane integrity and insulin receptor efficacy in the 

liver. It also registered a reduced levels of mRNA and protein expression of insulin receptor (IR), 

glucose transporter-2 (GLUT2) with concomitant increase in the production of proinflammatory 

factors such as JNK, IKKβ, NFkB, IL-6, IL-1β, and TNF-α as well as transcriptional factors like 

SREBP1c and PPAR-γ leading to pro-inflammation and cirrhosis in the liver which results in the 

development of insulin resistance and type 2 diabetes. Our present findings for the first time provid-

ing an evidence that exposure of glyphosate develops insulin resistance and type 2 diabetes by ag-

gravating NFkB signaling pathway in liver. 
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1. Introduction 

Diabetes mellitus (DM) has been estimated to affect 578 million people worldwide in 

next few years, rising to 700 million by the 2045. It is a serious, chronic condition that 

adversely affects people, families, and societies worldwide. Its primary features include 

chronic hyperglycemia, a total or partial impairment in insulin action, and abnormalities 

in the metabolism of proteins, carbohydrates, and lipids [1]. Diabetes is a metabolic 
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condition that is greatly influenced by nutrition, genetics, and environment. The presence 

of certain environmental pollutants may further increase the risk of developing diabetes. 

Herbicides are weed-control substances (insecticides) that have the potential to cause sub-

stantial environmental damage [2,3]. Because there is a strong relationship between these 

chemical molecules and diseases, particularly metabolic disorders, they have both good 

and detrimental impact on humans [4]. People are typically exposed to a variety of herb-

icides through the use of fresh fruits and vegetables as weed switch plant goods [5]. Herb-

icides are absorbed by the gastrointestinal/respiratory system and also via skin. These 

herbicides can metabolise in human organs, mainly in the liver tissue, due to their strong 

affinity and stability. They have a long persistence in the environment and because of their 

high toxicity and stability, they pollute; therefore, they require special attention these days 

with regards to human toxicity that results in the development of diabetes [6]. 

The liver is a vital organ for the metabolism of energy as well as the detoxification of 

xenobiotics, environmental hormones, and hazardous chemicals. The inhibition of gluco-

neogenesis and enhanced storage of glucose as glycogen are brought on by insulin signal-

ling, particularly in hepatocytes. Additionally, NF-κB, a DNA-binding protein factor, is 

involved in the transcription of many pro-inflammatory and inflammatory molecules, in-

cluding cytokines, chemokines, cell adhesion molecules (CAM), and various enzymes [7]. 

Specifically, in metabolic organs such as liver muscle and adipose tissue, the expression 

of cytokines and inflammatory molecules have a substantial impact on the aetiology of 

diabetes. Examples include compromised insulin signalling in hepatocytes, elevated free 

fatty acids, systemic insulin resistance, and glucose intolerance due to constitutively ac-

tive (CA) IKK expression in the liver brought on by these hazardous substances or the 

metabolic imbalance [8]. Inflammation and insulin resistance are caused by environmen-

tal factors such as toxins or other modulators that can impact metabolic signalling gene 

expression and enhance NFκB signalling via proinflammatory cytokines [9]. 

Glyphosate is one of the phosphonate and systemic herbicide used globally to control 

weed in farming and agriculture [10]. It is marketed in the brand names “Roundup” and 

“Ranger Pro”, and it’s often assorted with supposedly innocuous ingredients like surfac-

tants. This herbicide, which comes in a variety of salt forms impedes the conversion of 

shikimate-3-phosphate to 5-endopyruvylshimikate 3-phosphate by 5-enolpyruvylshiki-

mate-3-phosphate synthase (shikimic acid pathway), thereby hampering the aromatic 

amino acids production such as tyrosine, phenylalanine and tryptophan [11]. This shi-

kimic acid pathway, which is exclusive to plants, bacteria, and fungi, is consequently elim-

inated by glyphosate. Glyphosate, being a chelating agent interferes with nutrients re-

quired for a variety of plant processes, has the potential to alter plant metabolism, which 

also has implications for humans. Ingestion of glyphosate orally through food, drinking 

water and other ecological channels has been associated to endocrine disruption, cancer, 

mutagenicity and reproductive damage [12–14]. 

Previous studies have shown that glyphosate is hazardous to the reproductive sys-

tem particularly, the exploration of glyphosate has numerous adverse consequences on 

the male reproductive system in both humans and experimental animal models [15]. Fur-

thermore, it was found to be a strong human endocrine disruptor that affects serum tes-

tosterone and is subsequently linked to higher glucose and insulin levels, obesity, the dis-

tribution of fat in the upper body, and is strongly linked to insulin resistance and the other 

metabolic syndrome [16]. Additionally, insulin resistance is linked to the castration of 

male rats, and the condition is corrected with subsequent testosterone replacement, 

demonstrating the connection between testosterone insufficiency and diabetes [17]. As in-

stance, Muthusamy et al. [18] established that insulin and its receptor gene expression 

were disrupted in testosterone deficiency-induced experimental animals that resulted in 

impaired glucose oxidation in skeletal muscles, liver, and adipose tissue. In addition to its 

effects on endocrine function, glyphosate exposure in experimental animals results in hy-

perglycemia, reactive oxygen species (ROS), and related metabolic problems [19–22]. De-

spite these findings, it is unclear what mechanisms underlie glyphosate’s particular effects 
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on insulin signalling and glucose homeostasis in hepatocytes. This work aims to investi-

gate into the mechanism of glyphosate-induced toxic effects on insulin signalling in rat 

liver. 

2. Materials and Methods 

2.1. Chemicals 

All chemicals and reagents used in the present study were of molecular and analyti-

cal grade; and they were purchased from Sigma Chemical Company, Krishgen Biosystem, 

DBC Diagnostics Biochem, Invitrogen, New England Biolabs (NEB), Eurofins Genomics 

and Santa Cruz Biotechnology. Glyphosate (Product no. 45521) was purchased from 

Sigma Chemical Company, St. Louis, MI, USA. ELISA kits for insulin, IL-6 and IL-1 were 

bought from Krishgen Biosystem, Mumbai, India. INS GENLISA ELISA kit was bought 

from Krishgen Biosystem, Mumbai, India and testosterone ELISA kit from DBC Diagnos-

tics Biochem, London, ON, Canada. The total RNA isolation kit was supplied by Invitro-

gen, USA. The RT enzyme was provided by New England Biolabs (NEB), Ipswich, MA, 

USA and the Go Taq Green master mix was provided by Promega, Madison, WI, USA. 

The primers for sterol regulatory element-binding transcription factor 1 (SREBP1c), inter-

leukins (IL-6, IL-1β), insulin receptor (IR), Inhibitory kappaB kinase beta (IKKβ), c-Jun N-

terminal kinases (JNK), peroxisome proliferator-activated receptor gamma (PPAR-γ), glu-

cose transporter-2 (GLUT2), tumour necrosis factor (TNF-α), Nuclear factor kappa B 

(NFκB) and β-actin were supplied by Eurofins Genomics India, Pvt. Ltd., Bangalore, In-

dia. TNF-α and IL-6 antibodies were provided by Santa Cruz Biotechnology, Santa Cruz, 

CA, USA. 

2.2. Animals and Induction of Diabetes with Glyphosate 

Eight week old adult male Wistar albino rats (Rattus norvegicus) weighing 180–200 g 

were used in the present study. Rats were maintained under the standard environmental 

conductions as per the guidelines of institutional animal ethics committee (IAEC) with 

temperature (24 ± 2 °C), 50% humidity and continual 12 h dark and 12 h light cycle. They 

were fed with standard pellet and water ad libitum. The study was approved (IAEC No. 

BRULAC/SDCH/SIMATS/IAEC/02-2019/015) by Biomedical Research Unit and Labora-

tory Animal Centre (BRULAC), Saveetha Dental College and Hospitals, SIMATS, Chen-

nai-77 and the study conducted in accordance with the “Guide for the care and use of 

laboratory animals”. 

Glyphosate dose selection in the present study was based on the previous reports 

[23,24]. Glyphosate at the dose of 50, 100 and 250 mg/kg b.wt was dissolved in water and 

treated orally. The experiment lasted for 16 weeks during which the fasting blood glucose 

levels of the experimental group were greater than 200 mg/dL were served as diabetic 

rats. 

2.3. Experimental Time Line 

Rats were randomly divided into four groups of six rats each. 

Group 1. Normal control rats treated with vehicle (water only) 

Group 2. Normal rats received oral administration of glyphosate dissolved in water (50 

mg/kg b. wt./day) for 16 weeks. 

Group 3. Normal rats received oral administration of glyphosate dissolved in water (100 

mg/kg b. wt./day) for 16 weeks. 

Group 4. Normal rats received oral administration of glyphosate dissolved in water (250 

mg/kg b. wt./day) for 16 weeks. 

On the last day of experiment the animals in various groups were sacrificed by cer-

vical decapitation under sodium thiopentone (40 mg/kg b. wt.) anesthesia. The blood was 

drawn via venipuncture and the sera was separated by centrifugation and then stored at 

−80 °C. 20 mL of isotonic NaCl solution was injected into the left ventricle to remove blood 
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from various parts of the body [25]. The liver was promptly dissected to be used in the 

experiment immediately. 

2.4. Determination of Fasting Sugar, Serum Insulin and Testosterone 

The animals were starved overnight the day before sacrifice after receiving glypho-

sate treatment for 16 weeks. The blood was drawn the next day from the rat tail tip to 

estimate the fasting blood glucose (FBG) levels using On-Call Plus blood glucose test 

strips. The data were displayed in milligrammes per decilitre on the metre display win-

dow. 

ELISA technique was used to measure the levels of insulin and testosterone in rat 

serum. As per instruction provided in the manual, the detection range and coefficient of 

variation were set. The testosterone concentration was measured in ng/mL and the serum 

insulin concentration was measured in pg/mL. 

2.5. Determination of Oral Glucose Tolerance (OGT) 

For OGT, the control and glyphosate-exposed rats remained fasted overnight. After 

an oral glucose load (10 mL/kg; 50% w/v), we monitored fasting blood glucose level using 

glucose test strips at 60-min, 120-min and 180-min time intervals. The glucose level was 

measured as the 0-min value prior to administration of glucose. The values were meas-

ured in mg/dL. 

2.6. Determination of Insulin Tolerance (IT) 

Insulin (0.75 U/kg b.wt. i.p.) was given to each group two days before the animals 

were slaughtered. At 0 h, the level of blood glucose were tested at different time intervals. 

The results were given in mg/dL of blood. 

2.7. HOMA-IR and QUICKI 

The insulin sensitivity index was investigated using the HOMA-IR and QUICKI cal-

culation methods developed by Matthews et al. [26] and Katz et al. [27]. The equations 

fasting blood glucose+fasting serum insulin/405 and 1/log fasting serum insulin+log fast-

ing blood glucose, respectively, were used to calculate HOMA-IR and QUICKI. 

2.8. Measurement of Oxidative Stress Marker 

Using the methodologies of Fraga et al. [28] and Jiang et al. [29], thiobarbituric acid  

reactive substances (TBARS) and lipid peroxidation (LPO) in the tissue were evalu-

ated calorimetrically. The results were represented in mM/mg tissue. 

2.9. Measurement of Antioxidant Enzymes 

Superoxide dismutase (SOD) was quantified using the procedure mentioned in 

Kakkar et al. [30] and the findings were expressed as units/mg protein. Sinha’s method 

[31] was used to quantify the catalase activity (CAT), and expressed as units/mg protein. 

2.10. Determination of Specific Enzymes Involved in Carbohydrate Metabolism 

Hexokinase (HK) activity was measured using the method of Brandstrup et al. [32]. 

The enzyme’s activity was calculated in mol glucose phosphorylated/h/mg protein. The 

enzymatic activity of pyruvate kinase (PK) in tissues was measured using Valentine and 

Tanaka’s [33] technique. The results were expressed as μmol pyruvate formed/min/mg 

protein. 

The activity of hepatic glucose-6-phosphatase (G6P) was examined using the Koida 

and Oda’s technique [34]. The G6P activity was measured in moles of inorganic phospho-

rus liberated/min/mg protein. Gancedo and Gancedo’s [35] method was used to measure 

the activity of hepatic fructose-1,6-bisphosphatase (F1,6BP). The activity of the enzyme 

was measured in moles of inorganic phosphorus liberated/hh/mg protein. 
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2.11. Total RNA, cDNA Synthesis and Real-Time PCR 

The total RNA was isolated from the liver of the rats according to the procedure de-

scribed in Fourney et al. [36]. About 2 μg of RNA was taken and reverse transcribed into 

cDNA using the RT kit (Seraing, Belgium). The primers utilized in this study are listed in 

Table 1. The SYBR green mastermix (Takara, Japan) and housekeeping gene (β-actin) were 

used in a Real-Time PCR system (Bio-Rad C1000 Touch, thermal cycler, Bio-Rad Labora-

tories Ltd. (Bio-Rad House, Herts, UK) to amplify the interest genes under the following 

reaction conditions: initial denaturation at 95 °C for 5 min, followed by 40 cycles of dena-

turation: 95 °C for 30 s, annealing: 60 °C for 1 min and extension: 72 °C for 30 s each. The 

analyses of melt and amplification curves were carried out to calculate the relative quan-

tification. 

Table 1. Primer details. 

S. No. Gene Details Primer Details Reference 

1. GLUT2 
Forward: 5′-CTC GGG CCT TAC GTG TTC TTC CTT-3′ 

Reverse: 5′-TGG TTC CCT TCT GGT CTG TTC CTG-3′ 
[37] 

2. IR 
Forward: 5′-GCC ATC CCG AAA GCG AAG ATC-3′ 

Reverse: 5′-TCT GGG GAG TCC TGA TTG CAT-3′ 
[37] 

3. SREBP1c 
Forward: 5′-GGA GCC ATG GAT TGC ACA TT-3′ 

Reverse: 5′-GCT TCC AGA GAG GAG CCC AG-3′ 
[38] 

4. PPAR-γ 
Forward:5′-CCT GAA GCT CCA AGA ATA CC-3′ 

Reverse:5′-GAT GCT TTA TCC CCA CAG AC-3′ 
[39] 

5. NFκB 
Forward: 5′-CAT GAA GAG AAG ACA CTG ACC ATG GAA A-3′ 

Reverse: 5′-TGG ATA GAG GCT AAG TGT AGA CAC G-3′ 
[40] 

6. JNK 
Forward:  5′-TCA GAA TCC GAA CGA GAC AAA AT-3′ 

Reverse:  5′-AAG CCA GAG TCC TTC ACA GAC AA-3′ 
[41] 

7. IL-6 
Forward: 5′-GTG AGA AGT ATG AGA AGT GTG A-3′ 

Reverse: 5′-GCA GGA TGA GAA TGA TCT TTG-3′ 
[42] 

8. IKKβ 
Forward: 5′-TGG CAT GGA AAC GGA TAA CTG A-3′ 

Reverse: 5′-CTG GAA CTC TGT GCC TGT GGA A-3′ 
[43] 

9. TNF-α 
Forward: 5′-GTC GTA GCA AAC CAC CAA GC-3′ 

Reverse: 5′-TGT GGG TGA GGA GCA CAT AG-3′ 
[44] 

10. IL-1β 
Forward: 5′- GCA ATG GTC GGG ACA TAG TT-3′ 

Reverse: 5′-AGA CCT GAC TTG GCA GAG A-3′ 
[44] 

11. β-actin 
Forward: 5′-AAG TCC CTC ACC CTC CCA AAA G-3′ 

Reverse:5′-AAG CAA TGC TGT CAC CTT CCC-3′ 
[35] 

2.12. Protein Analysis of Pro-Inflammatory Cytokines and Transcription factors 

Commercial rat ELISA kits purchased from Krishgen Biosystem, Mumbai 400018, In-

dia (for serum IL-6 and IL-1β), Ray Biotech, Illinois, GA, USA (for TNF-α) and My Bio-

Source, Inc., San Diego, CA, USA (transcription factors such as PPAR-γ and SREBP1c) 

were used to measure the protein concentration in experimental rats as directed by the 

manufacturer’s manual. SREBP-1c, IL-1β, IL-6 and TNF-α levels were measured in pg/mL 

whereas PPAR-γ levels were measured in ng/mL. 

2.13. Histopathological Staining 

By embedding the liver tissue in 10% neutral buffered formalin, followed by section-

ing and staining it with hematoxylin and eosin dye, the morphology of the liver was stud-

ied [45,46]. Then, using a LKB ultra-microtome, semi-thin sections (0.5–1 μ) were cut, 

stained with toluidine blue and shot using an Olympus light microscope and a Nikon 

digital camera at a magnification of X200. 

2.14. Immunohistochemical Staining 
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Immunohistochemistry was performed on paraffin embedded liver slices of control 

and glyphosate-treated rat tissues using a microwave-based antigen retrieval technique. 

The segments were incubated overnight at 4 °C in a dark, humid chamber with primary 

polyclonal anti-TNF-α and anti-IL-6 (1:100 dilution) antibodies, followed by 45 min incu-

bation with secondary antibodies under the same conditions. After that, the slides were 

washed in 1 M PBS to eliminate any remaining secondary antibodies and incubated with 

horse-radish peroxidase (HRP) for 45 min in a humidified environment before being 

rinsed for 5 min in 1 M PBS. Then, the slides were incubated for 6 min at 37 °C with the 

3,3′-diaminobenzidine (DAB) substrate chromogen 3.3, followed by a 5-min wash in wa-

ter. The specimens were dried, cleaned and mounted after being counterstained with he-

matoxylin for 40 s. To ensure the quality of the staining, positive and negative controls 

were used for each immunohistochemical staining procedure. To establish the overall dis-

tribution of the main protein, the cells were initially examined at a modest magnification 

100×). 

2.15. Statistical Analysis 

Using computer-based software, the significance difference between the control 

group and treatment sets was assessed by one-way analysis of variance (ANOVA) and 

Duncan’s multiple range tests using computational software Graph Pad Prism version 5. 

The significance of Duncan’s test was determined at the level of p < 0.05. 

3. Results 

3.1. Impact of Glyphosate on FBG, Insulin and Testosterone 

Fasting blood glucose (Figure 1a) and serum insulin (Figure 1b) were significantly 

raised in the glyphosate exposed groups compared to control. Conversely, serum testos-

terone concentration (Figure 1c) was found to be reduced in a dose dependent manner. 

These results clearly indicate that glyphosate has the toxic effect at 50–250 mg/kg b.wt. 

dose to induce hyperglycemia and insulin resistance in 16 weeks duration. 

   

(a) (b) 
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(c) 

Figure 1. (a–c): The effect of glyphosate on FBG (a), serum insulin (b) and the serum testosterone (c) 

in control and glyphosate treated rats. Data were expressed as mean ± SEM where n = 6 rats for each 

group. Values significant at p < 0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.), 

and c—glyphosate (100 mg/kg b.wt.). 

3.2. Impact of Glyphosate on OGT 

Table 2 depicts the OGT levels in experimental and control rats with time. Blood glu-

cose levels increased after taking glucose orally; this rise is dose-dependent and peaks at 

one hour. At 180 min, the glucose level in control rats had returned to normal (76 mg/dL), 

whereas it was significantly higher in the glyphosate-induced groups, demonstrating that 

the glyphosate had caused glucose intolerance. 

Table 2. OGT in glyphosate exposed diabetic animals. 

Groups 0 h 60 min 120 min 180 min 

Control 69 ± 1.2 72 ±1.4 75 ±3.2 76 ± 4.2 

Glyphosate (50 mg) 110 ± 1.5 a 115 ± 2.2 a 120 ± 3.5 a 121 ± 3.4 a 

Glyphosate (100 mg) 132 ± 2.5 ab 138 ± 5.9 ab 149 ± 6.2 ab 150 ± 6.2 ab 

Glyphosate (250 mg) 138 ± 0.5 ab 140 ± 6.7 ab 152 ± 7.8 ab 159 ± 7.7 ab 

The effect of glyphosate on OGT in control and glyphosate treated rats. Data were expressed as 

mean ± SEM where n = 6 rats for each group. Values significant at p < 0.05 were analyzed with a—

control, b—glyphosate (50 mg/kg b.wt.). 

3.3. Impact of Glyphosate on IT 

Table 3 shows the ITT levels of normal and diabetic (Glyphosate treated) rats after 

oral administration of insulin (0.75 U/kg b.wt. i.p.). In diabetic control rats, the highest 

increase in serum insulin level was seen after 30 min and it was persisted high for over an 

hour has caused changes in insulin function. 

Table 3. Level insulin tolerance in glyphosate exposed animals. 

Group 0 h 15 min 30 min 45 min 60 min 

Control 68 ± 2.9 70 ±4.2 62 ±1.2 69 ±3.2 70 ±2.9 

Glyphosate (50 mg) 109 ± 7.29 a 110 ± 6.29 a 109 ±4.2 a 110 ±4.9 a 101 ±5.2 a 
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Glyphosate (100 mg) 129 ± 1.9 a 117 ± 1.5 a 116 ±5.2 ab 110 ±6.7 a 112 ± 6.5 a 

Glyphosate (250 mg) 127 ± 6.2 b 122 ±5.9 ab 129 ±6.2 ab 127 ±7.9 ab 112 ±6.4 a 

The effect of glyphosate on insulin tolerance in control and glyphosate treated rats. Data were 

expressed as mean ± SEM where n = 6 rats for each group. Values significant at p < 0.05 were ana-

lyzed with a—control, b—glyphosate (50 mg/kg b.wt.). 

3.4. Impact of Glyphosate on HOMA-IR and QUICKI 

Table 4 illustrates the HOMA-IR and QUICKI calculations for rats exposed to glypho-

sate and rats in the control group. HOMA-IR was significantly increased in glyphosate-

induced diabetic rats compared to control rats, whereas QUICKI values decreased. These 

significant differences in the insulin-sensitivity check index between normal and diabetic 

rats show that glyphosate impacts insulin signaling, which in turn affects glucose metab-

olism and leads to glucose and insulin intolerances. 

Table 4. Levels of HOMA-IR and QUICKI in glyphosate explore diabetic rats. 

Groups HOMA-IR QUICKI 

Control 2.76 ± 0.11 0.92 ± 0.05 

Glyphosate (50 mg) 9 ± 0.52 a 0.8 ± 0.03 a 

Glyphosate (100 mg) 10± 0.42 a 0.62 ± 0.02 ab 

Glyphosate (250 mg) 12± 0.25 ab 0.6 ± 0.03 ab 

The effect of glyphosate on HOMA-IR and QUICKI in control and glyphosate treated rats. Data 

were expressed as mean ± SEM where n = 6 rats for each group. Values significant at p < 0.05 were 

analyzed with a—control, b—glyphosate (50 mg/kg b.wt.). 

3.5. Impact of Glyphosate on Oxidative Stress Markers 

The changes in the levels of hepatic thiobarbituric acid (TBARS) and lipid peroxida-

tion (LPO) in control and experimental rats are shown in Figure 2a,b. The levels of thio-

barbituric acid reactive substances, and lipid peroxidation were significantly increased (p 

< 0.05) in glyphosate-treated rats when compared with normal control rats. 

  

(a) (b) 

Figure 2. (a,b): The effect of glyphosate on oxidative stress markers (TBARS and LPO) in control 

and glyphosate treated rats. Data were expressed as mean ± SEM where n = 6 rats for each group. 

Values significant at p < 0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.). 
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3.6. Impact of Glyphosate on SOD and CAT Enzymes Activity 

Figure 3a,b illustrates the activities of enzymatic antioxidants namely superoxide dis-

mutase (SOD) and catalase (CAT) in the liver of control and experimental rats. A signifi-

cant (p < 0.05) depletion in the activities of enzymatic antioxidants in glyphosate treated 

rats was observed. Treatment of glyphosate decreased the levels of these enzymatic anti-

oxidants in the liver indicate its toxicity. 

  

(a) (b) 

Figure 3. (a,b): The effect of glyphosate on antioxidant enzymes (SOD and CAT) in control and 

glyphosate treated rats. Data were expressed as mean ± SEM where n = 6 rats for each group. Values 

significant at p < 0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.), and c—

glyphosate (100 mg/kg b.wt.). 

3.7. Impact of Glyphosate on Glycolytic and Gluconeogenic Enzymes 

Figure 4a–d depicts the activities of carbohydrate metabolizing enzymes in liver of 

normal and glyphosate-treated diabetic rats. The activities of glycolysis enzyme hexoki-

nase and pyruvate kinase was found to be decreased whereas the activities of gluconeo-

genic enzymes like glucose-6-phosphatase and fructose-1,6-bisphosphatase were signifi-

cantly increased in diabetic rats compared to normal rats. 
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(a) (b) 

  

(c) (d) 

Figure 4. (a–d): The effect of glyphosate on the activity of glycolytic (hexokinase and pyruvate ki-

nase) and gluconeogenic (glucose-6-phosphatase and fructose-1,6-bisphosphatase) enzymes in con-

trol and glyphosate treated rats. Data were expressed as mean ± SEM where n = 6 rats for each group. 

Values significant at p < 0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.), and 

c—glyphosate (100 mg/kg b.wt.). 

3.8. Impact of Glyphosate on the mRNA Expression of Insulin Signalling Molecules 

The glyphosate effect on IR and GLUT2 mRNA levels in the liver is depicted in Figure 

5a,b. Insulin-stimulated signal transduction mechanisms for hepatic glucose generation, 

including insulin receptors and downstream mediators, have been reduced in hepatic in-

sulin resistance. We found a significant decrease in IR and GLUT2 mRNA expression in 

glyphosate-induced rats in this study. 
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(a) (b) 

Figure 5. (a,b): The effect of glyphosate on mRNA levels of IR and GLUT2 in control and glyphosate 

treated rats. IR and GLUT 2 mRNA expression were analyzed by Real Time-PCR using gene specific 

primers and results were expression in fold-change over control. Data were expressed as mean ± 

SEM where n = 6 rats for each group. Values significant at p < 0.05 were analyzed with a—control, 

b—glyphosate (50 mg/kg b.wt.). 

3.9. Impact of Glyphosate on the mRNA Expression of Transcriptional Factors like PPAR-γ  

and SREBP1c 

Major transcriptional factors of hepatic insulin signalling like SREBP1c and PPAR-γ 

which commonly seen in the regulation of insulin signalling, were investigated using 

qRT-PCR (Figure 6a,b) in the present study. SREBP1c mRNA expression was significantly 

higher in glyphosate-treated diabetic rats (Figure 6a) when compare to control, although 

PPAR-γ mRNA expression was significantly reduced in experimental rats as compared to 

normal rats liver (Figure 6b). 

 
 

(a) (b) 
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Figure 6. (a,b): Impact of glyphosate on mRNA levels of transcriptional factors like SREBP1c and 

PPAR-γ in control and glyphosate treated rats. SREBP1c and PPAR-γ mRNA expression were ana-

lyzed by Real Time-PCR using gene specific primers and results were expression in fold-change 

over control. Data were expressed as mean ± SEM where n = 6 rats for each group. Values significant 

at p < 0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.). 

3.10. Impact of Glyphosate on the mRNA Expression of JNK Pathway Related Molecules 

The JNK pathway is known to be active in diabetes and may have a role in the evo-

lution of diabetes. JNK, NFκB and IKKβ mRNA levels were evaluated in the liver of 

glyphosate-treated rats. In glyphosate exposed rats, the expression of JNK, NFκB and 

IKKβ signalling molecules was shown to be significantly higher (Figure 7a–c) indicating 

the glyphosate’s ability to induce inflammation. 

  
(a) (b) 

 
(c) 

Figure 7. (a–c): Impact of glyphosate on the mRNA expression levels of JNK, NFκB and IKKβ in 

control and glyphosate treated rats. JNK, NFκB and IKKβ mRNA expression were analyzed by Real 

Time-PCR using gene specific primers and results were expression in fold-change over control. Data 

were expressed as mean ± SEM where n = 6 rats for each group. Values significant at p < 0.05 were 

analyzed with a—control, b—glyphosate (50 mg/kg b.wt.). 
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3.11. Impact of Glyphosate on the mRNA Expression of Pro-Inflammatory Cytokines 

Inflammatory reactions are triggered by the production of pro-inflammatory cyto-

kines such as TNF-α IL-1β, and IL-6 which are linked in the development of a number of 

metabolic diseases. Hence, we examine the mRNA expression levels of TNF-α, IL-1β, and 

IL-6 in glyphosate-treated group (Figure 8a–c). In this study, the hepatic mRNA expres-

sion levels of TNF-α and IL-6 were increased significantly (p < 0.05) in glyphosate-induced 

rats when compared to normal rats (Figure 8a,c); whereas, the IL-1β mRNA levels were 

unaltered in all the groups (Figure 8b). 

  
(a) (b) 

 
(c) 

Figure 8. (a–c): The effect of glyphosate on mRNA levels of pro-inflammatory cytokines (TNF-α, IL-

1β, and IL-6) in control and glyphosate treated rats. TNF-α, IL-1β, and IL-6 mRNA expression were 

analyzed by Real Time-PCR using gene specific primers and results were expression in fold-change 

over control. Data were expressed as mean ± SEM where n = 6 rats for each group. Values significant 

at p < 0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.). 

3.12. Impact of Glyphosate on the Protein Analysis of Pro-Inflammatory Cytokines and 

Transcription Factors 

The development of diabetes is linked to chronic inflammation and regulation of 

many transcriptional factors. We used the ELISA technique to quantify the protein of 
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proinflammatory cytokines like IL-6, IL-1β and TNF-α and the transcriptional factors 

SREBP1c and PPAR-γ (Figure 9a–c). When compared to the control rats, the glyphosate-

treated group had considerably higher protein concentration of proinflammatory and 

transcriptional factors in glyphosate treated groups whereas the PPAR-γ level was signif-

icantly (p < 0.05) decreased showing that glyphosate caused low-grade liver inflammation 

(Figure 9d,e). 

  
(a) (b) 

  

(c) (d) 
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(e) 

Figure 9. (a–e): The effect of glyphosate on protein levels of pro-inflammatory cytokines (IL-6, IL-

1β, and TNF-α) and transcriptional factors (SREBP1c and PPAR-γ) in control and glyphosate treated 

rats. Data were expressed as mean ± SEM where n = 6 rats for each group. Values significant at p < 

0.05 were analyzed with a—control, b—glyphosate (50 mg/kg b.wt.) and c—glyphosate (100 mg/kg 

b.wt.). 

3.13. Impact of Glyphosate on the Expression of Pro-Inflammatory Proteins in Sections of the 

Liver Using Immunohistochemistry 

Figures 10a–d and 11a–d depict the results of an immunohistochemical study of TNF-

α and IL-6 in the liver tissues of rats exposed to glyphosate and control rats. When com-

pared to control rats, the glyphosate-exposed group showed greater staining for inflam-

matory mediators such TNF-α and IL-6. Microscopic analysis of liver sections revealed 

light staining, indicating a weak expression of TNF-α and IL-6 in the samples from the 

normal group. The glyphosate-induced group of rat livers, on the other hand, showed a 

progressive increase in the mild to moderate expression of TNF-α and IL-6 along with an 

increase in high fluorescence intensity. This clearly indicates that glyphosate can cause 

mild to severe hydropic degeneration and focal necrosis as well as inflammation via TNF-

α and IL-6. 
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Figure 10. (a–d). Immunohistochemical evaluation of the effect of glyphosate on TNF-α protein ex-

pression in the liver sections of experimental rats. This image depicts exemplary IHC photomicro-

graphs (100× magnification) of TNF-α staining intensity (black arrows) in the liver tissues. (a) Nor-

mal control rats showing small and large diameter hepatocytes; (b) glyphosate-exposed rats (50 

mg/kg b.wt.) showed an mild expression of TNF-α with change in intensity that reflexed mild hy-

dropic degeneration; (c) glyphosate-treated rats (100 mg/kg b.wt.) showed an elevated expression 

of TNF-α with increased hydropic degeneration indicated in the black arrow; and (d) glyphosate -

treated rats (250 mg/kg b.wt.) showed an elevated expression of TNF-α with moderate expression 

and sever hydropic degeneration when compared to control rats. 
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Figure 11. (a–d): Immunohistochemical evaluation of the effect of glyphosate on IL-6 protein ex-

pression in the liver sections of experimental rats. This image depicts typical IHC photomicrographs 

(100× magnification) of IL-6 staining intensity (black arrows) in the liver tissues of experimental 

group. (a) Normal control rats showing small and large diameter hepatocytes; (b) glyphosate-

treated rats (50 mg/kg b.wt.) showed IL-6 expression with mild hydropic degeneration of hepato-

cytes; (c) glyphosate-treated rats (100 mg/kg b.wt.) showed elevated expression of IL-6 with moder-

ate hydropic degeneration and focal necrosis; and (d) glyphosate-treated rats (250 mg/kg b.wt.) 

showed increased expression of IL-6 with high level of hydropic degeneration and focal necrosis 

when compared to control rats. 

3.14. Histopathological Observation 

The histological segments of the liver were examined with H&E staining is shown in 

Figure 12a–d. When compared to control rats, glyphosate-induced animals had an en-

larged liver with more inflammation and fibrosis. Glyphosate exposed rats showed the 

change on hepatocyte morphology in the dose depended manner, as the 50 mg/kg b.wt. 

glyphosate explore showed the mild white patches around the nuclei (Figure 12b) com-

pare to control with normal hepatocyte nuclei located inside the cells (Figure 12a). 

Glyphosate explore rats with 100 mg/kg b.wt. showed the microvesicular steatosis char-

acterized by the presence of numerous small vesicles of fat that do not displace the nucleus 

(Figure 12c). There was the high number of large fat globule that displaces the nucleus as 

macrovesicular steatosis appears in Figure 12d. 

 

Figure 12. (a–d): The impact of glyphosate exposure on liver histopathology of experimental ani-

mals using hematoxylin and eosin (H&E) stain. (a) In normal rats, the hepatocyte nuclei are round 

and located inside the cells; (b) glyphosate-exposed rats (50 mg/kg b.wt.) showed a slight change in 

hepatocyte morphology when compared to control rats as the white patches around the nuclei de-

pict lipid vesicles present inside the hepatocytes; (c) glyphosate-treated rats (100 mg/kg b.wt.) 

showed a significant fibrosis architecture of the liver with moderate lipid vesicles when compared 

to control rats; and (d) When compared to control rats, glyphosate (250 mg/kg b.wt.) rats showed 

elevated levels of liver fibrosis and inflammatory cells with large scale of white patches, demon-

strating glyphosate toxicity in the liver. 
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4. Discussion 

The most widely used herbicide in the world, glyphosate, has been linked to numer-

ous environmental problems. Environmental exposure to glyphosate-based herbicides 

has recently been associated to hormone disturbance, kidney damage, liver toxicity, and 

other tissue damage at concentrations below regulatory boundaries. Additionally, these 

environmental pollutants activate NF-κB signalling, which plays a central role in the de-

velopment of many metabolic diseases [46–48]. Therefore, the aim of the current study 

was to ascertain how glyphosate influence insulin signalling and glucose metabolism 

through NF-κB signalling in the liver of adult male albino rats. 

Any substance that creates a toxic environment causes ectopic lipid build-up in the 

skeletal muscle and liver, obstructing insulin action. Following adipocyte failure, macro-

phage infiltration and increased lipolysis significantly affects hepatic lipid and glucose 

metabolism in a variety of ways. While this increases β cell function and hyperinsulinemia 

compensates for these dysregulated routes at first, glucolipotoxicity and genetic factors 

eventually contribute to β cell dysfunction and type 2 diabetes mellitus (T2DM) develop-

ment [49]. Similarly, when comparing glyphosate-exposed rats to control rats, we discov-

ered a significant increase in blood glucose and insulin levels. Furthermore, as an endo-

crine disruptor, glyphosate exposure affects testosterone production in rats, which was 

also seen in the current study. In previous studies, adult male rats treated with glyphosate 

had lower levels of blood testosterone and total sperm content, as well as more defective 

sperm [50,51]. This study demonstrated that exposure to glyphosate, affected testosterone 

levels through raising blood sugar and insulin levels which may be related to the genera-

tion of reactive oxygen species (ROS), which in turn affect these blood parameters. 

In the current study, glyphosate-treated rats revealed an upsurge in blood glucose 

and serum insulin levels and these effects could be related to insulin resistance caused by 

the activation of hypothalamic-pituitary-adrenal (HPA) axis along with oxidative stress 

allied with hepatic insulin resistance [52,53]. Subsequently, rats exposed to glyphosate 

showed significant changes in the critical parameters such as OGT, ITT, HOMA-IR and 

QUICKI indexes in the current study, showing that glyphosate affects liver metabolism 

by creating ROS. In living systems, ROS-induced oxidative stress has both beneficial and 

harmful effects, including involvement in diabetogenesis and the development of diabetes 

associated complications [25,54]. 

ROS are produced by organophosphate herbicides like glyphosate, which leads to 

oxidative stress in the liver and other tissues, contributing to the toxic consequences of 

these xenobiotics. Oxidative stress-induced ROS can cause lipid peroxidation in the liver 

and brain, as well as damages DNA which in turn brings about tissue damage. Similarly, 

recent data on glyphosate-induced oxidative stress in several species are available. We 

investigated oxidative stress indicators as a marker for glyphosate toxicity in the liver [55–

57]. In the present study, high amounts of LPO and TBARS were seen in glyphosate-

treated animals, which might be due to hyperglycaemia. This in turn could have further 

accelerated the production of ROS and dysregulate glucose and fat metabolism. These 

oxidation processes can create free radicals, which can cause cell damage in a chain reac-

tion. Antioxidants inhibit chain reactions by eliminating the free radical intermediates and 

by being oxidized themselves, they inhibit additional oxidation processes. Hence, we an-

alyzed the levels of antioxidants in the glyphosate-treated rats in the present study. 

SOD is an essential antioxidant enzyme that serves as the protective agent against 

ROS by scavenging superoxide radicals. It helps to prevent the development of oxygen-

free radicals in tissues. The reduction in SOD activity in glyphosate-treated rat liver might 

have resulted in oxidative DNA or mitochondrial damage in cells. CAT is a heme protein 

that catalyzes the reduction of H2O2 to oxygen and water thereby protects the cell from 

ROS-induced toxicity caused by H2O2. It also includes Fe in its active core which shields 

the cell from oxidative damage [58,59]. Fe deficiency may be the cause of reduced CAT 

enzyme activity in the liver tissue of glyphosate-exposed rats [60]. Furthermore, through 
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affecting insulin production and blood glucose balance in rats, glyphosate can elevate ROS 

production and metabolic imbalance. 

Glyphosate can generate oxidative stress, which causes hyperglycaemia by stimulat-

ing the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA) axis. 

As a result, glucagon, catecholamines and growth hormone are released, which boosts 

gluconeogenesis, glycogenolysis and insulin resistance. In this study also the mechanism 

by which glyphosate might have altered the glucose metabolic pathways in rats [53,61]. 

Hence, the activities of critical glycolytic and gluconeogenic enzymes were assessed in the 

present study. In glyphosate-exposed rats, glucose metabolic enzymes such as HK, PK, 

G6P and F1,6BP were significantly altered. The decline in the activities of HK and PK in 

glyphosate-treated rat liver might be attributed to reduced glycolysis and glucose uptake 

for oxidation [62,63]. Due to insulin and glucose intolerance, which raises lipogenesis and 

blood glucose levels, the glyphosate-treated groups showed significant increase in G6P 

and F1,6BP activity [64]. Under physiological conditions, insulin typically limits glucone-

ogenesis; hence, the rise in these gluconeogenic enzymes may be triggered by an issue 

with insulin action. 

The initiation of the hepatic insulin signalling mechanism is mediated by autophos-

phorylation, stimulation, and activation of scaffold signalling molecules such IRS1 and 

IRS2 [65]. The role of both isoforms in stable glucose regulation is the same. The glypho-

sate-treated group in the present study had significantly lower levels of IR mRNA, is sug-

gestive of a shift in insulin transduction. Hyperinsulinemia could have contributed to the 

reduced IR mRNA expression levels in the glyphosate-treated groups. As the transit of 

insulin from the endoplasmic reticulum (ER) to the plasma membrane requires glycines 

retained in the insulin receptor, a lack of insulin receptors induces hyperglycaemia and 

diabetes. Another factor is that cytochrome c oxidase (COX) is the enzyme responsible for 

the last step of ATP production in mitochondria. Substitutions for conserved glycines se-

verely impede COX’s oxidative phosphorylation. This could explain that the fact that 

glyphosate is toxic to mitochondria [66,67]. As shown in this study, glyphosate activates 

cellular stress response pathways and creates ROS, which may lead to enhanced oxidation 

of membrane molecules. This shift in the antioxidant and oxidative stress balance dam-

ages biomolecules including DNA, proteins and lipids, leading to non-alcoholic fatty liver 

disease (NAFLD), which is a major contributor to hepatic insulin resistance [68,69]. 

An organophosphate like glyphosate, which has a phosphate group, binds with an-

ticholinesterase (AChE) through a covalent bond between the glyphosate phosphate and 

the oxygen of serine at the active site of AChE. This causes an irreversible phosphorylation 

of inactive AChE and increases acetylcholine (Ach) activity. Extreme addition of Ach at 

cholinergic sites causes nicotinic effects, such as metabolic shifts, resulting in significantly 

increased oxygen and glucose requirements, as well as ATP requirements, throughout the 

muscles. As a result of the increased energy demand, NADH, which is a glycolysis path-

way product, is oxidized with ambient oxygen, increasing free radical formation (ROS) 

and increased production of GLUT2. These ROS cause the glucose transporter to be al-

tered in the lysosome by inducing the insulin stimulation at PI3-kinase to phosphorylate 

Rac GTPase. As a result, intravascular glucose and GLUT2 levels stay high, resulting in a 

defective GLUT2 and insulin action [70]. GLUT2 regulates the majority of glucose uptake 

in hepatocytes, which is influenced by the amount of circulating glucose in the blood-

stream. In the current study, the GLUT2 mRNA expression was significantly amplified in 

the liver of glyphosate-treated group. These findings show that glyphosate disrupts glu-

cose homeostasis through the production of ROS which leads to insulin resistance. 

The primary function of hepatic insulin is to influence lipid metabolism. SREBP-1c, a 

transcription factor controlled by insulin, is essential for de novo lipogenesis, the process 

by which sugar is converted into fat. As a result, glyphosate-exposed rats exhibited ele-

vated liver SREBP1c mRNA levels. The present work has provided a strong evidence that 

glyphosate alters lipid metabolism in response to oxidative stress that results in the detri-

mental changes on lipid markers in glyphosate treated rats [71]. 
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Glucose homeostasis is also influenced by ligand-activated transcription factors from 

the peroxisome proliferator-activated receptors superfamily of nuclear hormone receptors 

(PPARs). In type 2 diabetes patients, PPAR-γ activation lead to a significant improvement 

in insulin and glucose indices, owing to an increase in whole body insulin sensitivity [72]. 

It plays an imperative function in the regulation of lipid metabolism in adult adipocytes 

by enhancing fatty acid entrapment. PPAR-γ activation has been linked to positive impact 

on the expression and release of a wide spectrum of cytokines and disruptions in their 

production may lead to metabolic disorders. The mechanisms of PPAR-mediated insulin 

sensitivity are complicated and particular effects on skeletal muscle, fat and liver are con-

sidered to be involved [73]. In the present study, mRNA expression of PPAR-γ in glypho-

sate exposed rats was found to be reduced which could be due to glyphosate induced 

increase in the LPO and H2O2 in the liver that leads to decreased expression of PPAR-γ 

compared to control rats. In accordance with present study, it has been reported that 

glyphosate impede the activation of PPAR-γ via enhanced lipid peroxidation, decrease 

preadipocyte proliferation and differentiation and thereby resulting in oxidative stress, 

which is suggestive of its potential to disrupt cellular physiology [74]. 

SREBP1c and PPAR-γ are known to control lipid metabolism altered in hepatotoxi-

city and might lead to NAFLD in response to glyphosate exposure. As they affect the 

stress pathway, these components may be involved in a crosstalk network with JNK and 

participates in metabolic a pathway that links inflammation to metabolic disorders like 

insulin resistance through PPAR-γ and NF-κB. JNK activation via IKKβ and NF-κB in 

response to pro-inflammatory indicators may also lead to disease progression in insulin 

resistance and atherosclerosis. In the present study, it was clearly observed that glypho-

sate exposure led to a significant increase in the mRNA levels of JNK, IKKβ and NFκB, as 

well as pro-inflammatory markers (TNF-α, IL-6 and IL-1β) when compared to that of con-

trol rats. These data indicates a shift in insulin signalling that might have led to inflam-

mation and systemic insulin resistance [75,76]. Exposure of rats to Roundup (a herbicide 

containing glyphosate) caused chronic inflammation in their liver and adipose tissue as 

reported by Pandey et al. [77]. When adult male rats were treated with varied dosages (0, 

5, 10, 25, 50, 100 and 250 mg/kg bodyweight [bw]) of Roundup, it resulted in increased 

levels of C-reactive protein, cytokines IL-1, TNF-, IL-6 and inflammatory response marker, 

as well as prostaglandin-endoperoxide synthase in the liver and adipose tissue. Along 

with our study, it has been shown that short-term Roundup exposure promotes liver scar-

ring, multi-organ inflammation and liver dysfunction in adult male rats. Taken together, 

our present findings strongly bring experimental evidence that glyphosate exposure 

causes liver inflammation-induced insulin resistance in rats (Figure 13). Future research 

need to concentrate on understanding the genetic pathways as well as the therapeutic as-

pects of glyphosate-regulated insulin signalling aiding T2DM research. 
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Figure 13. The diagram shows the effect of glyphosate on hepatic insulin signalling and inflamma-

tion in male albino rats. Glyphosate exposure results in hyperglycaemia, hyperinsulinemia and ox-

idative stress in rats that alter the insulin signalling in the liver. Hepatic glucose metabolism was 

also disturbed as a result, and pro-inflammatory cytokines were increased, leading to NAFLD and 

insulin resistance. 

5. Conclusions 

Glyphosate aggravated ROS, altered antioxidant activity, disrupted the glucose ho-

meostasis, altered insulin action in liver via NFκB signaling in liver. As the primary organ 

for metabolism and detoxification, the liver is affected by oxidative stress caused by 

glyphosate, which could change crucial regulatory pathways including insulin signalling 

and JNK, resulting in insulin resistance and inflammation. Further research is needed to 

understand how glyphosate affects inflammation-related glucose homeostasis, which is 

important for T2DM/insulin signalling. 
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