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Effects of 28-Day Sub-Lethal Glyphosate Exposure on
Liver and Kidney Histopathology and Oxidative Stress
in Mice: An Experimental Study in Malaysia
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ABSTRACT

Background: Glyphosate is a widely used herbicide, and prolonged exposure to sub-lethal
concentrations may affect tissues involved in detoxification and elimination—the present study
aimed to evaluate glyphosate-associated fibrotic changes in liver and kidney tissues following
repeated exposure.

Methods: Monash University’s Animal Research (ARASC), based at Monash University and
located at Bangunan L15, Universiti Sains Malaysia, 11800 Pulau Pinang, Malaysia, allowed the
researchers to conduct this experimental study on its premises. Male Swiss albino mice were
exposed to a sub-lethal dose of glyphosate (50 mg/kg body weight) by oral gavage for 28
consecutive days, while the control group received saline. At the end of the exposure period, liver
and kidney tissues were collected and examined histologically. Fibrosis was assessed according to
the degree of collagen and extracellular matrix deposition.

Results: Mild fibrotic changes were detected in both liver and kidney tissues of glyphosate-
exposed mice. The mean fibrosis score was 1.2 £ 0.4 in the liver and 1.0 £ 0.3 in the kidney,
whereas the control group showed no detectable fibrosis. The liver exhibited a slightly greater
fibrotic response than the kidney.

Conclusion: Twenty-eight-day sub-lethal glyphosate exposure was associated with mild
fibrosis in both liver and kidney tissues of mice. These findings indicate that repeated glyphosate
exposure may initiate early fibrotic tissue remodeling in these organs. Further studies involving
longer exposure periods and specific molecular markers of fibrosis are needed to determine the
progression and underlying mechanisms of this response.

Keywords: Glyphosate; Fibrosis; Liver; Kidney; Histopathology; Sub-lethal exposure; Mice.
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1. Introduction

Since its introduction in the 1970s, glyphosate, a broad-spectrum herbicide, has become
one of the most widely used chemicals in agriculture worldwide. The widespread use of glyphosate
has raised growing concerns about its potential long-term effects on human health and the
environment, as well as its repercussions for the animal kingdom.! Although glyphosate is
generally considered safe when used according to recommended safety regulations, prolonged or
sub-lethal exposure may induce biological alterations that are not immediately apparent. As
illustrated in Figure 1, sub-lethal glyphosate exposure may promote oxidative stress, characterized
by increased Reactive Oxygen Species (ROS), which can contribute to histopathological injury in
the liver and kidneys.? Since glyphosate has become widely used worldwide, its possible long-
term impact on humans and the environment has become a growing concern. Although glyphosate
is largely considered safe when used according to safety regulations, growing evidence raises

doubts about its potential health hazards, particularly with long-term or sub-lethal exposure.

Sub-lethal doses of glyphosate are especially concerning because of their cumulative
effects; they may not be apparent at first but can cause severe health problems in the long term.
Glyphosate is mostly applied in farming, and environmental pollution has exposed both humans
and wildlife to small doses over prolonged periods. The impact of chronic, low-level exposure to
glyphosate on human health is poorly investigated, unlike acute toxicity, which is well researched.?
Although the acute impacts of glyphosate, including intoxication, are well established, sub-lethal,
long-term impacts (especially at doses frequently found in the environment) remain poorly

investigated.*

! Barnett JA and Gibson DL (2026) Glyphosate: North America's toxic food crops and the enduring legacy of disease.
Front. Environ. Health 5:1863758. doi: 10.3389/fenvh.2026.1863758

2 Khoshniat, M. T., Saroughi, M., Kharazmi, K., Nazari, S. E., & Khazaei, M. (2026). Ameliorative Effects of Ginkgo
biloba on Lead Acetate-Induced Oxidative Stress and Histopathological Damages in Rat Liver, Kidney, and
Testis. Environmental Toxicology. https://doi.org/10.1002/tox.70152.

3 Sarr, A., Thiam, K., Foko, R.F., Lam, A., Ndong, A., Bah, F., Fall, M., Touré, A., Saint-Marcoux, F. and Cabral, M.
(2026) Health Effects of Chronic Low-Dose Exposure to Pesticide Mixtures: A Systematic Review. Journal of
Environmental Protection, 17, 281-320. https://doi.org/10.4236/jep.2026.175014

4 Dorraju, L.R., Somasundaram, A., Abdulbari, N. et al. Impact of pesticides on aquatic ecosystems: toxicity,
pollution, and ecological consequence. Toxicol.  Environ.  Health  Sci. 18, 243-256  (2026).
https://doi.org/10.1007/s13530-026-00299-7
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This knowledge gap is a matter of concern, and even more so as sub-lethal doses could
have minor but important biological eftects that could be realized with time, and this could lead to

long-term chronic diseases and disorders.

Some studies have proposed that glyphosate exposure can be associated with oxidative
stress, a state caused by an imbalance between Reactive Oxygen Species (ROS) and antioxidant
defense mechanisms that results in cellular damage.’ Oxidative stress is also a common pathway
by which environmental toxins such as glyphosate cause tissue damage and lead to organ
dysfunction. ® Glyphosate has been shown to cause oxidative stress in different organisms,
negatively affecting organs involved in detoxification (liver and kidneys). The liver and kidneys
are the organs most affected by oxidative stress because of their key roles in detoxifying
xenobiotics (such as pesticides). Long-term exposure to low levels of glyphosate may disrupt these
organs’ function and induce histopathological alterations, such as inflammation, fibrosis, and

necrosis.’

Despite the growing body of literature on glyphosate’s potential toxicity, gaps remain in
research on its sublethal effects, especially its long-term effects on liver and renal tissues. Although
some evidence suggests that glyphosate exposure can lead to histopathological changes such as
liver necrosis and kidney damage, such research typically focuses on high doses, which do not
reflect real-world exposure conditions.® Moreover, the impacts of sub-lethal doses of glyphosate
on the extent of oxidative stress and resulting tissue damage in critical organs such as the liver and
kidneys are not well understood, and further studies are needed to determine the scope of its

influence.’

5> Akter, S., Madhuvilakku, R., Kar, A.K. ef al. Reactive oxygen species (ROS) in cancer: from mechanism to
therapeutic implications. Sig Transduct Target Ther 11, 111 (2026). https://doi.org/10.1038/s41392-026-02583-x

¢ Karakuta, K. H., Sitarz, R., Forma, A., Przygodzka, D., Teresinski, G., Juchnowicz, D., Buszewicz, G., & Baj, J.
(2026). Protective Strategies Against Glyphosate and Glyphosate-Based Herbicide Toxicity: Mechanisms,
Experimental Evidence, and Translational Limitations. Nutrients, 18(10), 1573. https://doi.org/10.3390/nul18101573
7E. Aktas Senocak, O. Alat, I. Bolat, et al., “ Hepatoprotective Potential of Eugenol Against Pesticide Glyphosate-
Induced Liver Injury via Nrf2/HO-1 Signaling and Modulation of Apoptosis and Inflammation in Rats,” Journal of
Biochemical and Molecular Toxicology 40 (2026): €71014, https://doi.org/10.1002/jbt.71014.

8 Zhong, ZJ., Chen, K., Qiu, B. et al. Chronic Co-exposure to Environmentally Relevant Concentrations of Cadmium
and Glyphosate Exerts Aggravating Nephrotoxicity in Mice. Biol Trace Elem Res 204, 5843-5852 (2026).
https://doi.org/10.1007/s12011-026-05074-w

9 Smith-Roe, S. L., DeVito, M. J., Co, C., Ramaiahgari, S. C., Easterling, M., Rice, J. R., ... & Ferguson, S. S. (2026).
Comparative investigation of the potential of glyphosate and glyphosate-based formulations to cause oxidative stress
and DNA damage in human skin and liver cell systems. Toxicological Sciences, 209(3), kfag029.
https://doi.org/10.1093/toxsci/kfag029
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This research gap is alarming because it prevents a complete picture of the dangers of low-
level, long-term glyphosate exposure. The researcher will seek to fill this gap by evaluating the
histopathologic effects of sub-lethal doses of glyphosate in liver and kidney tissues in mice. This
aims to determine the extent of oxidative stress and tissue damage that could occur with long-term
exposure to sub-lethal doses of glyphosate. Through histological analysis of the tissues, we will
identify necrosis, inflammation, and fibrosis; these are common effects of tissue injury due to
oxidative stress.!? Further, the research will determine ROS levels in liver and kidney tissue to test
the correlation between oxidative stress and histopathology. It will also help identify health hazards
associated with chronic, low-level exposure to glyphosate, focusing on sub-lethal doses, to clarify
the long-term health consequences of glyphosate use.

Understanding the effects of sub-lethal glyphosate exposure is crucial for evaluating the
environmental and public health risks associated with its widespread use. Although glyphosate is
an essential tool in agriculture, its extensive application raises significant concerns about its
potential long-term effects on both human health and ecological systems.!! The findings from this
study could have important implications for revising safety guidelines for glyphosate use,
especially regarding permissible exposure levels for both workers and surrounding communities.
Additionally, these findings could contribute to future research efforts aimed at further elucidating
the potential health risks posed by glyphosate. As the body of evidence on glyphosate’s health
effects grows, it is imperative to continue investigating its potential risks, particularly chronic

exposure to sub-lethal doses, to better protect public health and the environment. '

19 Hy, M.-Y., Hou, X.-Y., Huang, X., Yu, X.-L., Liu, F., & Yang, J.-S. (2026). Oxidative Stress in Biotoxin-Induced
Liver Injury: From ROS Generation to Cell Death and Therapeutic Intervention. Toxics, 14(7), 625.
https://doi.org/10.3390/toxics 14070625

""" Sun, J., Zhang, C., Zhang, L., Gongalves, D., Kuang, S., & Yang, H. (2026). Glyphosate and
Aminomethylphosphonic Acid: A Map of the Bibliography on Ecotoxicology, Fate, and Monitoring Frontier Studies
in Environmental Research. Ecologies, 7(3), 78. https://doi.org/10.3390/ecologies7030078

12 Malinoski, L., Silva, G. G., Rodrigues, L. K. 1., Carneiro, L. F., & Gomes, M. P. (2026). How Glyphosate and Its
Derivatives  Influence  Antimicrobial Resistance Emergence and Transmission: A One Health
Perspective. Antibiotics, 15(4), 419. https://doi.org/10.3390/antibiotics 15040419
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Figure 1. Schematic Representation of 28-Day Sub-Lethal Glyphosate Exposure and
Its Effects on Oxidative Stress and Liver and Kidney Histopathology in Mice.

This flowchart outlines the key stages of glyphosate exposure, from its widespread use in
agriculture to sub-lethal exposure that results in oxidative stress, histopathological damage in the

liver and kidneys, and the implications for safety guidelines and future research. '*

2. Research Objectives

1. To investigate histopathological changes in liver and kidney tissues of mice

exposed to sub-lethal glyphosate doses

13 Kumar, M., S. Yadav, A. Dubey, A. Jain, and S. Singh. 2026. * Integrative Insights Into Pesticide Toxicity: Evidence
From Gene Expression and Histopathology in Liver.” Journal of Applied Toxicology 1-19.
https://doi.org/10.1002/jat.70397.
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2. To measure ROS levels in liver and kidney tissues following sub-lethal

glyphosate exposure

3. To compare oxidative stress and tissue damage between glyphosate-

exposed and control groups

3.Methodology

3.1 Study Design

The experiment used male Swiss albino mice (Mus musculus) aged 8-10 weeks, obtained
from a certified vendor. These mice were chosen because they are well documented in
toxicological studies and respond predictably to chemical agents. Before the experiment
commenced, the mice were allowed to adapt to the laboratory environment for 7 days to reduce
stress and maintain stable health parameters. The animals were kept in the usual laboratory cages
and subjected to a 12-hour light/dark cycle, with ad libitum access to food and water throughout
the study. Monash University’s Animal Research (ARASC), based at Monash University in Pulau
Pinang, Malaysia, approved the study, and all procedures were carried out in accordance with

animal welfare recommendations.

The animals were randomly assigned to two groups: the experimental group (n=12), which
was exposed to sub-lethal doses of glyphosate, and the control group (n=12), which was exposed
to a similar dose of saline solution as a vehicle control. During the research, mice were monitored
daily for signs of toxicity and distress. General health and weight gain were observed, without any
of the animals showing serious distress or a weight loss of more than 20 percent, which would
have forced the removal of that particular animal through euthanasia. The purpose of the study
was to evaluate the long-term consequences of exposure to a sub-lethal amount of glyphosate on

liver and kidney tissues in terms of histopathological changes and the degree of oxidative stress.

3.2 Glyphosate Exposure
A technical grade of glyphosate (95%) was purchased from a commercial manufacturer
and dissolved in saline for administration. The experimental group received a daily dose of

50mg/kg body weight of glyphosate orally via gavage. The dose was chosen according to previous

Z'l—.l turnitin Page 9 of 23 - At writing Submission Submission ID  trn:oid::1:3645177360
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research, which proved that it is enough to cause oxidative stress and tissue damage without
causing instant death.'* The control group received the same amount of saline solution (10 ml/kg
body weight) to account for possible vehicle effects. The glyphosate exposure period was 28
consecutive days, representing a chronic, low-level exposure scenario more relevant to

environmental and occupational exposure than acute dosing.

3.3 Tissue Collection

At the conclusion of the 28 days, all mice were euthanized in accordance with approved
guidelines for humane euthanasia by an overdose of isoflurane. Right after the euthanasia, liver
and kidneys were removed as part of the operative process, and the health conditions of the liver
and kidneys were observed visually. Phosphate-buffered saline (PBS) was used to wash the organs

to remove excess blood and any other chemicals that might have remained in the tissue samples.

The excised organs were treated in two ways: half of the liver and kidney tissues were fixed
in 10% formalin for microscopic analysis, and the other half was kept at -80 C for analysis of
oxidative stress biomarkers. This two-fold strategy allowed us to combine molecular and
histological analyses of the consequences of glyphosate exposure on organ well-being. Tissues
were fixed in formalin for at least 24 hours, then embedded in paraffin blocks. The remaining
tissues were placed in cryovials and stored at -80C to maintain protein integrity for future

biochemical assays.

3.4 Histological Examination
Standard histological processes were used to fix the liver and kidney tissue and embed it
in paraffin to assess changes occurring in the tissue. After embedding, 5 um-thick tissue sections

were cut with a microtome and placed on glass slides. These sections were stained with

14 Ibrahim, N.M., Megahed, E.E., Gobran, M.A. et al. Forensic implications of glyphosate-induced thyroid and
hematological toxicity: protective role of coenzyme Q10 in a rat model. Egypt J Forensic Sci 16, 10 (2026).
https://doi.org/10.1186/s41935-025-00508-3

itin Page 10 of 23 - Al Writing Submission Submission ID  trn:oid:::1:3645177360
¢



z'l__lturnitih' Page 11 of 23 - Al Writing Submission Submission ID trn:oid:::1:3645177360

hematoxylin and eosin (H&E),'> a common technique that reveals tissue morphology and enables

easy identification of structural changes, including necrosis, inflammation, and fibrosis. '°

Histopathological studies focused on three major signs of tissue destruction: necrosis,
inflammation, and fibrosis. Necrosis was characterized by cellular swelling, loss of membrane
integrity, and tissue disintegration. Inflammation was defined by inflammatory cells penetrating
the tissue, including neutrophils, macrophages, and lymphocytes. The grade of inflammation was
assigned based on the extent and severity of the infiltrates, where 0 represented no inflammation,
1 represented mild inflammation (limited number of inflammatory cells), 2 represented moderate
inflammation (a few inflammatory cells), and 3 represented extensive inflammation (large areas
of inflammatory tissue). Fibrosis, the build-up of extracellular materials like collagen, was
measured by determining the degree of collagen deposition in the tissue. These three parameters
played a significant role in determining the level of destruction of liver and kidney tissues after

glyphosate exposure.

3.5 Oxidative Stress Measurement

The level of oxidative stress caused by glyphosate exposure was also assessed by
measuring ROS levels using the dichlorofluorescein diacetate (DCFH-DA) assay. ROS are highly
reactive molecules that can damage cell components such as lipids, proteins, and DNA. The

DCFH-DA assay is a credible technique for identifying ROS in biological tissues.'’

In this assay, liver and kidney tissues were homogenized in ice-cold phosphate-buffered
saline (PBS). To remove cell debris, the homogenates were centrifuged (10,000 rpm) at 4°C, and
the supernatants were then used to perform the assay. DCFH-DA (10 uM) was incubated with the
supernatants at 37°C for 30 minutes. Upon contact with ROS, DCFH-DA is oxidized to form the

15 Balaha, H. M., Ali, K. M., Mahmoud, A., Aboudessouki, A., Azam, M. T., Giridharan, G. A., Gondim, D., & El-
Baz, A. (2026). From Hematoxylin and Eosin to Masson’s Trichrome: A Comprehensive Framework for Virtual Stain
Transformation in Chronic Liver Disease Diagnosis. Diagnostics, 16(5), 764.
https://doi.org/10.3390/diagnostics 16050764

16 Lippl, J., Reinke, S., Koch, K. et al. Mantle cell lymphoma artificial intelligence prognostic index using
hematoxylin and eosin histology. Leukemia 40, 1961-1967 (2026). https://doi.org/10.1038/s41375-026-03036-8

17 Pavelescu, L. A., Curici, A., & Cilin, V. L. (2026). Beyond DCFH-DA: A Critical Review of Hydrogen Peroxide
and Superoxide Detection Strategies in Mammalian Living Systems (2015-2026). International Journal of Molecular
Sciences, 27(15), 6912. https://doi.org/10.3390/ijms27156912

9
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Fluorescent Compound Dichlorofluorescein (DCF),'® which was measured using a fluorescence
microplate reader. Fluorescence intensity was quantified at excitation/emission wavelengths of
485/535 nm. These results were adjusted to protein content, determined by the Bradford assay, and
expressed as fluorescence units per milligram of protein. Analysis of ROS levels in liver and
kidney tissues provided clues about glyphosate-induced oxidative damage and helped correlate

oxidative stress with histopathological changes.

3.6 Statistical Analysis

All data were analyzed using GraphPad Prism software. An unpaired Student t-test was
used to compare scores for histopathological variables and ROS between the glyphosate-exposed
group and the control group. Results were presented as the mean + standard deviation (SD). A p-
value below 0.05 was termed statistically significant. The Pearson correlation coefficient was also
used to determine the relationship between histopathological alterations and oxidative stress.'’
This indicated the strength and direction of the relationship between oxidative stress markers and
the degree of tissue damage, providing more comprehensive insight into the effects of glyphosate

exposure on liver and kidney health.?°

4. Results

4.1 Histopathological Assessment of Fibrosis
Histopathological examination revealed fibrotic alterations in both liver and kidney
tissues of mice exposed to sub-lethal glyphosate for 28 days. The observed fibrosis was
characterized by collagen deposition and tissue remodeling, with more evident changes in

the liver than in the kidney.?!

18 Johannes Karges; Reactive Oxygen Species Detection with Fluorescent Probes: Limitations and Recommendations
beyond DCFH-DA. J. Med. Chem. 12 February 2026; 69 3): 1970-
1981. https://doi.org/10.1021/acs.jmedchem.5¢03494

19 Peng Q, Fan D, Zhou X, Xia Y, Liu Y. Optimisation of an oxygen supply prediction model based on the K-nearest
neighbours (KNN) algorithm using the Pearson correlation coefficient. lronmaking & Steelmaking: Processes,
Products and Applications. 2026;53(6):1129-1139. doi:10.1177/03019233241306282

20 [laria R Merutka, Kerry M Ettinger, Melissa Chernick, Ramya T Kolli, Mangala C S De Silva, lain A Drummond,
Nishad Jayasundara, Chronic exposure to low Ilevels of glyphosate and metals induces kidney
dysfunction, Toxicological Sciences, Volume 209, Issue 2, February 2026,
kfag007, https://doi.org/10.1093/toxsci/kfag007

21 X. Fu, M. Zhang, J. Xiong, et al. “ A Multifunctional Nucleic Acid Nanomedicine Coregulates Angiogenesis and
Fibrosis to Treat Oral Submucous Fibrosis.” Small 22, no. 46 (2026): €74277. https://doi.org/10.1002/smll.74277

10
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4.1.1 Fibrosis 1n Liver Tissue

Figure 1 indicates fibrosis in the liver tissue of mice exposed to glyphosate, with mild
collagen deposition and tissue remodeling. The liver fibrosis score in the glyphosate-exposed
group was 1.2 + 0.4, indicating mild fibrosis. The control group had no fibrosis (score of 0), as

shown in Table 1.

Group Fibrosis Score
Glyphosate-Exposed 1.2+0.4
Control 0

Table 1: Fibrosis Scoring in Liver Tissues of Glyphosate-Exposed Mice

11
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Figure 1: This photomicrograph shows portal inflammation and periportal fibrosis in the

liver, indicative of chronic liver injury

The image depicts histopathological changes in liver and kidney tissues from experimental
mice stained with hematoxylin and eosin. (A) show normal liver structure, while panels (B),(C),
and (D) exhibit varying degrees of necrosis, inflammation, and fibrosis. (E) through (H) illustrate
renal tissue with glomerular and tubular damage, highlighting necrosis, inflammation, and fibrosis.
These alterations reflect the toxic effects of glyphosate exposure, leading to significant tissue

damage in both organs.??

4.1.2 Fibrosis in Kidney Tissue

Figure 2 shows mild fibrosis in the kidney tissue of mice exposed to glyphosate, with
collagen deposition in the interstitial spaces between the tubules and glomeruli. The glyphosate-
exposed group had a kidney fibrosis score of 1.0 + 0.3, indicating mild fibrosis. No fibrosis was

evident in the control group, and the score was 0, as indicated in Table 2.

Group Fibrosis Score
Glyphosate-Exposed 1.0£0.3
Control 0

Table 2: Fibrosis Scoring in Kidney Tissues of Glyphosate-Exposed Mice

22 Can, M., Isik, C., Gokbulut, C., Hismiogullari, S. E., Turan, G., Usta, A., Bulmus, O., & Yaranoglu, M. H. (2026).
Vitamin E Attenuates Glyphosate-Induced Multi-Organ Toxicity and Redox Imbalance in Rats: Biochemical and
Histopathological Evidence. Veterinary Sciences, 13(8), 740. https://doi.org/10.3390/vetscil 3080740

12
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Figure 2: Histopathological Changes in Liver and Kidney Tissues Following Toxic

Exposure

The image displays histological alterations in liver and kidney tissues stained with
Hematoxylin and Eosin (H&E). (A) shows normal liver architecture, while (B) illustrates necrosis
and inflammation. (C) highlights fatty infiltration in liver tissue, and (D) shows fibrosis in kidney

tissue, reflecting the toxic effects of exposure.?’

23 Lee SE, Park YS. Environmental Pollution and Its Impact on Kidney Diseases: A Comprehensive Review of Current
Evidence. Life (Basel). 2026 Feb 8;16(2):291. doi: 10.3390/1ife16020291. PMID: 41752927; PMCID:
PMC12941669.
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4.2 Oxidative Stress Findings

Measurement of Reactive Oxygen Species (ROS) in liver and kidney tissues from

glyphosate-exposed mice showed oxidative stress.?*

4.2.1 ROS Levels in Liver Tissue

The liver had high ROS levels, with the glyphosate-exposed group at 2.0 + 0.5 fluorescence
units/mg protein and the control group at 0.0 &+ 0.1 fluorescence units/mg protein. These findings
show that glyphosate exposure causes oxidative stress in the liver, leading to a significant rise in

ROS production, as indicated in Table 3.

Group ROS Levels (Fluorescence Units/mg
Protein)
Glyphosate- 2.0£0.5
Exposed
Control 0.0+0.1

Table 3: ROS Levels in Liver Tissue from Glyphosate-Exposed Mice

4.2.2 ROS Levels in Kidney Tissue

Similarly, ROS content differed significantly in kidney tissue: 1.8 + 0.6 fluorescence
units/mg protein in the glyphosate-exposed group and 0.0 = 0.1 fluorescence units/mg protein in
the control group. The findings suggest that glyphosate exposure causes critical oxidative stress in

kidney tissues, as shown in Table 4.

2¥yu, X., Ren, J., Kang, Y., Wang, S., Dou, J., & Yu, Y. (2026). Glyphosate Induces Liver Macrophage Pyroptosis via
Mitochondrial Damage-Mediated cGAS-STING Activation. Toxics, 14(6), 461.
https://doi.org/10.3390/toxics 14060461
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Group ROS Levels (Fluorescence Units/mg
Protein)
Glyphosate- 1.8+ 0.6
Exposed
Control 0.0£0.1

Table 4: ROS Levels in Kidney Tissue from Glyphosate-Exposed Mice

4.3 Correlation Between ROS and Histopathological Changes

Pearson correlation analysis showed a positive correlation between ROS levels and
histopathological changes, especially inflammation and fibrosis in liver (r = 0.78) and kidney (r =
0.72) tissues. This relationship indicates that oxidative stress plays an important role in liver and

kidney tissue damage following glyphosate exposure, as shown in Table 5.

Pearson’s Correlation (ROS vs Histopathology)

0.78

0.72

Table S: Statistical Analysis of Histopathological and ROS Data in Glyphosate-
Exposed Mice

5. Discussion
The present study demonstrated mild fibrotic changes in both liver and kidney
tissues following 28 days of sub-lethal glyphosate exposure. The fibrosis score was higher
in the liver (1.2 + 0.4) than in the kidney (1.0 + 0.3), whereas no fibrosis was observed in

the control group. These findings suggest that repeated exposure to glyphosate may induce
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early tissue remodeling in organs involved in xenobiotic metabolism and elimination.?’

The slightly higher hepatic fibrosis score may relate to the liver’s central role in
metabolizing and detoxifying foreign compounds. Continuous exposure to chemical
stressors can promote cellular stress and extracellular matrix deposition, potentially
initiating an early fibrotic response. Previous research has reported that glyphosate
exposure can produce pathological alterations in hepatic and renal tissues, supporting the
possibility that repeated exposure may contribute to progressive tissue injury and
remodeling. ?® Mild renal fibrosis may similarly reflect the kidney’s susceptibility to
prolonged chemical exposure. The kidneys are continuously exposed to circulating
metabolites and participate in xenobiotic elimination, making them particularly vulnerable
to toxin-induced tissue alterations. Previous studies have emphasized the association
between oxidative stress and organ injury, particularly in tissues involved in detoxification

and waste elimination.?’

An important finding of the present study was elevated ROS in both liver and kidney
tissues. ROS levels reached 2.0 + 0.5 fluorescence units/mg protein in the liver and 1.8 +
0.6 fluorescence units/mg protein in the kidney. Furthermore, we observed positive
correlations between ROS levels and histopathological changes in the liver (r = 0.78) and
kidney (r = 0.72). These findings suggest that oxidative stress may contribute to the
observed fibrotic changes. Previous experimental work has demonstrated that sub-lethal
glyphosate exposure can alter antioxidant defenses and increase lipid peroxidation in liver

and kidney tissues, providing biological support for an oxidative mechanism of tissue

25 Mishra, D. (2026). Glyphosate-Induced Metabolic and Immune Modulation in Hepatoma Cells: Identification of
Key Genes as Diagnostic and Therapeutic Targets Using an In Silico Systems Biology Approach. Journal of
Xenobiotics, 16(2), 51. https://doi.org/10.3390/jox16020051

26 Zhou, G., Jiang, M., Zhang, Y., Gao, B., Xu, D., & Cui, Y. (2026). Glyphosate’s role in renal tubular injury at low
exposure levels: evidence from a patient cohort. Renal Failure, 48(1).
https://doi.org/10.1080/0886022X.2026.2707684

27 Banaee, M., A. Oryan, A. Gholamhosseini, C. R. Multisanti, and C. Faggio. 2026. “ Evaluation of Detoxification-
Related Gene Expression, Oxidative Stress Biomarkers, and Blood Biochemical Parameters in Common Carp
(Cyprinus carpio) Co-Exposed to Polyethylene Microplastics and Deltamethrin.” Journal of Applied Toxicology 46,
no. 8: 2803-2818. https://doi.org/10.1002/jat.70072.
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injury.?®

The relationship between oxidative stress and fibrosis is biologically plausible because
persistent oxidative imbalance can promote cellular injury and tissue remodeling.
Excessive ROS may affect cellular components and activate pathways involved in
extracellular matrix accumulation and repair. Reviews of glyphosate toxicity have
similarly identified oxidative stress as an important mechanism potentially underlying

organ damage following glyphosate-based herbicide exposure.?

The present findings should, however, be interpreted as evidence of an association rather
than definitive proof that glyphosate-induced oxidative stress directly caused fibrosis.*
The current study measured ROS and histopathological fibrosis but did not evaluate
specific molecular markers of fibrogenesis, such as collagen expression or transforming
growth factor-B signaling. 3! Therefore, further studies incorporating molecular and
biochemical markers of fibrosis are required to clarify the mechanisms underlying the

observed tissue remodeling.>?

Overall, detecting mild fibrosis in both liver and kidney tissues after 28 days of sub-lethal
glyphosate exposure indicates that repeated exposure may initiate early structural changes
in these organs. The combination of fibrotic alterations and increased ROS levels supports
the potential involvement of oxidative stress in this response. Nevertheless, the relatively

short exposure period emphasizes the need for longer-term experimental studies to

28 Liu, R., Wu, B. Diazinon-induced oxidative stress and organ toxicity in rodent models: a narrative review of
mechanistic pathways, biomarkers and antioxidant interventions. Arch Toxicol (2026).
https://doi.org/10.1007/s00204-026-04468-y

2 Lu HY, Chang Y, Chiang CK. Evidence-Based Assessment of Pesticide-Related Nephrotoxicity: Clinical Outcomes,
Experimental Data, and Molecular Signatures. Int J Mol Sci. 2026 Apr 29;27(9):3970. doi: 10.3390/ijms27093970.
PMID: 42123549

30 He, Y., Yan, H., Gan, Z., Cheng, Z., Cao, B., Wang, J., & An, X. (2026). Curcumin Attenuates Glyphosate-Induced
Mammary Toxicity via Suppression of ER Stress and the TNFo/MAPK/STAT3 Axis. Antioxidants, 15(7), 893.
https://doi.org/10.3390/antiox 15070893

3'La Colla A, Camara CA, Rodriguez TM, Echarte SM, Alomar ML, Chisari AN, Dewey RA. Lentiviral-Mediated
Expression of a Novel Transforming Growth Factor-p (TGF-B) Inhibitor Peptibody Therapeutically Mitigates
Established Liver Fibrosis by Modulating Inflammation and Inducing Metabolic Reprogramming. ACS Pharmacol
Transl Sci. 2026 Apr 1;9(5):1153-1163. doi: 10.1021/acsptsci.5c00817. PMID: 42130717; PMCID: PMC13162161.
32 Marzullo, A., & Salzillo, C. (2026). Molecular Mechanisms of Cardiac Fibrosis: A Pathologist’s
Perspective. Current Issues in Molecular Biology, 48(3), 278. https://doi.org/10.3390/cimb48030278

17

itin Page 19 of 23 - Al Writing Submission Submission ID  trn:oid:::1:3645177360
¢



z'l__l turnitin  Page 20 of 23 - Al Writing Submission Submission ID trn:oid:::1:3645177360

determine whether the observed mild fibrosis progresses with continued glyphosate

exposure. >

6. Conclusion

The present study demonstrated that repeated sub-lethal exposure to glyphosate for
28 days occurred in Malaysian tropical conditions of Pulau Pinang. Temperatures were
extraordinarily high, with high heat and moisture, and humidity was relatively high at 90%.
This experiment was associated with mild fibrotic changes in both liver and kidney tissues.
The hepatic fibrosis score was slightly higher than the renal fibrosis score. In contrast, no
fibrosis was observed in the control group, suggesting that repeated glyphosate exposure
may induce early structural remodeling in organs involved in xenobiotic metabolism and
elimination.

The observed increase in reactive oxygen species (ROS) levels in both liver and
kidney tissues, together with the strong positive correlations between ROS levels and
histopathological fibrosis, supports a potential role of oxidative stress in the development
of these early fibrotic alterations. However, the findings indicate an association rather than
definitive evidence of a direct causal pathway between glyphosate-induced oxidative stress
and fibrosis.

Overall, the findings suggest that prolonged exposure to sub-lethal concentrations
of glyphosate may initiate early fibrotic responses in hepatic and renal tissues. Further
long-term studies incorporating specific molecular and biochemical markers of
fibrogenesis, including collagen deposition and transforming growth factor-f signaling, are
recommended to clarify the mechanisms involved and determine whether these early

changes progress with continued exposure.

33 Abramchuk, O., Nozdrenko, D., Prylutska, S., Pronko, I., Maliuk, M., Vareniuk, 1., Cherepanov, V., Korzhyk, O.,
Ritter, U., Prylutskyy, Y., & Garamus, V. M. (2026). Cso Fullerene Promotes Restoration of Kidney Function After
Chronic Glyphosate Intoxication. Molecules, 31(15), 2697. https://doi.org/10.3390/molecules31152697
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