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Histopathological Assessment of Coenzyme Q10 Mediated 
Neuroprotection in the Mouse Cortex Exposed to a Glyphosate-

Based Herbicide 

Glyphosate-based herbicides (GBHs) are widely used globally, and their potential neurotoxicity is 
of increasing concern to researchers and the public. Mitochondrial-targeted antioxidants such as 
Coenzyme Q10 (CoQ10) have established neuroprotective effects yet approaches to 
neuroprotection against GBHs are still being developed. This study evaluates the potential of 
CoQ10 to reverse cortical damage caused by GBH exposure in mice. 

Fifty adult male ICR mice were assigned to five groups: control, sham, CoQ10 (200 mg/kg/day), 
GBH (Roundup, 500 mg/kg/day), and GBH+CoQ10. After 49 days of oral treatment, mice were 
euthanized and brains collected for histological examination using Hematoxylin and Eosin (H&E) 
and cresyl violet (Nissl) staining. Cortical histopathology was analyzed with QuPath software. 

Histological examination revealed that all normal cortical structures were found in the control, 
sham, and CoQ10 groups. Exposure to GBH produced shrunken, hyperchromatic, and pyknotic 
neurons with degenerative changes, as well as granulovacuolar degeneration and neuropil 
vacuolation. In the GBH+CoQ10 group, the cortical organization and neuronal morphology were 
well-preserved, with only mild focal vacuolation present. 

Cresyl violet staining revealed severe neuronal loss, Nissl substance depletion, and cytoplasmic 
pallor in GBH-treated mice, whereas GBH+CoQ10 sections showed higher neuronal density and 
clear Nissl granules. Quantitatively, GBH significantly reduced cortical neuron number compared 
with other treatment groups.  However, GBH co-treatment with CoQ10 reversed this decline. 

GBH exposure induces neuronal degeneration in the mouse cerebral cortex, while CoQ10 
supplementation preserves cortical cytoarchitecture and neuronal density, supporting its potential 
as a neuroprotective adjunct against GBH-induced brain toxicity.  
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Glifosat-Bazlı Herbisite Maruz Kalan Fare Korteksinde Koenzim Q10 'un 
Nöroproteksiyon Etkisinin Histopatolojik Değerlendirmesi 

Glifosat-bazlı herbisitler (GBH) dünya genelinde yaygın olarak kullanılmakta olup, olası nörotoksik 
etkileri hem araştırmacılar hem de toplum için giderek artan bir merak konusudur. Koenzim Q10 
(CoQ10) gibi mitokondri hedefli antioksidanların nöroprotektif etkileri iyi bilinmekle birlikte, GBH’lere 
karşı koruyucu özellikleri hala tam olarak bilinmemektedir. Bu çalışma, farelerde GBH maruziyetinin 
kortekste oluşturduğu hasarın CoQ10 ile onarılma potansiyelini değerlendirmeyi amaçlamaktadır. 

50 adet erişkin erkek ICR fare beş gruba ayrıldı: Kontrol, Sham, CoQ10 (200 mg/kg/gün), GBH 
(Roundup, 500 mg/kg/gün) ve GBH+CoQ10. 49 günlük oral tedavi sonrasında hayvanlar ötenazi 
edildi ve beyin dokusu Hematoksilen-Eozin (H&E) ve krezil viyole (Nissl) boyaları ile histolojik 
inceleme için alındı. Kortikal histopatolojik değerlendirme QuPath yazılımı kullanılarak 
gerçekleştirildi. 

Histolojik inceleme, Kontrol, Sham ve CoQ10 gruplarında normal kortikal yapıların korunduğunu 
gösterilmiştir. GBH maruziyeti; küçülmüş, hiperkromatik ve piknotik nöronlar, dejeneratif 
değişiklikler, granülovakuoler dejenerasyon ve nöropilde belirgin vakuolizasyon ile karakterize 
nöronal hasara neden olduğu gözlemlenmiştir. GBH+CoQ10 grubunda ise kortikal organizasyon ve 
nöronal morfoloji büyük ölçüde korundu; yalnızca hafif fokal vakuolizasyon izlenmiştir. 

Krezil viyole boyamasında, GBH uygulanan farelerde belirgin nöron kaybı, Nissl cisimciklerinde 
azalma ve sitoplazmik renk değişikliği gözlemlenirken, GBH+CoQ10 kesitlerinde daha yüksek 
nöronal yoğunluk ve belirgin Nissl granülleri gözlenmiştir. Nicel analizlerde, GBH uygulaması diğer 
tedavi gruplarına kıyasla kortikal nöron sayısını anlamlı düzeyde azalttığı gösterilmiştir. Ancak 
CoQ10 ile birlikte GBH verilmesi, bu azalmayı tersine çevirdiği izlenmiştir. 

GBH maruziyeti, fare serebral korteksinde nöronal dejenerasyona neden olurken, CoQ10 desteği 
kortikal hücre yapısını ve nöronal yoğunluğu koruyarak GBH’ye bağlı beyin toksisitesine karşı 
nöroprotektif bir yardımcı ajan olarak potansiyelini desteklemektedir. 

Anahtar Kelimeler: Glifosat-bazlı herbisitler (GBH), koenzim Q10, ICR fareleri, kortikal histopatoloji 
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Introduction 

Over the past two decades, glyphosate-based 
herbicides (GBH) have become some of the most used 
and most widely distributed herbicides, and 
agrochemicals, among the global population (1). 
Glyphosate (N-phosphonomethyl-glycine; GLY) is an 
herbicide that is widely used around the world and is one 
of the most frequently applied substances used for the 
control of weeds. Although initial toxicity studies of 
glyphosate theorized that the probability of glyphosate 
causing harm from exposure in mammals was low, the 
hypothesis has changed, and research studies have 
shown that the central nervous system may be affected 
during both acute and chronically prolonged exposures 
(2). Herbicides that contain glyphosate could cross the 
blood-brain barrier and influence brain tissue (3), 
wherein these substances activate neuroinflammatory 
signaling and increase the concentration of TNF-α and 
other inflammatory responses (4, 5). In addition to 
neuroinflammation, GBHs disrupt multiple fundamental 
processes for neuronal survival and function. Research 
has shown that glyphosate and its derivatives can cause 
oxidative stress, disrupt mitochondrial respiration 
processes, disrupt glutamatergic and cholinergic 
neurotransmission processes, and damage hippocampal 
and cortical circuits (6-8). Behavioral experiments on 
rodent models demonstrate that subchronic exposure to 
GBH induces anxiety, learning and memory deficits, and 
altered social behavior, which are consistent with cellular 
impairment (9-12). Collectively, such changes indicate 
neuronal degeneration, along with loss of cognitive 
functions. This finding increases concern about the 
chronic effects of GBH exposure on the nervous system. 
These alterations are associated with deteriorating 
behavior and a decline in cognitive abilities, indicating a 
serious health risk. 

Coenzyme Q (CoQ) is found in the membranes of 
all cell types and is one of the constituents of the 
respiratory chain along with other structures of the 
mitochondria, performing numerous vital functions in the 
metabolism of the cells. As one of the antioxidants, 
CoQ10 is useful in the treatment and management of 
diverse disorders associated with the dysfunction of 
mitochondria (13, 14). Research indicates that CoQ10 is 
neuroprotective in several types of neurodegenerations 
and ischemic injury. Orally administering CoQ10 
increases the amount of CoQ10 present in the brain and 
in the mitochondria. CoQ10 limits the damage of 
oxidative stress, preserves the integrity of the 
mitochondria, and controls the apoptosis pathways (15-
17). Given that glyphosate-induced neurotoxicity is 
characterized by oxidative stress and mitochondrial 
dysfunction, CoQ10 could provide neuroprotective 
effects against the neurotoxicity arising from GBH 
exposure. 

The current research was designed to assess the 
possible protective CoQ10's effects on GBH-induced 
changes in mice cerebral cortex tissue. Thus, we carried 
out hematoxylin & eosin and Nissl staining on cortex of 
mice exposed to GBH and with/without CoQ10. We 
hypothesized that GBH exposure would induce 

degeneration of the cortical neurons and abnormal 
arrangement of cortical cells. CoQ10, on the contrary, 
would remedy some of these changes through its 
actions on oxidative and inflammatory processes in the 
cortex. 

Materials and Methods  

Research and Publication Ethics: This study was 
approved by Experimental Animals Ethics Committee of 
the Mehmet Akif Ersoy University, Approval No: 1390-
2024, Approval No: 1390-2024, Date: 19.12.2024 

Animals: All experimental procedures were carried 
out using adult male ICR mice, aged 10–12 weeks and 
weighing between 30 and 40 g. The animals were 
housed in a controlled environment with a room 
temperature of 20–24 °C and a relative humidity of 45–
65%, under a 12-hour light/12-hour dark cycle. Food and 
water were provided ad libitum throughout the study. All 
experimental protocols complied with the Animal Welfare 
Act and the Guide for the Care and Use of Laboratory 
Animals, as outlined by Mehmet Akif Ersoy University.  

Experimental Design: Each experimental group 
consisted of 10 subjects including the control group (C, 
n=10), Sham group (S, n=10), CoQ10 group (n=10), 
GBH group (n=10), and GBH+CoQ10 group (n=10). For 
49 consecutive days, all treatments were given once a 
day via oral gavage. A commercially available GBH, 
Roundup (manufactured by Monsanto Company in St. 
Louis, Missouri), has been used in the present study. 
This product contains 486 g/L of glyphosate in the form 
of its isopropylamine salt, corresponding to 360 g/L of 
glyphosate acid. A dosage of 500 mg/kg body weight 
was selected, which is below the no-observed adverse 
effect level (NOAEL) for glyphosate exposure in mice as 
established by the U.S. Environmental Protection 
Agency (18). The selected dosage is determined 
according to corresponding previous experimental 
studies in mice (19). In accordance with the protocol 
provided by Nyariki et al. (20), CoQ10 (Solgar®️, 30 
mg/mL in rice bran oil) was administered once daily by 
oral gavage at a dose of 200 mg/kg body weight. The 
formulation was used as supplied by the manufacturer 
(30 mg/mL), and the gavage volume was adjusted 
according to the body weight of each mouse 
(approximately 6.7 mL/kg). As a control for vehicle 
effects, the sham group received the same volume of 
rice bran oil orally with a gavage. The GBH+CoQ10 
group received Roundup (500 mg/kg BW/day) and 
CoQ10 (200 mg/kg BW/day) both administered through 
oral gavage. CoQ10 was administered two hours before 
Roundup each day to reduce the risk of upper 
gastrointestinal irritation and potential drug interactions. 
On the 50th day, all mice were euthanized via 
intraperitoneal administration of tribromoethanol (250 
mg/kg) and subsequently sacrificed by cervical 
dislocation to confirm euthanasia. 

Histopathology: After euthanizing the 
experimental subjects, brains were carefully removed 
and placed directly into 10% neutral buffered formalin 
(NBF). They were fixed after 48 hours at room 
temperature (RT). After fixation, the tissues were rinsed 
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under running tap water and then dehydrated in a 
graded ethanol series to remove water, cleared in two 
changes of pure xylene, and infiltrated with molten 
paraffin wax at 60 °C. The paraffin-embedded tissues 
were oriented and blocked in fresh paraffin to form 
uniform tissue blocks. Coronal sections were obtained at 
a thickness of 4 µm using a rotary microtome. 

Hematoxylin and Eosin (H&E) Staining: Sections 
were first incubated at 60 °C oven overnight and then 
deparaffinized in two changes of xylene (15 minutes 
each) and rehydrated through a descending alcohol 
series followed by rinsing in distilled water. Slides were 
then immersed in Harris hematoxylin for 15 minutes, 
followed by differentiation in 1% acid alcohol for a few 
seconds to remove excess stain. Sections were then 
blued in running tap water for 10 minutes. Cytoplasmic 
staining was achieved by immersing the slides in 1% 
eosin Y solution for 1 minute. The stained slides were 
dehydrated through ascending grades of ethanol, 
cleared in xylene, and mounted with a resinous 
mounting medium. H&E staining provided general 
histological information on cortical and subcortical 
structures and neuropil integrity. 

Cresyl Violet (Nissl) Staining: Some sections 
were processed for Cresyl Violet staining to evaluate 
neuronal morphology and Nissl substance integrity. 
Slides were deparaffinized and rehydrated as described 
above, then immersed in 0.1% Cresyl Violet acetate 
solution for 5 minutes at RT. After that the sections were 
rinsed in distilled water and differentiated in 1% glacial 
acid - alcohol prepared by 96% ethanol. Sections were 
then dehydrated with absolute ethanol, cleared in 
xylene, and covered with mounting medium. The 
presence of distinct Nissl bodies and clearly defined 
nuclei made neurons visible. 

Microscopic Imaging and Quantitative Analysis: 
The examination of the stained sections were done by 
an Olympus BX53 light microscope under 20X 
magnification. The images were captured using an 
Olympus DP21 digital camera attached to the 
microscope. Imaging parameters such as illumination, 
magnification, and exposure were standardized for all 
samples to ensure consistent image quality and 
comparability. Histopathological assessments were 
performed blind to experimental group to minimise 
potential observer bias. 

Neuronal density quantification was performed 
using QuPath image analysis software (21). For Cresyl 
Violet–stained sections, five non-overlapping 
microscopic fields from the cerebral cortex area were 
randomly selected and photographed at 20X 
magnification for each specimen. Average neuron 
numbers from the five fields of cortical area were 
calculated per specimen, and group averages were 
statistically compared. 

Statistical Analysis: Statistical analysis of 
neuronal density within cortex area was performed using 
GraphPad Prism (version 8.0; GraphPad Software, Inc., 
San Diego, CA, USA) and data are expressed as the 

mean±standard deviation (SD). One-way analysis of 
variance (ANOVA) was used to check differences 
among groups, followed by Tukey’s multiple comparison 
tests to compare groups with each other. A p-value less 
than 0.05 was considered statistically significant. 

Results 

Histopathological evaluation of hematoxylin and 
eosin stainings revealed distinct morphological changes 
between the experimental groups (Figure 1). The 
cerebral cortex sections of the Control group showed 
normal histology defined by well-preserved neurons with 
clearly spesicific cell boundaries and centrally located 
nuclei. The neuropil was dense and homogeneous, with 
no vacuolatios, neuronal loss, or necrotic changes. 
Similarly Sham and CoQ groups had normal appearing 
neurons across the cerebral cortex. There were no 
prominent vacuolation and refraction in the neuropil area 
of these groups. In contrast, GBH treated group 
demonstrated significant neuropathological alterations. 
Neurons were seen as shrunken and hyperchromatic, 
displaying pyknotic nuclei (arrows), which is an 
indication of neuronal degeneration. The neuropil area 
showed prominent vacuole formations and focal 
rarefactions. There were many neurons displaying 
granulovacuolar changes (arrowheads). In the GBH + 
CoQ10 co-treated group, the cortical histology was 
relatively more preserved compared with the GBH 
group. Most neurons were seen morphologically normal 
with normal nuclei and minimal cytoplasmic 
condensations. The neuropil appeared largely uniform, 
with only occasional vacuolated regions. 

 
Figure 1. H&E–stained cerebral cortex sections. 
Representative micrographs showing cortical morphology in the 
Control, Sham, GBH, CoQ and Gly+CoQ groups. The Control 
group displays normal cortical architecture with healthy neurons 
and intact neuropil. The Gly-treated group shows evident 
pyknotic nuclei (arrows) and vacuolation and focal rarefaction 
(arrowheads). Co-administration of CoQ10 markedly reduced 
these histopathological alterations, preserving neuronal 
structure and tissue organization. (Scale bars=100 μm) 

Cresyl violet staining of the brain sections showed 
some histological differences among the experimental 
groups (Figure 2). In the Control, Sham and CoQ groups 
the cortical histology appeared  normal, characterized by 
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Figure 1. Cresyl violet–stained cerebral cortex sections and neuronal density analysis. Representative images show normal neuronal 
morphology with distinct Nissl substance in the Control, Sham, and CoQ groups. The GBH group exhibits marked neuronal loss and 
degeneration, while GBH+CoQ treatment preserves neuronal structure and density. (Scale bars=100 μm) The bar graph shows mean 
neuronal counts per 0.36 mm² cortical area (mean±SEM). Statistical analysis: one-way ANOVA with post hoc tests (ns, not significant; 
p<0.01, p<0.0001). 

 

densely packed neurons with well-defined cell bodies, 
prominent Nissl substance, and centrally located nuclei. 
The neuropil seems intact and uniform with no evidence 
of neuronal loss or prominent degeneration. However 
the sections from the GBH group exhibited marked 
neurodegenerative changes. A significant reduction in 
neuronal density was detected and it is accompanied by 
extensive neuronal shrinkage and loss of Nissl 
substances. Also cytoplasmic paleness is noteworthy all 
over the cortical area. The neuropil appeared vacuolated 
and less compact. In GBH+CoQ group, neuronal density 
was higher than in the GBH group. Most of the neurons 
displayed preserved morphology and distinct Nissl 
granules. Only minimal degenerative alterations were 
detected. 

Quantitative Analysis of Neuronal Density: 
Cresyl Violet staining suggested a decrease in neuron 
numbers in the cortex region. Five photographs were 
taken from the five different cortex areas of the 
specimens and the numbers of neurons in each of them 
were counted. Quantitative comparasion of neuron 
numbers demonstrated significant differences among the 
groups (Figure 2, right panel). The GBH group showed a 
marked decrease in neuron number compared with the 
Control, Sham and CoQ groups (****p<0.0001). Co-
treatment with CoQ10 significantly attenuated this 
decrease, with neuronal density in the GBH+CoQ group 
which is significantly much more with recpect to the GBH 
group (****p<0.0001). However it is not significantly 
different from the Control or CoQ groups (ns). 

Discussion 

According to this current study, subchronic oral 
exposure to a glyphosate-based herbicide (GBH) over a 
seven-week period results in structural changes to the 

cerebral cortex of adult male mice. The GBH group 
exhibited intense hyperchromatic neurons seen under 
the H&E and cresyl violet staining, with features such as 
shrunkening, pyknotic nuclei, and vacuolization of the 
neuropil, as well as a granulovacuolar degeneration with 
a notable decrease in the neuronal density. In contrast, 
animals that received co-treatment with coenzyme Q10 
maintained a cortical architecture and cell density like 
the control, sham, and CoQ10 alone group with no 
neural loss, preserved Nissl substance, and only mild 
vacuolation. These findings suggest that CoQ10 
provides substantial histological protection against GHB-
induced cortical tissue damage. 

The current data support the expanding evidence 
on the neurotoxic effects of GBHs on the central nervous 
system. The effects of glyphosate on animal models has 
been examined in a number of studies. One of these 
studies reviewed scientific literature concerning 
glyphosate exposure effects on animals (22). In the 
present review and in other related studies demonstrate 
a link between exposure to glyphosate and a greater 
degree of oxidative stress, neuroinflammation, and 
impaired function of mitochondria (6, 8). Along with 
molecular alterations, exposure to chronic or 
developmental GBH changes synaptic configurations 
and modifies the patterns of neuronal firing within the 
hippocampus and prefrontal cortex of rodents (23). 
Moreover, other studies have demonstrated that 
exposure to Roundup can result in the development of 
neurotoxicity in the hippocampal region of immature rats, 
which is often accompanied by glutamatergic 
excitotoxicity and altered calcium regulation (24). The 
long-term effects of cognitive changes, in addition to the 
neural alterations, indicate that the neurons located in 
the cortex are most likely susceptible to damage due to 
exposure to GBHs. In addition, exposure records have 
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shown associations with behavioral and cognitive 
deficits, suggesting a potential correlation. Several 
studies have documented learning and memory 
impairments, social interaction deficits, and anxiety-like 
behavioral responses in rodents exposed to GBHs (9, 
12). CoQ10 plays important roles both as an essential 
component of the mitochondrial electron transport chain 
and as an important lipid-soluble antioxidant of biological 
membranes (25). Oral supplementation of Coenzyme 
Q10 has been reported to produce its higher 
concentration in the brain. This demonstrates the 
capacity of Coenzyme Q10 to cross the blood-brain 
barrier (26). According to research, mitigated oxidative 
stress and impaired mitochondrial function in 
neurodegenerative disorders such as Parkinson's, 
Huntington's and Alzheimer's can be neuroprotectively 
altered by CoQ10, as evidenced by data from both 
preclinical and clinical studies. The neuroprotective 
effects of CoQ10 supplementation have been 
demonstrated in various models of neurodegeneration 
and ischemic injury, indicating the preservation of tissue 
architecture and a decrease in neuronal loss (27). The 
results of the present study regarding neuronal 
morphology, Nissl substance, and the number of cortical 
neurons in the GBH + CoQ10 group align with previous 
studies. Our findings align with other studies showing 
CoQ10 protection of extra-neural tissues exposed to 
GBHs. For instance, Mutluay et al., (19) demonstrated 
that Glyphosate-based herbicide damaged testicular 
function and sperm quality by increasing oxidative stress 
and inflammatory signaling while suppressing 
antioxidant defenses. Coenzyme Q10 co-treatment 
largely reversed these changes, improving sperm 
parameters and restoring antioxidant and anti-
inflammatory balance. Similarly, Nyariki et al.,(20) 
showed that CoQ10 is able to mitigate oxidative stress 
and neuroinflammation from experimental cerebral 
malaria. This study further adds to the evidence that 
CoQ10 performs a moderating ability on 
neuroinflammation and oxidative stress in the central 
nervous system. Together, these results support the 

antioxidant and mitochondrial regulatory properties of 
CoQ10, suggesting their potency despite long-term GBH 
exposure. 

In conclusion, our work supports the view that mice 
exposed to GBH at a dose below the regulatory 
threshold for NOAEL and throughout the sub-chronic 
term had sustained clinically relevant histopathological 
changes in the cerebral cortex. It was shown that 
mitochondrial dysfunction and oxidative stress could be 
the protective pathway as the preserved neurons were 
also positively correlated to the CoQ10 administered that 
almost entirely prevented the damage. Furthermore, 
CoQ10 exhibits mitochondrial and antioxidant effects 
that make it a promising candidate for reducing these 
adverse effects. 

Study Limitations 

There are a few limitations to consider in this study. 
In the given experiments, only male mice were used, 
and therefore, were not able to assess any potential sex 
differences in the responses to the herbicide. 
Additionally, we only used one dose during a sub-
chronic time period, rather than examining multiple 
doses and/or long-term chronic exposure. 
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