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Glyphosate and Oxidative Stress: 

ECHA’s superficial approach neglects existing hazards 
 

by Peter Clausing1, Siegfried Knasmüller2, and Christopher Portier3 

 

Oxidative stress occurs when the production of ‘reactive oxygen species’ (ROS) exceeds the capacity 

of antioxidant defence mechanisms to deactivate them. ROS are highly reactive molecules derived 

from molecular oxygen (O2) normally generated during essential intracellular processes, e.g., energy 

conversion. The defence mechanisms in place ensure that these ROS are inactivated and the cells are 

not damaged. 

Xenobiotics, including pesticides, can release ROS or interfere with the molecular defence processes 

of ROS inactivation, resulting in oxidative stress. Oxidative stress has been linked to both the causes 

and consequences of several diseases (Aghadavod et al. 2016, Kamceva et al. 2016, Qureshi et al. 

2016, Sayanthooran et al. 2016, Turkmen 2017, Vakonaki et al. 2016), including cancer (Smith et al. 

2016,  Hecht et al. 2016, Kakehashi et al. 2013, Li et al., 2016, Perse 2013, Prasad et al. 2016, 

Toyokuni 2016) and damage to the nervous system (Martínez Leo and Segura Campos 2019, 

Singh and Devasahayam 2019, Yaribeygi et al. 2018). It is well-documented that all forms of 

inflammations lead to the release of ROS and cause neoplastic transformation (Yu et al. 2022). 

Oxidative stress can also be involved in reproductive failures (Archibong et al. 2018, Kovacic and 

Jacintho 2001, Santini et al. 2018). 

In contrast to biomarkers for liver and kidney function (specific enzymes and other blood 

components measured in serum or plasma samples), biomarkers of oxidative stress are not part of 

the spectrum of parameters of OECD test guidelines. Therefore, the assessment of oxidative stress – 

although closely related to the potential damages mentioned above – depends exclusively on the 

results of studies conducted by the scientific community and subsequently published in scholarly 

journals. Therefore, it is obsolete to belittle these studies as “non-standard”, “non-guideline” or 

“non-GLP” studies (e.g. ECHA 2022, p. 43-44). “Standard” studies (following OECD guidelines) just do 

not cover this important mechanism.  

Though multiple biomarkers exist, measuring oxidative stress can be difficult due to redundant 

pathways of a highly interconnected system. The most commonly used biomarkers are increased 

antioxidant enzyme activity, depletion of glutathione (GSH) or increases in lipid peroxidation. An 

additional option to confirm the occurrence of oxidative stress consists of combining exposure to the 

test compound with subsequent or concomitant administration of antioxidants with the expectation 

that the effect of oxidative stress would be diminished. 

Molecular oxygen is essential to the proper function of a cell. During the course of normal oxidative 

phosphorylation, between 0.4 and 4% of all oxygen consumed is converted into the free radical 

superoxide (•O2).  This •O2 can be converted into other ROS and reactive nitrogen species (RNS) and is 

normally eliminated by antioxidant defences. •O2 molecules are quickly converted to hydrogen 

peroxide (H2O2) by superoxide dismutase (SOD). H2O2 is then either detoxified to H2O and O2 by 
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glutathione peroxidase or diffuses into the cytosol and is detoxified by catalase (CAT). However, in 

the presence of reduced transition metals such as copper (Cu) or iron (Fe), H2O2 can be converted to 

the highly reactive hydroxyl radical (•OH).  These linkages are illustrated in the figure below. 

Figure 1. Exogenous and endogenous stimuli leading to ROS generation and activation of stress-

sensitive gene expression (modified from Evans et al. 2002). 

 

 

The three ROS in the cell (•O2, 
•OH, H2O2) can be measured directly, changes in the activity of the 

major enzymes (XO – xanthine oxidase, SOD, CAT, GSH peroxidase, GSH reductase) can be measured, 

as well as changes in GSH or glutathione disulfide (GSSG), changes in gene expression, changes in 

nitrogen oxide (NO) or changes in other enzymes (e.g. cyclooxygenase).  In most studies two or more 

of these endpoints of this system were measured in animals or cells exposed to chemicals to see if 

they have changed due to the chemical exposure.   

According to Regulation 1107/2009 (Article 8) industry is obliged to submit, and EU authorities are 

obliged to comprehensively assess, scientific publications describing potential health and 

environmental effects of pesticide active ingredients - see also Guidance document by EFSA4. It goes 

without saying that oxidative stress needs to be part of these considerations, because it represents a 

“blind spot” in the OECD test guidelines. 

As it will be shown here for glyphosate, using ECHA’s Opinion dated 30 May 2022 (ECHA 2022) as the 

most recent example, oxidative stress was taken into account during the assessment, but in a very 

superficial way, resulting in serious deficiencies with regard to the assessment of the potential 

hazards and their underlying mechanisms. EFSA has endorsed ECHA’s opinion in its assessment.5 

The problem starts at the numerical level. Since the last assessment report in 2015, only 11 new 

papers were included, whereas another 21 describing original results of studies conducted in 
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vertebrates or in in vitro systems were omitted.6 In these 21 studies published between 2016 and 

April 2022 glyphosate of analytical grade purity was used. In addition, a considerable number of 

studies using glyphosate-based herbicides (GBH) are available. And since May 2022 (the month when 

ECHA published its opinion) further papers investigating oxidative stress of glyphosate and/or GBH 

have been published. 

Neglecting the available studies ECHA’s risk assessment committee (RAC) nevertheless concluded in 

its Opinion that glyphosate may induce oxidative stress (emphasis added), but denied any relevance  

for germ cell mutagenicity and carcinogenicity either by not mentioning it at all (Section on 

“Mechanistic studies from public literature”, ECHA Opinion p.54/55; ECHA 2022), or verbally 

minimizing its potential significance (“As discussed in the germ cell mutagenicity section, the 

evidence that glyphosate induces mutations is very weak.”, ECHA Opinion, p. 75; ECHA 2022).  

While there is a controversy of its own, whether glyphosate is genotoxic or not, the failure to 

acknowledge glyphosate-induced oxidative stress as a potential mechanism for carcinogenicity and 

DNA damage is in contradiction to the experts’ view of the International Agency on Research on 

Cancer (IARC) who identified “strong evidence” for genotoxicity and oxidative stress as mechanisms 

of glyphosate carcinogenicity (IARC 2015).  

Mitochondria, ROS, calcium and cancer 
As mentioned above, oxidative stress is induced by excess ROS generated during processes running 

in intracellular organelles, particularly mitochondria. In the past, mitochondria were just considered 

the intracellular “power plant”. Today, however they are seen as information processing systems 

that – in communication with other cell compartments – sense and respond to both endogenous and 

environmental inputs, integrate information, and produce output signals (Picard and Shirihai 2022). 

According to these authors, the mitochondria’s output signals are deeply involved in physiological 

regulation; disturbances can change this physiological regulation into pathological processes which 

may become irreversible (genetic damage, epigenetic changes, tumorigenesis, neurodegeneration). 

ROS cause DNA damage, but they are also able to promote oncogenes, inhibit tumour-suppressor 

genes and stimulate carcinogenesis via epigenetic alterations. Different (secondary) signalling 

molecules affected by ROS participate in these processes. This includes transcription factors NFB7 

and PDK-18, involved in cell proliferation in general, and protein kinase B involved in cancer cell 

proliferation in particular (Miyata et al 2017). At moderate concentrations ROS can activate the 

cancer cell survival signalling cascade (protein kinase B is part of it), while at high concentrations ROS 

can cause cancer cell apoptosis (Aggarwal et al. 2019). Thus, it critically depends upon ROS levels and 

their interplay with other signalling molecules, whether tumorigenesis is augmented or apoptosis 

(cell death) is elicited. 

However, it is not ROS alone that interact with intracellular signalling. A mutual regulation of the 

signalling pathways of ROS and calcium (Ca2+) is well established (Hempel and Trebak, 2017). These 

authors emphasize that coordinated surges of ROS and Ca2+ are necessary to initiate apoptosis, while 

“localized sublethal changes in both ROS and Ca2+ levels fine-tune signalling cascades that maintain 

proliferative and metastatic signals”.  

                                                           
6 of these 21 studies, 6 were conducted in mammals, 7 in vitro (including 2 in bird eggs), 2 in amphibians, 4 in 
fish, and 2 were epidemiological studies 
7 Nuclear factor B 
8 3-phosphoinoinositide-dependent kinase-1 



4 
 

Increased ROS levels result in oxidative damage to macromolecules, including DNA (Klauning et al. 

2011). It is a peculiarity of tumour cells that they tolerate higher levels of ROS than normal cells or 

may even be promoted under these conditions. Ray et al. (2012) point out that “aberrant regulation 

of proliferation and apoptosis” by ROS are “essential in tumorigenesis”. If the interplay between ROS 

and Ca2+ is altered, this can result in resistance to apoptosis and in signalling cascades promoting 

proliferation and metastasis (Hempel and Trebak,2017). 

In other words, even if ROS are not directly generated from chemicals themselves (as a result of their 

metabolic degradation), the interference of these chemicals with endogenous ROS generation and 

calcium signalling cascades can result in tumorigenesis, tumour promotion, and other irreversible 

damage. Thus, only part of the adverse effects of ROS is related to genetic damage. They are also 

able “to interact with any biological molecule (e.g., protein, lipids, DNA), triggering the formation of 

new radical species able to propagate and amplify cellular damage” (Antonucci et al. 2021).  

Therefore, indicators of oxidative stress associated with exposure to chemicals should always be 

considered a warning sign of carcinogenic, genotoxic or neurodegenerative potential. In the light of 

the complex processes briefly touched upon here, it would be scientifically flawed to reduce ROS-

elicited tumorigenesis to genetic damage per se. Furthermore, we know that Ca2+ and ROS are key 

actors of non-linear processes, hence contradicting expectations of linear dose-response 

relationships for carcinogenic effects elicited through oxidative stress. This has particular significance 

for the carcinogenicity assessment of glyphosate because a main argument of the authorities’ 

conclusion why glyphosate should not be considered a carcinogen is that the numerous tumours 

seen in the glyphosate carcinogenicity studies did not follow simple dose-dependence across studies 

(AGG 2021 Volume 1, pp.256-298). 

Glyphosate, ROS and calcium signalling 
As it will be shown below, there is plenty of evidence that glyphosate and GBH increase markers of 

oxidative stress indicating an excess of ROS. In addition, glyphosate or GBH exposure is associated 

with increased Ca2+ levels (see de Batista et al. 2023 for review).  

Here we consider glyphosate (active ingredient) only because this is the focus of ECHA’s hazard 

assessment.  

The first report of uncoupling of mitochondrial oxidative phosphorylation by glyphosate (resulting in 

ROS increase) was published more than 40 years ago (Bababunmi et al. 1979). In 2015, the 

authorities (RMS Germany 2015) acknowledged that uncoupling of oxidative phosphorylation by 

glyphosate was demonstrated in this and another study (Lopes et al. 2014). 

Although oxidative stress was at least discussed in the carcinogenicity sections of the 2015 

assessments (Renewal Assessment Report of 2015, Harmonised Classification and Labelling report, 

ECHA Opinion), it was not even mentioned in the carcinogenicity section of the 2021 draft Renewal 

assessment report (AGG, 2021), despite of additional studies published since 2015. A number of 

studies had been submitted during the public consultation (Gao et al. 2019; Liu et al. 2022a, 2022b, 

Tang et al. 2020, Eaton et al. 2022). But they were dismissed in ECHA’s Opinion with the umbrella 

statement that “RAC considers the data from the studies to be equivocal due to deficiencies in 

reporting …” (ECHA 2022, p. 46), without specification for any of these studies what “deficiencies in 

reporting” were meant.    

According to our review, study design and results are well described in the studies where ROS 

biomarkers were significantly increased. Specifically, this relates to evidence of oxidative stress: 
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• in mice at 400 mg/kg given orally for 28 days (Gao et al. 2019),  

• in rats at 2 and 50 mg/kg via dietary exposure for 2 months (Liu et al. 2020a) and for 4 

months (Liu et al. 2020b),  

• in rats at 50 and 500 mg/kg given orally for 35 days (Tang et al. 2020).  

It should be noted that in two of these studies, “proof of concept” was provided by combining the 

exposure to glyphosate with “antidots” to oxidative stress, i.e. antagonists for receptors involved in 

the generation of oxidative stress (Gao et al. 2019, Liu et al. 2020b). This combined administration of 

glyphosate and receptor antagonists ameliorated or prevented the oxidative stress induced by 

glyphosate. Remarkably, kidney tumour incidences (adenomas and/or carcinomas) were significantly 

increased in male mice in the majority of the mouse carcinogenicity studies (three out of five). It 

should be noted that it is well-known that ROS play a major role in the development and progression 

of renal tumours (Shanmugasundaram and Block 2016). 

Liu et al. (2020b) analysed glyphosate concentrations in serum and target tissues, thus providing 

direct evidence of glyphosate exposure – quality marker of study design lacking in most guideline 

studies. 

In addition to the peer-reviewed scientific studies initially ignored by ECHA and EFSA, and submitted 

during the public consultation in November 2021, further in vitro and in vivo studies have been 

published, demonstrating oxidative stress after exposure to glyphosate:  

• in mice (Lu et al. 2022),  

• pigs (Xing et al. 2022), and  

• human cell lines (Mehtiyev et al. 2022). 

Furthermore, recent epidemiological studies show an increase in oxidative stress markers in humans 

is associated with increasing urinary levels of glyphosate and/or its main metabolite AMPA9 (Chang et 

al., 2023, Eaton et al. 2022, Makris et al. 2022, Sidthilaw et al. 2022). 

Chang et al. (2023) – using data of the Agricultural Health Study, a study considered by ECHA and 

EFSA of highest quality – draw the explicit conclusion that the findings “contribute to the weight of 

evidence supporting an association between glyphosate exposure and oxidative stress in humans and 

may inform evaluations of the carcinogenic potential of this herbicide.” Their findings show clear 

dose-response for 8-OHdg (8-Hydroxydesoxyguanosin) and MDA. The excessive formation of 8-OHdg 

is one of the most important markers concerning carcinogenicity elicited by oxidative stress (Wu et 

al. 2004). 

Glyphosate disturbs epigenetic processes 
Essentially, epigenetics is defined as a functional modification to the DNA that does not involve an 

alteration of the base sequence. According to Meaney (2010, p. 57), “the essential features of 

epigenetic mechanisms are (a) structural modifications to chromatin either at the level of the histone 

proteins or the DNA, (b) regulation of the structure and function of chromatin, (c) effects on gene 

expression, and (d) that these effects occur in the absence of any change in nucleotide sequence. The 

functional byproduct of the epigenetic modifications is that of a change in gene transcription.” 

As mentioned above, ROS can stimulate carcinogenesis (and other pathological processes) also via 

epigenetic alterations. Therefore, it is plausible, that glyphosate – via ROS-generation – could cause 
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epigenetic changes. Two recent reviews (Rossetti et al. 2021, Bukowska et al. 2022) have summarized 

the existing knowledge on glyphosate’s epigenetic effects. 

It should be noted that epigenetic modifications – similar to those of oxidative stress – are not 

covered by OECD guideline studies, but they have a serious hazard potential, because they can cause 

the development of diseases long after exposure to the chemical hazard (Bukowska et al. 2022). 

Contrary to a statement made in ECHA’s opinion that considers epigenetic modifications as “mostly 

reversible” (ECHA 2022, p. 44), “epigenetic marks could be maintained over time and be transmitted 

transgenerationally in second, third and fourth generations” (Rossetti et al. 2021). Bukowska et al. 

(2022) point out: “Even carcinogens, which do not exhibit genotoxic, apoptotic and cytotoxic 

potential to the cell may still be implicated in carcinogenesis in an epigenetic manner by direct 

influence gene expression during transcription, translation, and post-translational events.” 

Of the 15 studies summarized by Bukowska et al. (2022), only three were taken into consideration by 

ECHA (2022), and these three were dismissed because of “no clear dose-response” (Kwiatkowska et 

al. 2017, Wozniak et al. 2021) or “one dose only” was investigated (Duforestel et al. 2019). Instead of 

dismissing these studies using oversimplified arguments, ECHA in its alleged ”weight of evidence”-

approach should have performed a comprehensive review of all existing evidence taking into account 

the potential non-linearity of ROS effects that can lead to epigenetic alterations (see above).  

Conclusions 
AGG (2021) in its alleged “proof” of lack of dose-dependence made simple comparisons of tumour 

incidences across strains with no adjustments for any of the restrictions recommended by OECD 

(2012) for historical control data (HCD)10. In contrast, Portier (2020) used pooled logistic regression 

analyses of tumour incidences within the same strains of rats or mice as a method to adjust for 

between-study variations. This proper mathematical approach already demonstrated across-study 

consistency for many of the statistically significant increases seen. The complexity of the roles of ROS 

and Ca2+ as part of carcinogenic mechanisms (Miyata et al. 2017, Hempel and Trebak 2017) supports 

the demand to refrain from simplistic dose-response-comparisons across studies used by ECHA to 

dismiss observed increases in tumour incidences. 

In the four in vivo studies mentioned here (Gao et al. 2019; Liu et al. 2022a, 2022b, Tang et al. 2020) 

the same species (rats or mice) and same route of exposure (oral) were used as in the guideline 

studies of carcinogenicity. Significant increases in biomarkers of oxidative stress were demonstrated 

at lower doses and shorter exposure times than in the carcinogenicity studies. Therefore, it is 

plausible to assume that oxidative stress was present in dose groups with significantly increased 

tumour incidences of the carcinogenicity studies. This applies for instance to the kidney tumours 

seen in males of three out of the five mouse studies. Gao et al. (2019) demonstrated that glyphosate 

caused oxidative stress in kidneys of male mice – the same sex as kidney tumours were seen in the 

carcinogenicity studies, and they experimentally identified the underlying mechanism. A “weight of 

evidence approach” that is worth its name requires a synoptic consideration of the effects seen in 

the carcinogenicity studies and the mechanistic evidence eventually available only in the scientific 

literature – something ECHA failed to do.   
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genetic background. The major restrictions require that only studies should be compared which were 
conducted in the same strain of animals, in laboratory and within a 5-year window of time. 
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As outlined here, oxidative stress does not need to be generated from chemicals directly but can 

result from the interference of the compound with the endogenous ROS cycle. While guideline 

studies do not contain endpoints covering this aspect, oxidative stress has been demonstrated 

extensively for glyphosate in academic studies. ECHA’s risk assessment committee failed to use an 

appropriate weight of evidence approach by matching the existing mechanistic evidence with the 

statistically significant increases in tumour incidences seen in the carcinogenicity studies. Instead of 

performing a comprehensive integrated review of existing evidence, ECHA overlooked a large 

number of studies and dismissed others based on their isolated consideration using oversimplified 

arguments.   

References 
AGG (Rapporteur Member State Assessment Group on Glyphosate), 2021. Combined Draft Renewal 

Assessment Report prepared according to Regulation (EC) N° 1107/2009 and Proposal for 
Harmonised Classification and Labelling (CLH Report) according to Regulation (EC) N° 
1272/2008, Glyphosate, Volume 1, 
https://connect.efsa.europa.eu/RM/sfc/servlet.shepherd/document/download/0691v00000
hC0upAAC.  

Aggarwal, V., Tuli, H., Varol, A., Thakral, F., Yerer, M., Sak, K., Varol, M., Jain, A., Khan, Md., Sethi, G., 
2019. Role of Reactive Oxygen Species in Cancer Progression: Molecular Mechanisms and 
Recent Advancements. Biomolecules 9, 735. https://doi.org/10.3390/biom9110735. 

Aghadavod, E., Khodadadi, S., Baradaran, A., Nasri, P., Bahmani, M., Rafieian-Kopaei, M. 2016. Role 
of Oxidative Stress and Inflammatory Factors in Diabetic Kidney Disease. Iranian Journal of 
Kidney Diseases, 10:337-343.  

Antonucci, S., Di Lisa, F., Kaludercic, N., 2021. Mitochondrial reactive oxygen species in physiology 
and disease. Cell Calcium 94, 102344, https://doi.org/10.1016/j.ceca.2020.102344. 

Archibong, A.E., Rideout, M.L., Harris, K.J., Ramesh, A., 2018. Oxidative stress in reproductive 
toxicology. Current Opinion in Toxicology 7, 95–101. 
https://doi.org/10.1016/j.cotox.2017.10.004  

Bababunmi, E.A., Olorunsogo, O.O., Bassir, O., 1979. The uncoupling effect of n-
(phosphonomethyl)glycine on isolated rat liver mitochondria, Biochemical Pharmacology, 28: 
925-927, https://doi.org/10.1016/0006-2952(79)90377-0. 

Bukowska, B., Woźniak, E., Sicińska, P., Mokra, K., Michałowicz, J., 2022. Glyphosate disturbs various 
epigenetic processes in vitro and in vivo – A mini review. Science of The Total Environment 
851, 158259. https://doi.org/10.1016/j.scitotenv.2022.158259.  

Chang, V.C., Andreotti, G., Ospina, M., Parks, C.G., Liu, D., Shearer, J.J., Rothman, N., Silverman, D.T., 
Sandler, D.P., Calafat, A.M., Beane Freeman, L.E., Hofmann, J.N., 2023. Glyphosate exposure 
and urinary oxidative stress biomarkers in the Agricultural Health Study. JNCI: Journal of the 
National Cancer Institute djac242. https://doi.org/10.1093/jnci/djac242.  

de Batista, D.G., de Batista, E.G., Miragem, A.A., Ludwig, M.S., Heck, T.G., 2022. Disturbance of 
cellular calcium homeostasis plays a pivotal role in glyphosate-based herbicide-induced 
oxidative stress. Environ Sci Pollut Res 30, 9082–9102. https://doi.org/10.1007/s11356-022-
24361-2.  

Duforestel, M., Nadaradjane, A., Bougras-Cartron, G., Briand, J., Olivier, C., Frenel, J.-S., 
Vallette, F.M., Lelièvre, S.A., Cartron, P.F., 2019. Glyphosate Primes Mammary Cells 
for Tumorigenesis by Reprogramming the Epigenome in a TET3-Dependent Manner, 
Frontiers in Genetics, Volume 10, Article 885, 
https://doi.org/10.3389/fgene.2019.00885.  

Eaton, J.L., Cathey, A.L., Fernandez, J.A., Watkins, D.J., Silver, M.K., Milne, G.L., Velez-Vega, C., 
Rosario, Z., Cordero, J., Alshawabkeh, A., Meeker, J.D., 2022. The association between 
urinary glyphosate and aminomethyl phosphonic acid with biomarkers of oxidative stress 
among pregnant women in the PROTECT birth cohort study. Ecotoxicology and 

https://connect.efsa.europa.eu/RM/sfc/servlet.shepherd/document/download/0691v00000hC0upAAC
https://connect.efsa.europa.eu/RM/sfc/servlet.shepherd/document/download/0691v00000hC0upAAC
https://doi.org/10.3390/biom9110735
https://doi.org/10.1016/j.ceca.2020.102344
https://doi.org/10.1016/j.cotox.2017.10.004
https://doi.org/10.1016/0006-2952(79)90377-0
https://doi.org/10.1016/j.scitotenv.2022.158259
https://doi.org/10.1093/jnci/djac242
https://doi.org/10.1007/s11356-022-24361-2
https://doi.org/10.1007/s11356-022-24361-2
https://doi.org/10.3389/fgene.2019.00885


8 
 

Environmental Safety 233, 113300. https://doi.org/10.1016/j.ecoenv.2022.113300.  
ECHA (2022): Opinion proposing harmonised classification and labelling at EU level of  

glyphosate (ISO); N-(phosphonomethyl)glycine. 
https://echa.europa.eu/documents/10162/5702e99d-d503-f154-226f-d8ab070ac47a.  

Evans, J.L., Goldfine, I.D., Maddux, B.A., Grodsky, G.M., 2002. Oxidative stress and stress-
activated signaling pathways: a unifying hypothesis of type 2 diabetes. Endocrine 
Reviews 23:599-622, https://doi.org/10.1210/er.2001-0039.  

Gao, H., Chen, J., Ding, F., Chou, X., Zhang, X., Wan, Y., Hu, J., Wu, Q., 2019. Activation of the N ‐
methyl‐ D ‐aspartate receptor is involved in glyphosate‐induced renal proximal tubule cell 
apoptosis. Journal of Applied Toxicology 39:1096–1107. https://doi.org/10.1002/jat.3795. 

Hecht, F., Pessoa, C.F., Gentile, L.B., Rosenthal, D., Carvalho, D.P., Fortunato, R.S., 2016. 
The role of oxidative stress on breast cancer development and therapy. Tumour 
Biology 37:4281-4291. https://doi.org/10.1007/s13277-016-4873-9.   

Hempel, N., Trebak, M., 2017. Crosstalk between calcium and reactive oxygen species signaling in 
cancer. Cell Calcium 63, 70–96. https://doi.org/10.1016/j.ceca.2017.01.007 

IARC (International Agency for Research on Cancer), 2017. In: Some organophosphate insecticides 
and herbicides: diazinon, glyphosate, malathion, parathion, and tetrachlorvinphos, IARC 
Monographs on the Evaluation of Carcinogenic Risks to Humans, Volume 112: 321-412, 
https://publications.iarc.fr/_publications/media/download/6760/564e917d3cf4026bbc655ce
69babf854f46e58d9.pdf.  

Kakehashi, A., Wei, M., Fukushima, S., Wanibuchi, H., 2013. Oxidative Stress in the Carcinogenicity of 
Chemical Carcinogens, Cancers 5: 1332-1354, https://doi.org/10.3390/cancers5041332. 

Kamceva, G., Arsova-Sarafinovska, Z., Ruskovska, T., Zdravkovska, M., Kamceva-Panova, L., Stikova, 
E., 2016. Cigarette Smoking and Oxidative Stress in Patients with Coronary Artery Disease. 
Open Access Macedonian Journal of Medical Sciences 4: 636-640. 
https://doi.org/10.3889/oamjms.2016.117.   

Klaunig, J.E., Wang, Z., Pu, X., Zhou, S., 2011. Oxidative stress and oxidative damage in chemical 
carcinogenesis. Toxicology and Applied Pharmacology 254, 86–99. 
https://doi.org/10.1016/j.taap.2009.11.028.  

Kovacic, P., Jacintho, J., 2001. Reproductive Toxins Pervasive Theme of Oxidative Stress and Electron 
Transfer. CMC 8, 863–892. https://doi.org/10.2174/0929867013372878.  

Kwiatkowska, M., Reszka, E., Woźniak, K., Jabłońska, E., Michałowicz, J., Bukowska, B., 2017. DNA 
damage and methylation induced by glyphosate in human peripheral blood mononuclear 
cells ( in vitro study). Food and Chemical Toxicology 105, 93–98. 
https://doi.org/10.1016/j.fct.2017.03.051.  

Li, L. and Chen, F., 2016. Oxidative stress, epigenetics, and cancer stem cells in arsenic carcinogenesis 
and prevention. Curr Pharmacol Rep 2:57-63. https://doi.org/10.1007/s40495-016-0049-y.  

Liu, J.-B., Chen, K., Li, Z.-F., Wang, Z.-Y., Wang, L., 2022a. Glyphosate-induced gut microbiota 
dysbiosis facilitates male reproductive toxicity in rats. Science of The Total Environment 805, 
150368. https://doi.org/10.1016/j.scitotenv.2021.150368.  

Liu, J.-B., Li, Z.-F., Lu, L., Wang, Z.-Y., Wang, L., 2022b. Glyphosate damages blood-testis barrier via 
NOX1-triggered oxidative stress in rats: Long-term exposure as a potential risk for male 
reproductive health. Environment International 159, 107038. 
https://doi.org/10.1016/j.envint.2021.107038. 

Lopes, F.M., Varela Junior, A.S., Corcini, C.D., da Silva, A.C., Guazzelli, V.G., Tavares, G., da Rosa, C.E., 
2014. Effect of glyphosate on the sperm quality of zebrafish Danio rerio. Aquatic Toxicology 
155, 322–326. https://doi.org/10.1016/j.aquatox.2014.07.006.  

Lu, L., Liu, J.-B., Wang, J.-Q., Lian, C.-Y., Wang, Z.-Y., Wang, L., 2022. Glyphosate-induced 
mitochondrial reactive oxygen species overproduction activates parkin-dependent 
mitophagy to inhibit testosterone synthesis in mouse leydig cells. Environmental Pollution 
314, 120314. https://doi.org/10.1016/j.envpol.2022.120314. 

Makris, K.C., Efthymiou, N., Konstantinou, C., Anastasi, E., Schoeters, G., Kolossa-Gehring, M., 

https://doi.org/10.1016/j.ecoenv.2022.113300
https://echa.europa.eu/documents/10162/5702e99d-d503-f154-226f-d8ab070ac47a
https://doi.org/10.1210/er.2001-0039
https://doi.org/10.1002/jat.3795
https://doi.org/10.1007/s13277-016-4873-9
https://doi.org/10.1016/j.ceca.2017.01.007
https://publications.iarc.fr/_publications/media/download/6760/564e917d3cf4026bbc655ce69babf854f46e58d9.pdf
https://publications.iarc.fr/_publications/media/download/6760/564e917d3cf4026bbc655ce69babf854f46e58d9.pdf
https://doi.org/10.3390/cancers5041332
https://doi.org/10.3889/oamjms.2016.117
https://doi.org/10.1016/j.taap.2009.11.028
https://doi.org/10.2174/0929867013372878
https://doi.org/10.1016/j.fct.2017.03.051
https://doi.org/10.1007/s40495-016-0049-y
https://doi.org/10.1016/j.scitotenv.2021.150368
https://doi.org/10.1016/j.envint.2021.107038
https://doi.org/10.1016/j.aquatox.2014.07.006
https://doi.org/10.1016/j.envpol.2022.120314


9 
 

Katsonouri, A., 2022. Oxidative stress of glyphosate, AMPA and metabolites of pyrethroids 
and chlorpyrifos pesticides among primary school children in Cyprus. Environmental 
Research 212, 113316. https://doi.org/10.1016/j.envres.2022.113316.  

Martínez Leo, E.E., and Segura Campos, M.R. 2019. Systemic Oxidative Stress: A key point in 
neurodegeneration - a review, The Journal of Nutrition, Health & Aging 23:694-699, 
https://doi.org/10.1007/s12603-019-1240-8.  

Mehtiyev, T., Karaman, E.F., Ozden, S., 2023. Alterations in cell viability, reactive oxygen species 
production, and modulation of gene expression involved in mitogen–activated protein 
kinase/extracellular regulating kinase signaling pathway by glyphosate and its commercial 
formulation in hepatocellular carcinoma cells. Toxicol Ind Health 39, 81–93. 
https://doi.org/10.1177/07482337221149571.  

Meaney, M.J., 2010. Epigenetics and the Biological Definition of Gene x Environment Interactions. 

Child Development 81, 41–79. https://doi.org/10.1111/j.1467-8624.2009.01381.x  

Miyata, Y., Matsuo, T., Sagara, Y., Ohba, K., Ohyama, K., Sakai, H., 2017. A Mini-Review of Reactive 
Oxygen Species in Urological Cancer: Correlation with NADPH Oxidases, Angiogenesis, and 
Apoptosis. IJMS 18, 2214. https://doi.org/10.3390/ijms18102214.  

OECD, 2012. Guidance document 116 on the conduct and design of chronic toxicity and 
Carcinogenicity studies, supporting test guidelines 451, 452 and 453. 2nd edition. 
France, Paris: OECD Publishing, https://doi.org/10.1787/20777876. 

Perse M., 2013. Oxidative stress in the pathogenesis of colorectal cancer: cause or consequence? 
BioMed Research International, Article ID 725710, 9 pages, 
https://doi.org/10.1155/2013/725710. 

Picard, M., Shirihai, O.S., 2022. Mitochondrial signal transduction. Cell Metabolism 34, 1620–1653. 
https://doi.org/10.1016/j.cmet.2022.10.008 

Portier, C.J., 2020. A comprehensive analysis of the animal carcinogenicity data for glyphosate from 
chronic exposure rodent carcinogenicity studies. Environ Health 19, 18. 
https://doi.org/10.1186/s12940-020-00574-1. 

Prasad, S., Gupta, S.C., Pandey, M.K., Tyagi, A.K., Deb, L., 2016. Oxidative Stress and Cancer: 
Advances and Challenges. Editorial. Oxidative Medicine and Cellular Longevity, Article ID 
5010423. https://doi.org/10.1155/2016/5010423.  

Qureshi, M.A., Kim, Y.O., Schuppan, D., 2016. Hepatocellular carcinoma in nonalcoholic fatty liver 
disease: A link between oxidative stress and T-cell suppression. Hepatology 64:1794-1797, 
https://doi.org/10.1002/hep.28815.  

Ray, P.D., Huang, B.-W., Tsuji, Y., 2012. Reactive oxygen species (ROS) homeostasis and redox 
regulation in cellular signaling. Cellular Signalling 24, 981–990. 
https://doi.org/10.1016/j.cellsig.2012.01.008.  

RMS (Rapporteur Member State) Germany, 2015. Renewal Assessment Report, Glyphosate, 
Addendum 1 to RAR, Assessment of IARC Monographs Volume 112 (2015): Glyphosate. 

Rossetti, M.F., Canesini, G., Lorenz, V., Milesi, M.M., Varayoud, J., Ramos, J.G., 2021. Epigenetic 
Changes Associated With Exposure to Glyphosate-Based Herbicides in Mammals. Front. 
Endocrinol. 12, 671991. https://doi.org/10.3389/fendo.2021.671991. 

Santini, S.J., Cordone, V., Falone, S., Mijit, M., Tatone, C., Amicarelli, F., Di Emidio, G., 2018. Role of 
Mitochondria in the Oxidative Stress Induced by Electromagnetic Fields: Focus on 
Reproductive Systems. Oxidative Medicine and Cellular Longevity 2018, 1–18. 
https://doi.org/10.1155/2018/5076271.   

Sayanthooran, S., Magana-Arachchi, D.N., Gunerathne, L., Abeysekera, T.D., 
Sooriyapathirana, S.S., 2016. Upregulation of Oxidative Stress Related Genes in a 
Chronic Kidney Disease Attributed to Specific Geographical Locations of Sri Lanka. 
BioMed Research International, Article ID 7546265, 9 pages. 
https://doi.org/10.1155/2016/7546265.  

https://doi.org/10.1016/j.envres.2022.113316
https://doi.org/10.1007/s12603-019-1240-8
https://doi.org/10.1177/07482337221149571
https://doi.org/10.1111/j.1467-8624.2009.01381.x
https://doi.org/10.3390/ijms18102214
https://doi.org/10.1787/20777876
https://doi.org/10.1155/2013/725710
https://doi.org/10.1186/s12940-020-00574-1
https://doi.org/10.1155/2016/5010423
https://doi.org/10.1002/hep.28815
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.3389/fendo.2021.671991
https://doi.org/10.1155/2018/5076271
https://doi.org/10.1155/2016/7546265


10 
 

Shanmugasundara, K., and Block, K., 2016. Renal Carcinogenesis, Tumor Heterogeneity, and Reactive 
Oxygen Species: Tactics Evolved, Antioxidants & Redox Signaling 25: 685-701, 
https://doi.org/10.1089/ars.2015.6569.  

Sidthilaw, S., Sapbamrer, R., Pothirat, C., Wunnapuk, K., Khacha-ananda, S., 2022. Effects 
of exposure to glyphosate on oxidative stress, inflammation, and lung function in 
maize farmers, Northern Thailand. BMC Public Health 22, 1343. 
https://doi.org/10.1186/s12889-022-13696-7.  

Singh, E., and Devasahayam, G. 2019. Neurodegeneration by oxidative stress: a review on 
prospective use of small molecules for neuroprotection, Molecular biology reports 47:3133-
3140, https://doi.org/10.1007/s11033-020-05354-1.  

Smith, M.T., Guyton, K.Z., Gibbons, C.F., Fritz, J.M., Portier, C.J., Rusyn, I., DeMarini, D.M., Caldwell, 
J.C., Kavlock, R.J., Lambert, P.F. et al., 2016. Key Characteristics of Carcinogens as a Basis for 
Organizing Data on Mechanisms of Carcinogenesis. Environmental Health Perspectives 
124:713-721, https://doi.org/10.1289/ehp.1509912. 

Tang, Q., Tang, J., Ren, X., Li, C., 2020. Glyphosate exposure induces inflammatory responses in the 
small intestine and alters gut microbial composition in rats. Environmental Pollution 261, 
114129. https://doi.org/10.1016/j.envpol.2020.114129. 

Toyokuni, S., 2016. Oxidative stress as an iceberg in carcinogenesis and cancer biology. Archives of  
Biochemistry and Biophysics, 595:46-49. https://doi.org/10.1016/j.abb.2015.11.025. 

Turkmen, K., 2017. Inflammation, oxidative stress, apoptosis, and autophagy in diabetes mellitus and 
diabetic kidney disease: the Four Horsemen of the Apocalypse. Int Urol Nephrology 49: 837–
844, https://doi.org/10.1007/s11255-016-1488-4.  

Vakonaki, E., Tsarouhas, K., Spandidos, D.A., Tsatsakis, A.M., 2016. Complex interplay of DNA 
damage, DNA repair genes, and oxidative stress in coronary artery disease. Anatolian Journal 
of Cardiology 16:939, https://doi.org/10.14744/AnatolJCardiol.2016.21234.   

Woźniak, E., Reszka, E., Jabłońska, E., Michałowicz, J., Huras, B., Bukowska, B., 2021. Glyphosate and 
AMPA Induce Alterations in Expression of Genes Involved in Chromatin Architecture in 
Human Peripheral Blood Mononuclear Cells (In Vitro). IJMS 22, 2966. 
https://doi.org/10.3390/ijms22062966. 

Wu, L.L., Chioud, C.-C., Change, P.-Y., Wu, J.T., 2004. Urinary 8-OHdG: a marker of oxidative stress to 
DNA and a risk factor for cancer, atherosclerosis and diabetics. Clinica Chimica Acta 339:1-9 
Https://doi.org/10.1016/j.cccn.2003.09.010.  

Xing, C., Chen, S., Wang, Y., Pan, Z., Zou, Y., Sun, S., Ren, Z., Zhang, Y., 2022. Glyphosate exposure 
deteriorates oocyte meiotic maturation via induction of organelle dysfunctions in pigs. J 
Animal Sci Biotechnol 13, 80. https://doi.org/10.1186/s40104-022-00732-0.  

Yaribeygi, H., Panahi, Y., Javadi, B. Sahebkar, A., 2018. The Underlying Role of Oxidative Stress in 
Neurodegeneration: A Mechanistic Review, CNS & neurological disorders drug targets 
17:207-215, https://doi.org/10.2174/1871527317666180425122557.  

Yu, W., Tu, Y., Long, Z., Liu, J., Kong, D., Peng, J., Wu, H., Zheng, G., Zhao, J., Chen, Y., Liu, R., Li, W., 
Hai, C., 2022. Reactive Oxygen Species Bridge the Gap between Chronic Inflammation and 
Tumor Development. Oxidative Medicine and Cellular Longevity 2022, 1–22. 
https://doi.org/10.1155/2022/2606928.  

 
 
 
 

https://doi.org/10.1089/ars.2015.6569
https://doi.org/10.1186/s12889-022-13696-7
https://doi.org/10.1007/s11033-020-05354-1
https://doi.org/10.1289/ehp.1509912
https://doi.org/10.1016/j.envpol.2020.114129
https://doi.org/10.1016/j.abb.2015.11.025
https://doi.org/10.1007/s11255-016-1488-4
https://doi.org/10.14744/AnatolJCardiol.2016.21234
https://doi.org/10.3390/ijms22062966
https://doi.org/10.1016/j.cccn.2003.09.010
https://doi.org/10.1186/s40104-022-00732-0
https://doi.org/10.2174/1871527317666180425122557
https://doi.org/10.1155/2022/2606928

