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ABSTRACT 
[bookmark: _Hlk204009339]Glyphosate is an herbicide found worldwide in glyphosate-based formulations (GBFs). Although glyphosate appears to have a low toxicity profile for humans and mammals, conflicting reports exist regarding the risk for cancer in humans. US-EPA and European regulatory agencies have described glyphosate as unlikely to pose a carcinogenic hazard to humans. However, the International Agency for Research on Cancer (IARC) classified glyphosate as “probably carcinogenic to humans (Group 2A)”, citing “mechanistic data provide strong evidence for genotoxicity and oxidative stress”. Given this discrepancy, the Division of Translational Toxicology designed an experimental strategy to expand biological coverage and address critical gaps within existing literature (e.g., glyphosate toxicity alongside GBFs from a range of products and context-defining positive controls) to strengthen translational interpretations. Here, cell morphology, cell viability, H2O2 formation, and gammaH2AX formation were assayed in studies using human keratinocytes (HaCaT), previously cited by IARC, and human hepatocytes (HepaRG™) to derive benchmark concentrations and fold-change metrics. Our findings revealed glyphosate alone was weakly bioactive for oxidative stress and DNA damage when compared to positive controls. In contrast, most of the 13 GBFs evaluated were bioactive, which did not correlate with glyphosate concentrations. Hierarchical clustering of biological response similarities revealed some bioactive GBFs in close proximity to well-characterized oxidative stress inducers, while 4 GBFs were more similar to negative controls (e.g., sucrose) or glyphosate alone. Collectively, these data provide context-defining results that advance our understanding of the hazard potential of GBF exposures while revealing glyphosate does not appear to be a driver of oxidative stress from GBF exposures.



INTRODUCTION
Glyphosate is a broad-spectrum herbicide widely used in agricultural and residential settings to control weeds and grasses. Glyphosate is an organophosphorus chemical that inhibits a plant-specific enzyme (i.e., 5-enolpyruvylshikimate-3-phosphate synthase) involved in amino acid biosynthesis (Schonbrunn et al. 2001). Glyphosate-based formulations (GBFs) contain various co-formulants, classified as ‘inert’ ingredients, that aid in delivery and absorption of glyphosate and other active ingredients into plants (Mesnage et al. 2019). Over the past 30 years, the use of glyphosate has risen dramatically due to the development of glyphosate-resistant genetically modified crops. Today, glyphosate is the most heavily used herbicide in the United States and worldwide (Benbrook 2016).
The general population is primarily exposed to glyphosate via the ingestion of food or water containing glyphosate. According to the US Environmental Protection Agency (US-EPA), the chronic dietary exposure estimate for glyphosate is 0.09 mg/kg/day for the general U.S. population and 0.23 mg/kg/day for children aged 1 to 2 years old (Reeves et al. 2019). Other exposure routes, including inhalation and dermal, do not appear to be major routes of glyphosate exposure based on its low vapor pressure and limited dermal absorption (Reeves et al. 2019; US-EPA 2013). Glyphosate is metabolized to (aminomethyl)phosphonic acid (AMPA) by microbes in soil and in the mammalian digestive tract (ATSDR 2020). Glyphosate was nominated to the National Toxicology Program (NTP) for toxicity testing in 1981. The resulting studies in male and female rats, and mice, exposed to glyphosate in feed for 13 weeks (Chan and Mahler 1992) revealed few toxicological effects, even at the highest exposure of 50,000 ppm, which was equivalent to approximately 3,400 mg/kg/day in rats and 10,800-12,000 mg/kg/day in mice. 
The US-EPA, the European Food Safety Authority (EFSA), the European Chemicals Agency (ECHA), and the Joint Food and Agricultural Organization of the United Nations/World Health Organization Meeting on Pesticide Residues (JMPR) concluded that glyphosate is unlikely to be carcinogenic to humans (EFSA 2015; JMPR 2004; US-EPA 2017). In contrast to these conclusions from multiple agencies and organizations, the International Agency for Research on Cancer (IARC) concluded in monograph volume 112 that glyphosate is a probable human carcinogen (Group 2A) (IARC 2017). The discrepancies between these evaluations may be due to several factors, including IARC’s primary concern for cancer hazard identification rather than quantitative risk assessment. Also, IARC included GBFs alongside glyphosate in its evaluation, whereas regulatory agencies are charged with evaluating the active ingredient glyphosate. Few studies have directly compared the toxicological effects of glyphosate to GBFs using matched experimental protocols and endpoints. However, recent reviews have discussed the growing body of mechanistic evidence for glyphosate, surfactant ingredients, and GBF products (Martins-Gomes et al. 2022; Mesnage et al. 2019). IARC concluded “There is strong evidence that glyphosate causes genotoxicity,” which would increase the potential for tumor initiation (IARC 2017). Furthermore, IARC concluded that “Strong evidence exists that glyphosate, AMPA, and glyphosate-based formulations can induce oxidative stress,” which would further increase the potential for tumor initiation and promotion. However, detailed review of the mechanistic data for glyphosate-induced oxidative stress revealed aspects of experimental design that limit the interpretation of these studies. In general, studies were conducted using superphysiological exposure levels for glyphosate and GBFs (e.g., > 50,000 µM), and lacked evaluation of cytotoxicity. Many studies lacked appropriate positive controls for contextualization of the responses induced by glyphosate and GBFs and used assays with sub-optimal specificity for reactive oxygen species (ROS) (Bonini et al. 2006), using reagents such as DCFDA to evaluate oxidative stress (Elie-Caille et al. 2010). Some studies also appeared to conflate mechanistic literature for glyphosate with GBFs (George and Shukla 2013). However, some cited studies do include supportive observations for a causal role of oxidative stress via attenuated cytotoxicity in the presence of co-exposures with antioxidants.
To help clarify uncertainty surrounding the toxicity of glyphosate and GBFs, the Division of Translational Toxicology (DTT) designed a two-pronged strategy, based on IARC’s conclusion that “Overall, the mechanistic data provide strong evidence for genotoxicity and oxidative stress,” to evaluate glyphosate, GBF product mixtures, and AMPA . Previously, we reported low toxicological concern for genotoxicity with glyphosate exposures in humans, which was consistent with NTP in vivo study findings (Smith-Roe et al. 2023). However, some GBFs did show potential for cytotoxicity and genotoxic activity at higher exposures in vitro. In the present study, we investigated the potential for glyphosate and GBFs to cause oxidative stress alongside a panel of appropriate reference chemicals in human liver tissue models (i.e., HepaRG™), previously qualified to effectively model aspects of human liver function and drug-induced liver injury (Jackson et al. 2016; Ramaiahgari et al. 2019), and in cultures of human keratinocytes (HaCaT cells). The overarching aims were to replicate cited mechanistic evidence by IARC for oxidative stress with glyphosate exposures, provide interpretive context for NAM-based (i.e., new approach method) hazard characterization and risk assessment, and improve our understanding of the relative contribution of glyphosate to GBF-induced oxidative stress, cytotoxicity, and DNA damage. 

MATERIALS and METHODS
Test chemicals, GBFs, and reference chemicals used in this study were acquired from commercial sources as summarized in Table 1. Here, tabulated information on the concentrations of glyphosate in GBFs, both percentage and molar units, is provided. Most GBFs were reported to be isopropylamine salt forms with the exception of Durango DMA (dimethylamine salt), Halex® GT (free acid), Roundup PowerMAX® (potassium salt), Roundup WeatherMAX® (potassium salt), and Touchdown Total® (potassium salt). All other chemicals used in cell culture, cellular imaging, oxidative stress assays, cell viability assays, and H2AX phosphorylation assays were acquired from standard commercial sources as detailed below. Phosphate buffered saline (PBS, Catalog #: 10010023) and Trypsin (Catalog # 25200-056) were purchased from Gibco/Invitrogen (Grand Island, NY).
HaCaT cells, used in studies cited by IARC (Gehin et al. 2005; Gehin et al. 2006; Heu et al. 2012) as producing strong evidence for glyphosate-induced oxidative stress, were obtained from AddexBio Technologies, Inc. (San Diego, CA). Cryopreserved No-Spin HepaRG™, hereafter abbreviated as HepaRG, and proprietary culture media supplements (i.e., HepaRG Thawing and Plating Medium Supplement‑‑MHTAP, and HepaRG Preinduction and Toxicity Medium Supplement‑‑MHPIT) were obtained from Triangle Research Laboratory (now Lonza) located in RTP, NC. William’s E Medium (Catalog # A1217601) containing no phenol-red was purchased from Invitrogen/Gibco (Grand Island, NY) and used to culture HepaRG cells. Penicillin-streptomycin (Catalog #P0781) was purchased from Sigma-Aldrich, St. Louis, MO). Dulbecco’s Minimal Essential Medium (DMEM, Catalog #: 11965-092) and 10% fetal bovine serum (Catalog #: 10438034) were used to culture HaCaT cells and purchased from Gibco (Grand Island, NY). Krebs-Henseleit buffer modified with 2 g/L glucose (Catalog #: K3753) was purchased from Sigma-Aldrich (St. Louis, MO).

Table 1: Test Substance & Reference Chemical Summary
	Substance Name
	Category
	CASRN
	EPA Registry #
	Source
	Lot#

	Glyphosate (free acid)
	Test Chemical
	1071-83-6
	
	Albaugh, LLC
	2016080705

	Glyphosate isopropylamine salt
	Test Chemical
	38641-94-0
	
	Chem Service, Inc
	7429000

	AMPA ((aminomethyl)phosphonic acid)
	Test Chemical
	1066-51-9
	
	TCI America
	PIB8L

	Diquat dibromide monohydrate
	Test Chemical & Reference Chemical for Oxidative Stress
	6385-62-2
	
	Chem Service, Inc.
	7419600

	Mesotrione
	Test Chemical
	104206-82-8
	
	Toronto Research Chemicals
	5-CGS-113-1

	Metolachlor
	Test Chemical
	51218-45-2
	
	Toronto Research Chemicals
	1-BJM-60-1

	Buccaneer® Plus
	GBF
	
	55467-9
	Tenkoz, Inc.
	

	Cornerstone® Plus
	GBF
	
	1381-192
	Winfield Solutions,LLC
	

	Durango DMA
	GBF
	
	62719-556
	Dow AgroSciences
	D516G54007

	GlyStar® Plus
	GBF
	
	42750-61
	Albaugh, LLC
	60602253

	Halex® GT1
	GBF
	
	100-1282
	Syngenta, USA
	GBL6A30

	Roundup Custom®
	GBF
	
	524-343
	Monsanto Company
	MNR01001AJ

	Roundup PowerMAX®
	GBF
	
	524-549
	Monsanto Company
	MGZT0717AJ

	Roundup WeatherMAX®
	GBF
	
	524-537
	Monsanto Company
	MNKF0319AJ

	Touchdown Total®
	GBF
	
	100-1169
	Syngenta, USA
	GBL4C02

	Roundup ® Weed & Grass Killer Concentrate Plus2
	GBF
	
	71995-29
	Monsanto Company
	I14258/FI/1/5

	Roundup ® Weed & Grass Killer Super Concentrate
	GBF
	
	71995-25
	Monsanto Company
	M16041/PM/2/2

	Hi-Yield® KILLZALL™ II
	GBF
	
	42750-66-7401
	Voluntary Purchasing Groups, Inc.
	

	Remuda® Full Strength
	GBF
	
	228-366-54705
	Monterey Lawn and Garden Products
	14US0001

	TBHP (Tertbutyl hydrogen peroxide)
	Ref Chem. Ox. Stress
	75-91-2
	
	Sigma-Aldrich
	416665

	Menadione
	Ref. Chem. Ox. Stress
	58-27-5
	
	Sigma-Aldrich
	M9429

	Sucrose
	Ref. Chem. Negative Control
	57-50-1
	
	MP Biomedical Solutions
	802536

	Potassium Chloride
	Ref. Chem. Negative Control
	7447-40-7
	
	Mallinckrodt
	6858-04

	Antimycin
	Ref. Chem. Mitochondrial ROS
	1397-94-0
	
	Sigma-Aldrich
	A8674

	Etoposide
	Ref. Chem gH2AX
	33416-42-0
	
	Sigma-Aldrich
	E1383


1Contains two additional herbicides: 20.5% S-metolachlor and 2.05% mesotrione.
2Contains one additional herbicide: 0.73% diquat dibromide monohydrate.

Table 2: Exposure Summary1,2	Comment by Caroll Co: @Guanhua Xie can you check this table	Comment by Guanhua Xie: Checked columns 1,2,4,5, and 6.  Do not have information to check other columns.	Comment by Caroll Co: Thanks Guan! 
	Substance Name
	Substance Abbreviation
	SMILES8
	Solubilization Vehicle
	Concentration Range Evaluated (µg/mL)
	Concentration Range Evaluated (mM)1
	[Glyphosate] on Product Label
(%)
	[Glyphosate] on Product Label       (M)2

	Glyphosate3
	Glyphosate
	OC(=O)CNCP(O)(O)=O
	H2O
	0.267 – 8,454
	1.58x10-3 - 50
	
	

	Glyphosate isopropylamine4
	G-IPA
	CC(C)N.OC(=O)CNCP(O)(O)=O
	H2O
	0.361 – 11,409
	1.58x10-3 - 50
	
	

	AMPA5
	AMPA
	NCP(O)(O)=O
	H2O
	0.175 – 5,552
	1.58x10-3 - 50
	
	

	Diquat6
	Diquat
	O.[Br-].[Br-].C1C[N+]2=C(C=CC=C2)C2=[N+]1C=CC=C2
	H2O
	0.5702 – 18,103
	1.58x10-3 - 50
	
	

	Mesotrione7
	Mesotrione
	CS(=O)(=O)C1=CC(=C(C=C1)C(=O)C1C(=O)CCCC1=O)[N+]([O-])=O
	H2O
	0.268 – 8,483
	7.901.58x10-43 - 25
	
	

	Metolachlor7
	Metolachlor
	CCC1=C(N(C(C)COC)C(=O)CCl)C(C)=CC=C1
	DMSO
	0.00897 - 284
	3.16x10-5 – 1.0
	
	

	Hi-Yield® KILLZALL™ II
	A
	OC(=O)CNCP(O)(O)=O
	H2O
	0.100 – 3,173
	6.56x10-6 – 0.209
	1.92
	0.08

	Roundup® Concentrate Plus 
	B
	OC(=O)CNCP(O)(O)=O
	H2O
	0.0807758 – 2,551
	6.3800x10-5 – 2.02
	18.0
	0.84

	Halex® GT
	C
	OC(=O)CNCP(O)(O)=O
	H2O
	0.1221 – 3,842
	1.47x10-4 – 4.65
	20.5
	1.48

	GlyStar® Plus
	D
	OC(=O)CNCP(O)(O)=O
	H2O
	0.1121 – 3,516
	2.00x10-4 – 6.32
	41.0
	2.11

	Cornerstone® Plus
	E
	OC(=O)CNCP(O)(O)=O
	H2O
	0.1131 – 3,580
	2.00x10-4 – 6.44
	41.0
	2.11

	Buccaneer® Plus
	F
	OC(=O)CNCP(O)(O)=O
	H2O
	0.114 – 3,605
	2.05x10-4 – 6.48
	41.0
	2.11

	Remuda® Full Strength
	G
	OC(=O)CNCP(O)(O)=O
	H2O
	0.115 – 3,644
	2.07x10-4 – 6.55
	41.0
	2.11

	Touchdown Total®
	H
	OC(=O)CNCP(O)(O)=O
	H2O
	0.106 – 3,360
	2.09x10-4 – 6.62
	44.9
	2.96

	Roundup PowerMAX®
	I
	OC(=O)CNCP(O)(O)=O
	H2O
	0.1287 – 4,033
	3.00x10-4 – 9.49
	48.7
	3.19

	Roundup WeatherMAX®
	J
	OC(=O)CNCP(O)(O)=O
	H2O
	0.128 – 4,050
	9.05x10-5 – 2.876
	48.8
	3.19

	Roundup® Super Concentrate
	K
	OC(=O)CNCP(O)(O)=O
	H2O
	0.080218 – 2,535
	1.80x10-4 – 5.58
	50.2
	2.55

	Durango DMA
	L
	OC(=O)CNCP(O)(O)=O
	H2O
	0.1165 – 3,667
	2.70x10-4 – 8.61
	50.2
	2.84

	Roundup Custom®
	M
	OC(=O)CNCP(O)(O)=O
	H2O
	0.1156 – 3,639
	2.70x10-4 – 8.46
	53.8
	2.84

	TBHP
	TBHP
	CC(C)(C)OO
	H2O
	0.00284 – 90.1
	3.15x10-5 – 0.100
	
	

	Menadione
	Menadione
	CC1=CC(=O)C2=C(C=CC=C2)C1=O
	DMSO
	5.42x10-4 – 17.2
	3.15x10-6 – 0.100
	
	

	Sucrose
	Sucrose
	OC[C@H]1O[C@@](CO)(O[C@H]2O[C@H](CO)[C@@H](O)[C@H](O)[C@H]2O)[C@@H](O)[C@@H]1O
	H2O
	0.0108 – 342
	3.15x10-5 – 1.00
	
	

	Potassium Chloride
	KCl
	[Cl-].[K+]
	H2O
	0.00235 – 74.6
	3.15x10-5 – 1.00
	
	

	Antimycin
	Antimycin
	CCCCCC[C@@H]1[C@H]([C@@H](OC(=O)[C@H]([C@H](OC1=O)C)NC(=O)C2=C(C(=CC=C2)NC=O)O)C)OC(=O)CC(C)C
	DMSO
	1.7365x10-4 – 5.49
	3.1500x10-7 – 0.0100
	
	

	Etoposide
	Etoposide
	[H][C@]12COC(=O)[C@]1([H])[C@H](C1=CC(OC)=C(O)C(OC)=C1)C1=CC3=C(OCO3)C=C1[C@H]2O[C@]1([H])O[C@]2([H])CO[C@@H](C)O[C@@]2([H])[C@H](O)[C@H]1O
	DMSO
	0.00930 - 294
	1.58x10-5 – 0.500
	
	


1GBF molar concentration ranges reflect only glyphosate concentrations.
2Calculated based on the free acid form of glyphosate.
3Present in all GBFs.
4Present in Buccaneer Plus, Cornerstone Plus, GlyStar Plus, Roundup Custom, and Touchdown Total.
5Microbial metabolite of glyphosate.
6Present in Round Up Weed and Grass Killer Concentrate Plus (GBF-J).
7Present in Halex GT. 
8All GBF smiles show only glyphosate structure due to lack of knowledge of other constituents

Cell Culture and Test Substance Exposures
Cryopreserved HaCaT cells were obtained from AddexBio Technologies, Inc., San Diego, CA and cultured in accordance with standardized protocols provided by the manufacturer. Briefly, HaCaT cells were thawed at 37 °C in a water bath, transferred to a 50mL conical centrifuge tube containing 10 mL of culture medium and centrifuged at 125 x g for 5 minutes. Cell pellets were resuspended in fresh culture medium and transferred to T25 flasks for culture at 37 °C in a humidified 5% CO2 incubator. HaCaT cells were passaged per manufacturer’s protocol (e.g., 0.25% Trypsin) and expanded into T175 flasks with one third of the cultures passaged approximately every other day. To initiate HaCaT cell cultures for test substance exposures, cells were passaged and counted using a Cellometer K2 Fluorescent Viability Cell Counter (Nexcelom Bioscience, Lawrence, MA) to achieve an initial density of ~10,000 cells/well on collagen (I) coated 384-well clear flat bottom black plates (Catalog # 354667, Corning, Kennebunk, ME). For this, either an Eppendorf Xplorer Plus multichannel pipettor or a Viaflo semi-automated liquid handler (Integra Biosciences, Hudson, NH) were used. Cells were plated ~24 h prior to initiating test substance exposures, which achieved cell densities of ~20,000 cells/well at the time of exposure initiation. 
HepaRG (Catalog #: HPR116NS, Lonza, Research Triangle Park, NC) were thawed, counted, and plated per the manufacturer’s protocol, as previously described (Ramaiahgari et al. 2019). Here, a Cellometer K2 Fluorescent Viability Cell Counter was used to count and adjust cell densities to final densities of ~20,000 cells/well in 384-well collagen (I) coated plates (Catalog # 354667, Corning, Kennebunk, ME) using an Eppendorf Xplorer Plus multichannel pipettor or a Viaflo semi-automated liquid handler (Integra Biosciences, Hudson, NH). Cells were initially plated in William’s E Medium (WEM) supplemented with MHTAP for 1-3 days in a humidified incubator with 5% CO2, then changed to WEM supplemented with three-fifths diluted MHPIT (i.e., 3 aliquots of supplement for every 500 mL bottle of WEM) to achieve final concentrations of ~6% FCS and ~0.3% DMSO. After 5 days of maturation, differentiated HepaRG cultures were verified microscopically for morphological evidence of differentiation prior to initiation of chemical exposures as previously described (Jackson et al. 2016). 
Prior to preparing glyphosate-based formulations (GBFs) stock solutions for cell exposures, GBFs were initially diluted 1:10 with ultrapure distilled water (Catalog #: 10977-015, Invitrogen, Grand Island NY) to prevent constituent precipitation, and adjusted to pH 7.4 with 1.0 M NaOH, which was generally <10% of the volume of each GBF. Many of the GBFs were yellow-tinted in appearance. The pH adjusted GBFs were further diluted with cell culture medium for either HaCaT or HepaRG at a volume ratio of 1:30 for 24-hour exposure data. This selection was based on prior studies evaluating complex mixtures of botanicals (Catlin et al. 2018) and demonstrating minimal matrix-related loss of cell viability with 1:30 dilutions of predominantly aqueous solutions in cell culture medium. For assays at the 1-hour time point, dilutions of GBFs and individual test chemicals were made in Krebs-Henseleit buffer, modified with 2 g/L glucose, to avoid masking of oxidative stress responses from antioxidant components of standard cell culture media (e.g., glutathione). Test substance stock solutions were further diluted over 10 exposure levels to maintain constant vehicle concentrations across the exposure range using either third-log or half-log spacing in final volumes of 50 µL/well (384-well format). Initial exposure plates used a half-log concentration-response spacing, while succeeding plates were conducted using third-log concentration spacing. Individual test chemicals (e.g., glyphosate, G-IPA, AMPA, and reference chemicals) were solubilized as summarized in Table 2. To avoid edge effects, the outer rows and columns were not used for testing; thus, 308 wells were available per plate for toxicity screening. Representative plate maps are provided in Supplemental Information. Each exposure level was duplicated on a given assay plate and replicated in two or more independent experiments (i.e., different days). Cells were exposed to test articles for either 1- or 24-hours to evaluate a range of endpoints including cellular imaging, cell viability/cytotoxicity, oxidative stress (i.e., hydrogen peroxide formation, mitochondrial superoxide formation) as a indicators of reactive oxygen species formation), and DNA damage (i.e., gH2AX formation). The 1-hour exposures in Kreb’s-Henseleit buffer were designed to evaluate whether the test articles induced formation of ROS through more direct chemical interactions, while 24-hour exposures were conducted in the presence of standard cell culture media as described above. For chemicals that were dissolved in DMSO, the final concentration of DMSO did not exceed 0.2%. Exposure to DMSO did not appear to alter cell viability or influence assay function, consistent with prior studies.	Comment by Caroll Co: Plate maps in table form? Or as a figure? Or spreadsheets in CEBS?
Cell Viability and Imaging
Cell viability assays were performed using the CellTiter-Glo 2.0® Assay (CTG) (Catalog #G9241, Promega, Madison, WI) in accordance with manufacturer’s protocol, as previously described (Mauge-Lewis et al., 2025). These assays measured the depletion of ATP in each assay well as a biomarker of cellular viability and cytotoxicity in response to test substance exposures. At the conclusion of 1-hour and 24-hour exposures, assay plates were equilibrated for 30 minutes at room temperature followed by 10-minute incubations with CellTiter-Glo® luminescent substrate. Luminescence was assayed with a CLARIOstar microplate reader (BMG LabTech, Offenburg, Germany) with a gain of 3600 and a focal height of 12.5 mm. Raw luminescence data were analyzed to derive fold-change and statistically defined points-of-departure for cell viability, as described below. Cell health was also evaluated using phase contrast light microscopy imaging of cell morphology for each assay well that captured photomicrographs prior to test substance exposures and at the conclusion of exposures using an IncuCyte Zoom imaging system (Essen BioScience, Inc., Ann Arbor, MI). Because the imaging process duration was ~1-hour for each set of assay plates, imaging was initiated ~1-hour prior to the end of the exposure period. Cell morphology photomicrographs were inspected to qualify the hepatocellular functionality of HepaRG liver tissue models, confirm HaCaT cell morphological consistency, and guide interpretations of assay data in response to test substance exposures. Furthermore, a previously qualified deep learning tool was applied to analyze photomicrographs from each well and derive potency range estimates for morphological change as previously described (Tandon et al. 2022). 
Assays for Oxidative Stress
Due to the importance of oxidative stress in cancer and IARC’s conclusions, the study design team collaborated with thought leaders in the field of reactive oxygen species to identify robust assays with sufficient chemical specificity to confirm xenobiotic-induced formation of reactive oxygen species (ROS), and avoid use of less specific detection reagents such as 2’,7’-dichlorodihydrofluoresceine diacetate (DCDFA) (Bonini et al. 2006). These deliberations led to identification of the luminescent ROS-Glo™ H2O2 Assay (Catalog # G8821 Promega, Madison, WI) as a sufficiently selective measure of hydrogen peroxide (H2O2) with suitably stable half-life to indicate ROS formation as a biomarker for oxidative stress in cell-based assays. ROS-Glo™ (hereafter abbreviated as ROS-Glo or ROSGLO) assays were performed in accordance with the manufacturer’s non-lytic protocol. Here, for 1-hour exposures, the ROS-Glo substrate was added at the same time as the test articles due to the short duration of exposure and requirement for 1-hour incubation with H2O2 Substrate. For 24-hour exposures, the H2O2 substrate was added ~1‑hour prior to the end of the 24-hour exposure period. Luminescence was quantified using a CLARIOstar microplate reader (BMG LabTech, Offenburg, Germany) with a gain of 3600, focal height of 12.5 mm, and measurement interval of 0.5 seconds. Raw luminescence data were analyzed to derive fold-change and statistically defined points-of-departure for ROS formation, as described below.
Superoxide formation within mitochondria was also investigated using the MitoSOX™ Red assay system (Invitrogen/Thermo-Fisher, Eugene, OR) that has been used in other glyphosate studies (Lu et al. 2022). Following the manufacturer’s protocol, HaCaT and HepaRG cultures were exposed to MitoSOX™ Red, with initial rinsing with PBS (3X) to remove test substances followed by addition of 25 µL of assay reagent. Cultures were incubated for 30 minutes at 37 oC and 5% CO2. Cells were subsequently washed 3X with PBS and imaged with an ImageExpress® Micro (Molecular Devices, San Jose, CA) to capture fluorescence microscopy images. Images were captured within 2 hours of staining using an excitation wavelength of 396 nm and an emission wavelength of 610 nm. Image analysis was performed using a macro ‘multi-wavelength cell scoring’ provided with the MetaXpress 6 software of the IXM high-content imager. Positive control antimycin was used to pre-qualify assay conditions and included in test substance assays. 	Comment by Caroll Co: Steve - for MitoSOX, I only saw data for HaCaT 1h and 24h.
Assay for DNA Damage
In addition to ROS and ATP assays, HaCaT and HepaRG cultures were also assayed for gH2AX as a marker of double-stranded DNA breaks. Here, cells were exposed for 24 hours to test substances and fixed with 4% formalin (Catalog # F8775, Sigma-Aldrich, St. Louis, MO) for 10 minutes. Cells were subsequently washed 3X with 50 µL of PBS (5 minutes of equilibration per wash). Fixed cells were permeabilized with 25 µL 0.2% Triton X-100 in PBS (PBST) and washed 3X with 50 µL of PBS (5 minutes per wash). Cells were subsequently blocked with 25 µL of 1% BSA in PBST for 1 hour and incubated with 25 µL of gH2AX phospho-S140 primary antibody (Catalog # ab22551, Abcam, Cambridge, MA) overnight at 4o C. Cells were then washed 3X with 50 µL PBS (5 minutes per wash) and incubated with 25 µL of Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) secondary antibody (Catalog # A-11029, ThermoFisher Scientific, Waltham, MA) for 1 hour at room temperature. Cells were subsequently washed 3X with 50 µL PBS (5 minutes per wash). After the final wash, cells were incubated with 25 µL of 10 ng/mL of Hoechst 33348 in PBS for 5 minutes. Images (i.e., 4 areas per well, 384-well format) were captured on an ImageXpress Micro (IXM) high content imager (Molecular Devices) using a 20x magnification lens. Image analysis was performed using a macro ‘multi-wavelength cell scoring’ provided with the MetaXpress 6 software of the IXM fluorescence imaging system. Positive control etoposide was used to optimize assay conditions and image capture/analysis settings.
LC-MS Measurements of Glyphosate Concentrations in GBFs
To verify the concentration of glyphosate in each of the 13 GBFs evaluated, GBF aliquots (glass vials) were thoroughly mixed by inversion followed by vortexing. Due to the viscosity of GBF samples, care was taken to limit how far pipet tips were placed below surface of samples and fluid transfers. GBF samples, with the exception of Hi-Yield KILLZALL II, were serially diluted 4 times in water (i.e., 10‑, 10‑, 100‑, and 100‑fold) for a total dilution of 106-fold. Some GBF samples were further diluted as needed to avoid analytical extrapolation outside the calibrated range of detection. Stock solutions of glyphosate and glyphosate-IPA were prepared at 1 mg/mL in water. A working stock solution was prepared by diluting stock solutions 100-fold. UPLC-MS analysis was performed using a Thermo Vanquish UPLC system with a Thermo Hypersil GOLD aq C18 polar endcapped column (100 × 2.1 mm, 1.9-m particle size) (Thermo Fisher, Waltham, MA) coupled to a Thermo Q Exactive Plus mass spectrometer (Thermo Fisher) with an electrospray ionization (ESI) source. Gradient elution was used for chromatographic separation. The gradient elution method used 20 mM ammonium acetate in water (mobile phase A) and methanol (mobile phase B) with the following gradient elution program: 0–2 min, 2% B; 2–4 min, 2-90% B; 4–5 min, 90% B; 5-6 min, 90-2% B; and 6-7 min, 2% B. The flow rate was held constant at 0.3 mL/min. Before each run, the LC column was re-equilibrated for 1 minute with 2% B. The sample injection volume was 10 µL. The column temperature was held at ambient temperature, while the autosampler tray temperature was set at 4°C. The mass spectrometer was operated in positive ion mode with a spray voltage of 3.00 kV. The S-lens RF level was set at 40. The capillary and auxiliary gas heater temperatures were set at 300 and 413°C, respectively. Sheath gas, auxiliary gas, and sweep gas flow rates were set at 48, 11, and 2 psi, respectively. The mass spectrometer was calibrated with negative mode calibration solution (Thermo Fisher). Calibration standards were prepared in water at final concentrations of 10 – 1200 ng/mL. Data were collected in single ion monitoring (SIM) mode targeting the [M-H]- ion of glyphosate at a mass-to-charge value of 168.0073. Targeted SIM MS scan data were collected at resolution 70,000. Data dependent MS/MS (dd-MS2) data were collected at resolution 35,000 with collision energy 35 V. Data were acquired using Thermo Xcalibur 4.0 software (Thermo Fisher). Quantitative data were analyzed using Quan Browser software (a component of Thermo Xcalibur 4.0).  
Data Processing 
CellTiter-Glo (CTG) and Ros-Glo (ROSGLO) raw luminescence assay data were the primary focal points for data analysis. For gH2AX assays, responses were defined as the ratio of total cell area taken from four sites within each well to the total cell count across the sites. For the MitoSOX™ Red assay, response was defined as the ratio of total number of cells to MultiWaveScoring (W2) mean stain area. Plates were normalized independently to their respective vehicle controls such that each well response was divided by the median value of vehicle controls. 
Using systematic approaches, some data were excluded from the final data analysis. Vehicle controls were assigned in two columns (i.e., 2 and 23) for all 384-well assay plates. Upon review of the totality of the dataset (i.e., 33000XX data points and ~22,000 cell morphology images) , a positional effect was observed in column 2, with responses inconsistent with those of other vehicle controls and chemical concentration response trends on the same plate. As a result, the study team excluded vehicle controls from column 2. In plates where vehicle controls were also present in rows, in addition to the two columns, only wells located on the right half of the plate were kept in the final data analysis. Vehicle control outliers (i.e., luminescence for CTG and ROSGLO, cell count for gH2AX) were identified and excluded from the analysis using the Dixon Massey (1957) method. . For gH2AX assays, vehicle control wells containing extremely low counts (<50 cells) were also excluded. Three plates (two CTG HaCaT 1-hour and one ROSGLO HRG2DC 24-hour) were excluded due to technical errors in the vehicle control responses. We also excluded two plates in the gH2AX HRG2DC 24-hour assay where the positive control, etoposide, failed to show a response. Test article outliers were flagged from visual inspection by the study team. Other data removal rationale included systemic well position inconsistencies within a plate and unusual deviations attributed to technical errors in pipetting. For CTG and ROSGLO, on average less than 1% of the observations per plate were excluded from the analysis. For gH2AX assays, we applied a threshold of 80% cytotoxicity to treated wells (Guo et al. 2018). This meant that treated wells containing less than 80% of the baseline cell counts were excluded from the analysis, which resulted in exclusion of 134% of observations per plate.	Comment by Caroll Co: Original dataset had 32959 points before we started removing points. It was closer to 32000 once all outliers, plate effects, etc. were removed. Originally there were 89 plates, but 7 of those was excluded.	Comment by Caroll Co: Steve - I removed this sentence since this is no longer a problem after we got the correct P4 rep1 data for gH2AX.	Comment by Caroll Co: This should be 20% of baseline cell counts
Concentration-response Modeling & Bioactivity Thresholding
Concentration response curves were fit using the tcplfit2 (v 0.1.7) library in the R software (v 4.4.3, R Foundation, Vienna, Austria). Curve fitting using the tcplfit2 library as described in Filer 2017 and Feshuk 2023. Briefly, the tcplfit2 library attempts to fit 9 different models to the concentration-response data and chooses the optimal model based on the fit with the smallest Akaike Information Criterion (AIC). These models include linear, quadratic, power, four exponential models (ranging from 2 to 5 parameters), Hill, and a gain-loss model. In addition, the tcplfit2 algorithm also allows for the constant model to be chosen if it had the lowest AIC relative to the other fitted curves. We used the hitcall threshold value of 0.90 to classify concentration response curves into active (hitcall ≥ 0.90) or inactive (hitcall < 0.90) (Feshuk et al. 2023). For the cutoff parameter used in the hitcalling process, we used 3 times the median absolute deviation of the plate’s vehicle controls. A benchmark response (BMR) value was calculated as 2 times the standard deviation of the plate vehicle controls, and this was used to determine the benchmark concentration (BMC) value. We applied decision rules to categorize concentration response curves that show activity versus inactivity (Table 3). In addition, we also utilized the top parameter, or the maximum response of the fitted dose response curve in our analysis.
Table 3 Decision rules for classification of active versus inactive dose response
	Hitcall
	Benchmark Concentration (BMC)
	Decision

	>=≥ 0.90
	Within test article (TA) concentration range
	Active response; BMC reported

	 >=≥  0.90
	<min TA concentration
	Active response; BMC reported as "< min conc"

	 >=≥  0.90
	>max TA concentration
	Inactive response; BMC reported as ">max conc"

	 >=≥  0.90
	Missing
	Inactive response; BMC reported as ">max conc"

	<0.90
	 N/A
	Inactive response regardless of BMC value



In vitro to in vivo extrapolation (IVIVE)
Median in vitro BMC values were extrapolated to assess in vivo equivalent administered dose (EAD). This was performed as per the High-throughput Toxicokinetics R package, httk v2.2.2 (Pearce et al. 2017), implemented in the latest version (v4.2) of the web-based tool, Integrated Chemical Environment (ICE ) (https://ice.ntp.niehs.nih.gov/). Simulations were conducted using a multi-compartment physiologically-based pharmacokinetic (PBPK) model, incorporating gut, artery, vein, lung, liver, kidney, and rest-of-body compartments. IVIVE was parameterized for a standard 70 kg human. 

Chemical structures, represented by a SMILES of 12 single molecules (Table 2), were retrieved from the CompTox Chemicals Dashboard (Williams et al. 2017), whereas 13 glyphosate formulations (GBF-A to GBF-M) were represented only by the structure of the active ingredient, glyphosate.  The input parameters required for IVIVE computation, namely logPow, pKa, unbound fraction, fu, and intrinsic clearance (Clint), were predicted using OPERA models (v2.8) (Mansouri et al. 2018) integrated in within ICE, unless experimental values were available in the httk package. The maximum plasma concentration (Cmax) was estimated using the solve_pbtk function for a repeated oral dosing regimen every 24 hours of 1 mg/kg/day for five consecutive days.

Clustering for Biological-response Similarities
Hierarchical clustering was performed using Ward linkage to explore biological-response similarities across ATP depletion and H2O2 assays with data from 24-hour exposures for 21 test substances (i.e., 13 GBFs, glyphosate, G-IPA, AMPA, Diquat, 2 positive controls (TBHP, Menadione), and 2 negative controls (Sucrose, KCl) for both HepaRG and HaCaT cell systems. Biological response metrics captured 2 key endpoints – BMC, reflecting the potency range point of departure of assay response, and maximum response. We selected the endpoints corresponding to median BMC curve across independent experiments as representative for comparative clustering analysis across test substances. For test articles with an even number of independent replicate concentration-response curves, we selected the lower BMC value and its corresponding “Top” value (i.e., maximum response) for clustering. For each test article, 8 endpoints (4 BMCs, 4 maximum response) corresponded to 4 representative concentration-response curves from CTG-HepaRG, CTG-HaCaT, ROS-Glo-HepaRG, and ROS-Glo-HaCaT. Clustering was also performed individually on CTG and ROS data as well as data from gH2AX assays using an analogous approach. When the BMC for the representative curve was undefined (e.g., classified as inactive due to hitcall < 0.90, or the estimated BMC was higher than the maximum concentration tested), we imputed a value that was 1.2 times the maximum concentration tested for the specific test article. Each endpoint was column standardized (i.e., converted to z-scores to provide a unitless scale) prior to clustering. Hierarchical clustering and constellation plot generation were performed using JMP 17.0 (JMP Statistical Discovery LLC, Cary, NC) software.



RESULTS
Cell Viability in Response to Test Substances
To address the uncertainty regarding the potential of glyphosate, GBFs, and GBF actives to cause oxidative stress and cellular toxicity, we designed a screening strategy to enable quantitative comparisons (e.g., potency and magnitude-of-response) in relation to well-characterized oxidative stress inducers (e.g., menadione and TBHP) over a broad range of concentrations. Each test substance was evaluated in human keratinocytes (i.e., HaCaT) and human hepatocytes (i.e., differentiated HepaRG, HRG2DC) over multiple independent experiments including phase contrast light microscopy imaging of each assay well for either 1-hour or 24-hour exposures. Cell viability assays measuring cellular ATP depletion were performed using the chemiluminescent CellTiter-Glo® (CTG) assay system and analyzed using benchmark concentration analysis, as described in Materials and Methods. Figure 1 and Tables 4-5 summarize the derived median points-of-departure (i.e., benchmark concentration, BMC) for ATP depletion that are detailed in Supplemental Data (“CTG dose response plots.pdf”) (file name with all the curves for CTG from Caroll). As expected, reference chemical menadione produced a marked loss of cellular viability with median 24-hour potency in keratinocytes of BMC24h=1.7 µg/mL (109.9 µM) and BMC24h=2.4 µg/mL (14 µM) in hepatocytes. By comparison, 1-hour BMCs were lower (i.e., 1.3 µg/mL and 1.5 µg/mL, respectively; data not shown). Positive control TBHP also reduced viability in both cell systems with a similar potency order. Negative controls sucrose and potassium chloride had minimal effects at either exposure duration when compared to positive controls. Glyphosate was marginally cytotoxic up to 50,000 µM with median BMC24h=371 µg/mL (~2,200 µM) in HepaRG and 4,62900 µg/mL (27,381000 µM) in HaCaT cultures that were generally less potent than negative control sucrose. In contrast, most GBFs were markedly more potent by mass than glyphosate alone, G-IPA, and AMPA, which was consistent with recent reports (Makame et al. 2023). GBF-A, -C, -F and -M appeared to be among the least cytotoxic GBFs, while GBF-E, F-G, -H, -I, and -J were among the most potently cytotoxic product mixtures. These potency data for GBFs are reported in units of total mass of mixture per its respective unit volume (µg/mL), which takes into account the total composition of GBF constituents compared to some literature reports that solely reflect glyphosate concentrations that do not account for the possible biological effects of other constituents (e.g., surfactants). Diquat was also evaluated individually in this study as a common herbicide ingredient (e.g., present in GBF-B). Diquat was cytotoxic to both cell systems after 24-hour exposures yielding an ATP depletion median BMC24h=134 µg/mL (3710 µM) in HaCaT cells and 233 µg/mL (644 µM) for HepaRG. Interestingly, 1-hour diquat exposures were generally less cytotoxic than 24-hour, which was similar to the trend for GBFs and indicates a slower-developing mechanism of viability loss. Herbicide actives mesotrione and metolachlor were marginally active for ATP depletion at the exposure range evaluated. In vitro to in vivo extrapolation of ATP depletion BMCs is shown in Supplemental Figures 1-4. Glyphosate, G-IPA and AMPA BMCs for loss of viability after 24-hour exposures translated to an external dose ~3400 mg/kg/dose in HaCaT cells and ~200 mg/kg/dose in HepaRG. For GBFs, IVIVE revealed external dose ranges from ~4-130 mg/kg/dose modeled solely on labeled glyphosate content that ranged widely across GBFs (~2-50%). Extrapolated GBF potencies should be interpreted with caution given the potential biological responses to alternative GBF constituents, especially those with low proportions of glyphosate.	Comment by Caroll Co: Numbers highlighted in green have been checked by SSS.	Comment by Caroll Co: Steve - I updated these conversions to match the tables.	Comment by Caroll Co: Steve - Number needs to be updated.	Comment by Caroll Co: EAD median for glyphosate CTG 24h Hacat is 3443.	Comment by Caroll Co: Not sure if this is still correct?
Further analysis of ATP depletion to investigate the plausibility of glyphosate as a driver of ATP depletion in HaCaT and HepaRG revealed an apparent lack of correlation (Figure 2) between GBF percent glyphosate content and loss of cellular viability. This was observed in both HaCaT and HepaRG cultures with similar potency range ordering observed in both cell systems. The majority of GBFs evaluated had higher concentrations of glyphosate (i.e., >40%). Given the weak potency range for loss of cell viability observed for glyphosate and G‑IPA (i.e., mM), the context with positive and negative control responses, and the apparent lack of correlation between glyphosate content and loss of cell viability, this highly replicated dataset suggests glyphosate was likely not a primary driver of GBF-induced cytotoxicity. 
Deep learning analysis of cell morphology photomicrographs was also performed analogous to previous studies (Mauge-Lewis et al. 2025; Tandon et al. 2022) to evaluate the differentiation state of HepaRG, confluence of HaCaT cultures, and derive potency ranges for changes in cell morphology related to test substance exposures (1-hour and 24-hour). Image Classification Scores were generated for each cell morphology image and further analyzed via concentration-response modeling for ATP depletion data as summarized in Table 6 and Supplemental Data (Glyphosate-Image Analysis BMD-plots-v3-auto-y-axis.pdf; Imaging BMDs Filtered-Parametric-Results-09-26-2025.xlsx). Image analysis with a benchmark response threshold of 0.5 revealed potency ranges similar to ATP depletion data. Exposures to positive controls menadione and TBHP led to clear changes in cell morphology after 24-hour exposures with BMD50 ~0.1 – 7 µg/mL and BMD50 ~0.5-30 µg/mL, respectively, while glyphosate and G-IPA exposed cultures were largely unaltered up to 50,000 mM (i.e., BMD50 values 3,000 – 8,000 µg/mL) and markedly less potent than negative control sucrose (BMD50 ~ 30 – 200 µg/mL). GBF- induced morphology changes, where evident, were markedly more potent than glyphosate with BMD50 values ranging from ~9 - 1,500 µg/mL with GBF-C, -D, and -H among the most potent and GBF-M, -A, -F among the least potent. 
Oxidative Stress Responses with Test Substances
A primary goal of this study was to generate a robust mechanistic dataset to sufficiently evaluate the potential for glyphosate, GBFs, and related substances to cause oxidative stress, a key characteristic of carcinogens. This included replication and expansion of mechanistic evidence cited in the IARC monograph (IARC 2017) in collaboration with subject matter experts (see acknowledgements) for reactive oxygen species formation that identified an alternative substrate to the highly cited DCFDA reagent to a method (i.e., ROS-Glo) that more specifically and directly detects H2O2 formation in cell-based assays (Bonini et al. 2006; Kelts et al. 2015). Furthermore, test substances were evaluated alongside context-defining reference chemicals for ROS formation (e.g., tert-butyl hydrogen peroxide (TBHP), menadione, and diquat to provide comparative context for interpretive translation. As a result, the ROS-Glo assay system was selected to provide direct detection of H2O2 using a luminescence-based assay platform and superior signal-to-noise ratios compared to fluorescence-based detection that can often be a challenge with hepatocytes cultures due to high background autofluorescence (Croce et al. 2004). As shown in Figure 3 and Tables 7-8, and detailed in Supplemental Data (ROSGLO dose response plots.pdf), exposures to menadione, TBHP and diquat established magnitude of response benchmarks for ROS formation in both HaCaT and HepaRG cultures. Here, HaCaT cells produced stronger ROS responses for TBHP and menadione after 1-hour exposures than after 24-hours, reaching a maximum fold-change of ~200-1,000 fold-over-control that was ~10-fold higher after 1-hour than 24-hour exposures. The opposite temporal trend was evident for human hepatocytes where maximal responses were observed after 24-hour exposures (i.e., ~9-fold). BMC1h for menadione in HaCaT cells was ~0.2 µg/mL (1.2 µM), which was 10-fold lower than its subsequent BMC24h at ~2 µg/mL (12 µM) that overlapped with potency ranges for both time points in HepaRG. TBHP was generally comparable to menadione in fold-over-control responses in HaCaT cells after 1-hour exposures but was less efficacious after 24 hours in both cell types than menadione that could be conflated with observed losses of cell viability. TBHP was less potent in HaCaT cells than menadione with BMC1h=5.6µg/mL (62 µM) and BMC24h=15.4 µg/mL (1710 µM). BMCs for TBHP at both time points were right-shifted in HepaRG, relative to HaCaT, to lower potencies by ~3-4 fold. Positive control diquat (Fussell et al. 2011), which is also a known herbicide constituent of GBF-B, also produced marked ROS responses that were largely comparable to TBHP in magnitude though less potent. Diquat exposures led to a contrasting BMC trend over time relative to TBHP with lower BMCs in both cell types after 1-hour that grew in magnitude over time in HepaRG. As expected, ROS data with negative controls sucrose and potassium chloride were largely unresponsive up to high exposure levels. 
In contrast to positive controls, exposures to glyphosate or G-IPA did not produce consistently discernable ROS responses in HaCaT or HepaRG after 1‑hour exposures up to 50,000 µM exposures (Tables 7-8). By comparison, some GBF exposures led to modest (i.e., <2‑fold) and sporadic ROS responses across independent experiments for 1-hour exposures. Interestingly, many of the GBFs evaluated showed clear potentiation of ROS responses after 24-hour exposures that generally ranged from ~2-3-fold over vehicle control. This was apparent in both cell types and contrasted to the diminished positive control responses with menadione and TBHP from 1 to 24 hours with HaCaT cells. BMC median values for 24-hour GBF exposures across the study induced ROS formation ranged from approximately 88 to 2,250 µg/mL; 1 and 45 out of 13 GBFs did not show an active response in HaCaT and HepaRG, respectively. Many of the GBF responses appeared non-monotonic following 24-hour exposures with initial increases in ROS signal that decreased at the highest exposure level in a manner consistent with cytotoxic responses. Similar to GBFs, diquat showed a potentiated response over time (i.e., 24-hour vs. 1-hour) that grew in both magnitude and potency (i.e., 2-3-fold lower BMCs) in both cell types. Compared with menadione and TBHP, median GBF responses were generally <20% of their respective positive control responses. Consistent with 1-hour HaCaT data, 24-hour exposures to glyphosate, G-IPA, and AMPA up to 50,000 µM yielded marginal effects on ROS production in HaCaT cells and were largely less <2-fold over vehicle control. However, these responses were somewhat more pronounced in magnitude (i.e., 1.3-fold over control) than their respective 1-hour counterparts with HepaRG that largely showed no discernable responses with glyphosate or G-IPA for ROS. However, cell morphology changes in these cultures were evident after 24 hours at the higher mM exposure levels. Somewhat more prominent responses (i.e., 2-4-fold over control) were observed for mesotrione and metolachlor for ROS formation but were lower in magnitude than responses observed with diquat. In aggregate, these data revealed some potential for GBFs to induce ROS formation after 24-hour exposures, but not for glyphosate or G-IPA alone. IVIVE of derived BMC24h values for ROS formation are shown in Supplemental Table 2 and revealed glyphosate and G-IPA exposures would result in ROS formation at estimated external doses of ~500 mg/kg/dose from HaCaT ROS response data and ~250 mg/kg/dose from HepaRG assay data. By comparison, positive control menadione data translated to an estimated external dose of ~3 mg/kg/dose. For GBFs, based solely on the known quantities of glyphosate, external doses for ROS ranged from ~16- 250 mg/kg/dose. Image analysis of ROS-Glo assay cultures, summarized in Table 9 and Supplemental Data, provides additional context for cellular health in each respective ROS-Glo assay well. These data were largely comparable to the observed potency ranges for ATP depletion and collectively established phenotypic biomarkers for interpretation of oxidative stress with test substances.	Comment by Caroll Co: Sciome - please check these values if they are still accurate	Comment by Caroll Co: Sciome - please check value if still accurate
Further analysis of ROS data to assess the plausibility of glyphosate as a driver of oxidative stress revealed no apparent correlation between GBF percent glyphosate content and derived BMCs for ROS in both cell types (Figure 4). This lack of correlation was also evident for magnitude of response data (data not shown). A similar potency range ordering was observed in both cell systems across GBF product mixtures. It was noteworthy that the majority of GBFs evaluated did have high constituent concentrations of glyphosate (i.e., >40%). Given the marginal ROS formation observed with glyphosate and G-IPA individually, the interpretive context of positive and negative control responses, and the apparent lack of correlation between glyphosate content and ROS formation, this highly replicated dataset suggests glyphosate or G-IPA are not likely to be primary drivers of observed GBF-induced ROS formation. 
In addition to the ROS-Glo assay that detects H2O2, the research team also explored methods to measure mitochondrial superoxide concentrations with the MitoSox™ assay system, as described in Materials and Methods. This assay has been previously cited in evaluation of glyphosate exposure effects in mouse Leydig cells (Lu et al. 2022). However, we were unable to observe consistent concentration-related increases in MitoSox™ assay responses with positive controls (i.e., menadione, TBHP, diquat) under the conditions evaluated. The assay results are provided in Supplemental Data (MITOSOX dose response plots.pdf) (File name for the MitoSox data) with BMCs summarized on Supplemental Figure 54.

DNA Damage Assays for gH2AX
Given the importance of both oxidative stress and DNA damage cited in the IARC monograph for glyphosate, we further assayed established HaCaT and HepaRG cultures for phosphorylated H2A histone family member X (gH2AX) as a commonly observed biomarker of DNA damage following 24-hour exposures. Immunofluorescence imaging analysis was performed, as described in Materials and Methods. As summarized in Figure 5 and Table 10, increases in gH2AX assay responses (red triangles) were observed with positive control etoposide yielding marked gH2AX responses in both HaCaT and HepaRG for the majority of independent experiments, and produced comparable median potencies in both cell systems. A gH2AX response was also observed for menadione, TBHP, and diquat, analogous to ROS assays. These data suggest oxidative stress inducers are capable of damaging DNA to potentiate multiple key characteristics of carcinogens. In contrast, glyphosate alone was inconsistently responsive in HepaRG, non-responsive in HaCaT cells up to 50,000 µM exposures, 3-4 orders of magnitude less potent than reference chemical etoposide, and 2-3 orders of magnitude less potent than oxidative stress inducers menadione and TBHP. G-IPA and AMPA were similar in response to glyphosate alone. BMCs for gH2AX were also evident for each of the 13 GBFs evaluated in both HaCaT and HepaRG cultures, with the exception of GBF-A and GBF-K in HepaRG. The potency ranges from GBF exposures ranged widely from ~73 - 1,850000 µg/mL for gH2AX responses equating to external doses based on glyphosate composition of ~10 - 1,000 mg/kg/day. Collectively, these data revealed GBFs, and not glyphosate or G-IPA alone, have potential to damage DNA within HaCaT and HepaRG cultures, a trend that mirrors responses for ROS formation and our recent findings for genotoxicity (Smith-Roe et al. 2023). 	Comment by Caroll Co: Steve - we did not see a strong response for TBHP HepaRG.	Comment by Caroll Co: Sciome - please check values

Biological-response Similarity Analysis	Comment by Caroll Co: Steve - current text in the first paragraph here refers to CTG and ROS hierarchical clustering. My understanding is that we’re changing this to CTG/ROS/gH2AX clustering results. My edits are referring to the combined CTG/ROS/gH2AX figure.
To explore and understand biological response similarity relationships across test substances we further analyzed HepaRG and HaCaT cell types for ROS and, ATP, and HaCaT for gH2AX  data using hierarchical clustering, as described in Materials and Methods. Here, Ward linkage clustering of derived BMCs and fold-change (Top) values revealed positive controls (e.g., menadione, TBHP, diquat and etoposide) were grouped together, while diquat clustered with  9 of the 13 GBFs evaluated, as shown in Figure 6. Menadione was most unique among these more bioactive substances with TBHP in closest proximity to GBF-H, -I, -J, and -K. Etoposide also clustered somewhat differently in this cluster while Ddiquat was in closest proximity to GBF-G, which was labeled to contain diquat in the product formulation. The diquat-anchored cluster also included GBF-B, -L, -K, -D, and -E, -I, -J, and -H. In contrast, GBF-M, -A, -C, and -F clustered in closest proximity to negative controls sucrose and potassium chloride, which further supported our general observation that assay response data with GBFs did not correlate with percent glyphosate content across a wide range of glyphosate concentrations (1.92%, 20.5%, 41% and 53.8%, respectively). This was consistent with the clustering of glyphosate, G-IPA, and AMPA in closer proximity to negative controls and on the opposite side of the origin to all positive controls. Additional clustering was performed on individual assay data (Supplemental Figures 1-4) to explore each mechanistic toxicity response mode (i.e., ROS, CTG, DNA damage) and their profile compared to the combined biological response similarity relationship observed in Figure 6. For ROSGLO only clustering (Supplemental Figure 1), negative controls sucrose and potassium chloride clustered on the opposite side of the origin from positive control ROS inducers menadione, TBHP, and diquat. A majority of GBFs clustered in closest proximity to diquat, with the exception of GBF-M, -A, and -F for ROS data, and again revealed diquat to be most similar to GBF-G. This was not the case for CTG-only or H2AX-only clustering data (Supplemental Figures 2-4) and suggests ROS responses may be key variables for diquat-induced cellular responses in this study. This approach for biological response similarity with complex GBF mixtures in context with reference chemicals represents a focused strategy to identify safer product formulations for known hazard mechanisms (e.g., oxidative stress and DNA damage as precursors to cancer) and has potential to inform safer product development through data-driven consideration of human health effects.
LC-MS Analysis of Glyphosate Concentrations in GBFs
Given the lack of apparent correlation between GBF glyphosate concentrations and observed bioactivities (i.e., ROS, ATP depletion), we performed LC-MS analysis on each of the 13 evaluated GBF product mixtures to verify their respective glyphosate compositions in relation to product labeling information. As summarized in Table 11, measured concentrations of glyphosate ranged from 17.6 to 702.3 mg/mL. These data show that measured GBF glyphosate concentrations were largely comparable (within ~25%) of labeled concentrations with the exception of GBF‑G that contained only 40% of its labeled amount of glyphosate (i.e., ~17% rather than 41%). Considering GBF-G was one of the nine most bioactive GBFs, this observation, along with the confirmation of glyphosate concentrations with most GBF products, further supports our overarching observation that GBF-induced bioactivity did not appear to be the result of glyphosate composition. 


DISCUSSION (<1500 words)
Conflicting evidence has been reported regarding the potential link between glyphosate exposures and cancer in humans. The 2015 IARC monograph classified glyphosate as “probably carcinogenic to humans (Group 2A)” that included “strong evidence” for DNA damage and oxidative stress based on available mechanistic data. However, US-EPA (US-EPA 2013; 2017) and the US National Toxicology Program (Chan and Mahler 1992) have published in vivo studies revealing no apparent risks to public health with glyphosate exposures (i.e., individual chemical or salt form). The goal of the present study was to expand and contextualize mechanistic evidence for oxidative stress and DNA damage with glyphosate alongside GBFs in context with well-characterized positive controls. For this, human skin cells (i.e., keratinocytes, HaCaT) were used based previously-cited studies for glyphosate and GBF-induced oxidative stress along with human liver cells (HepaRG) to expand biological coverage with metabolically-competent NAMs that emulate hallmarks of in vivo hepatocellular function (Jackson et al. 2016). The study design included an extensively replicated design that used assays more directly specific to detection of H2O2, an indicator of ROS and oxidative stress, and inclusion of well-characterized reference chemicals that enhance the fidelity and context of mechanistic evidence for interpretations. Furthermore, the study includes diagnostic cell morphology imaging data (>22,000 images) and potency estimates for substance-induced perturbations to corroborate mechanistic assay data with phenotypic evidence. In aggregate, this robust dataset clarifies critical gaps for mechanistic data interpretations with glyphosate and GBFs and translates those observations to external dose metrics for regulatory consideration.
A primary observation from this investigation was that glyphosate and G-IPA weakly increased H2O2 content, relative to positive controls, at extremely high exposures (i.e., 50,000 µM). Exposures to positive controls menadione and TBHP led to rapid increases in H2O2 in HaCaT cells after 1-hour exposures and grew in magnitude from 1-hour to 24-hours of exposure in HepaRG. This increase in H2O2 concentrations may have been related to constitutively higher levels of antioxidants liver tissue models (McGill et al. 2011). Bioactivity observed with high concentrations of glyphosate and G-IPA (i.e., >1,000 µM) more frequently corresponded to lower cell viability (8 out of 11 experiments) than increased ROS responses (2 out of 11 experiments). Potency ranges for ROS and ATP responses with glyphosate and G-IPA were largely comparable, and were not consistent states of sub-lethal oxidative stress that are thought to foster conditions that increase the potential for longer-term health effects (Hayes et al. 2020). Collectively, ROS formation and ATP depletion data did not appear to support a conclusion for strong mechanistic evidence for oxidative stress with glyphosate exposures in this study, particularly in the context of reported mean maximum human blood concentrations of glyphosate of 0.0736 µg/mL (435 nM) (Aris and Leblanc 2011) that were >13,000-fold lower than derived BMCs for ROS formation in this study. However, one study did report concentrations in blood samples from 5 glyphosate-intoxicated patients and observed a maximum glyphosate concentration of ~171 µg/mL (~1 mM) (Han et al. 2016), which would be closer to the order of magnitude of derived BMCs for ROS formation in this study. IVIVE of glyphosate BMCs for ROS and ATP equated the lowest BMC24h for ROS formation in HepaRG of 1,808 µg/mL (~11 mM) to an external dose of 300 mg/kg/dose, and 10-fold higher than the internal blood plasma concentrations of glyphosate intoxication reported at ~1 mM internal exposures. For GBF-M, the GBF with highest labeled proportions of glyphosate, this would equate to a 70 kg human drinking 500 mL at its diluted application concentration, roughly the size of a 20 ounce bottle of water. Thus, the likelihood of oxidative stress from environmental exposures to glyphosate individually appears to be low. Given the complexity of GBF product mixtures and observed bioactivities with GBFs, and lack of apparent correlation between percent glyphosate composition and bioactivity, it is likely that non-glyphosate GBF constituents have greater potential for ROS formation and cytotoxicity. Using a suppositional average molecular weight of 2300 Daltons, we have estimated the respective acute toxicity potency range using internal dose estimates as summarized in Tables 4-5 and 7-8. 	Comment by Ferguson, Stephen (NIH/NIEHS) [E]: May remove or must add this in the µM column in Tables 5-9 for GBFs while doing the simple linear conversion for the other test substances.
Observed potency ranges for loss of cell viability with glyphosate exposures in HaCaT cells were generally in agreement with a previous study (Heu et al. 2012) using MTT assays with exposures up to 70 mM. However, ROS assay data from that study using the DCFDA assay revealed marked responses to glyphosate exposures of 30-50 mM that were not prevalent in the present study after 1‑ or 24‑hour exposures using a more directly specific H2O2 detection (Bonini et al. 2006; Kelts et al. 2015). Furthermore, clear evidence for oxidative stress, similar to genotoxicity often precedes or was separated in potency from overt cytotoxicity (Lee and Opanashuk 2004), which did not appear to be the case for glyphosate reported by Hue et al, 2012 but was evident for positive control menadione that was ~10-fold more potent for ROS production after 1-hour exposures than its corresponding cell viability BMC in HaCaT cells. Interestingly, this trend for menadione responses was not generally observed with HepaRG and could be related to increased antioxidant stores (McGill et al. 2011). In HepaRG, potencies for ROS formation with positive controls tended to show somewhat comparable responses at 1- and 24-hour exposure times while shifting to higher BMC values in HaCaT cells. Some glyphosate literature for mitochondrial ROS formation has reported the use of MitoSox® assays (Strilbyska et al. 2022), but this study team was unable to observe clearly interpretable responses (e.g., signal-to-background ratios, reproducibility) with positive controls for oxidative stress under the study conditions evaluated. Collectively, our evidence for ROS and cell viability with human keratinocytes or hepatocytes represents a robust, highly replicated and contextualized dataset revealing low potential for glyphosate or G-IPA to cause oxidative stress. Furthermore, our findings do not support a conclusion of strong mechanistic evidence oxidative stress with glyphosate or G-IPA at environmentally relevant internal exposures.
In contrast to glyphosate and G-IPA, exposures to GBFs produced pronounced ROS responses following 24-hour exposures that were generally <20% of positive control menadione responses, at the exposure ranges evaluated. Furthermore, ROS responses with GBFs were largely more potent, on a µg/mL exposure scale, than individual exposures glyphosate or G-IPA. These results were consistent with the observed lack of apparent correlation between ROS or ATP responses with concentrations of glyphosate across 13 GBFs (Figure 2 and Figure 4). A number of reported studies of the toxicity of GBFs have shown this trend with clearer effects from GBFs than glyphosate alone, further suggesting significant contributions from non-glyphosate constituents (Makame et al. 2024; Makame et al. 2023). Surprisingly, diquat is one such non-glyphosate active with an established mechanism for redox cycling and ROS formation that potentiates the conditions for oxidative stress (Rawlings et al. 1994). GBFs are known to contain other potentially toxic ingredients including surfactants (e.g., POEAs: polyoxyethylene tallow amines and alkyl polyglycosides), solvents, preservatives, anti-foaming agents, and other proprietary components. Any number of these may contribute to the ROS formation or cytotoxicity in the present study with GBF exposures. Collectively, the ROS data from this study indicated low potential for oxidative stress with glyphosate or G-IPA exposures but did reveal some potential for complex GBF exposures to cause oxidative stress and DNA damage, with the qualification that some GBF constituents may have poor bioaccessibility (Rodrigues et al. 2022) with oral exposures and may be over-represented for liver cells using direct in vitro exposures that bypass first-pass metabolism. 
Hierarchical clustering of ROS, ATP, and gH2AX assays revealed the positive controls menadione, TBHP, and diquat anchored the larger branch comprised of 9 of the 13 GBFs evaluated (Figure 6). Clustering for ROS only (Supplemental Figure 3) revealed diquat was most closely related to GBFs with GBF‑G again its nearest neighbor and known to contain diquat in the labeled product information. This was also evident for clustering for ROS and ATP depletion (Supplemental Figure 3). Interestingly, several GBFs (i.e., GBF-M, -A, -C, and -F) generally clustered most similar to negative controls sucrose and potassium chloride for most of the clustering methods. This would suggest that these GBFs are less toxic to human skin and liver cells than most of the other GBFs evaluated. Further study to refine approaches for identifying safer herbicides is warranted. Clustering analysis also revealed glyphosate to be most similar to G-IPA and AMPA for most relationships and closer in proximity to GBF-A, -C, -F, and -M, which ranged widely in glyphosate composition from 1.92% to 54% and further supported the lack of apparent relationship between glyphosate composition and bioactivities observed in this study. Collectively, these data provide a robust dataset to contextualize the relative safety of complex GBF mixtures that focused assay development on suspected mechanistic drivers of toxicity to inform safer product development using human-based NAMs. A more generalized strategy with these types of complex product mixtures using HepaRG in tandem with broader coverage high throughput transcriptomics assay was recently shown to be effective to identify safer aqueous film-forming foams and represents as a scalable platform to address PFAS toxicity using suppositional average molecular weights (Mauge-Lewis et al., 2025). 
[bookmark: _Hlk209532059]The present dataset further supported our findings in a 2023 publication (Smith-Roe et al. 2023) investigating the potential of glyphosate and G-IPA to cause DNA damage and expanded the range of human cell types evaluated to include human skin and liver. Here, gH2AX assays, as a biomarker of double-stranded DNA breaks, were performed following 24-hour exposures and revealed no marked DNA damage responses with either glyphosate or G-IPA exposures up to 50,000 µM. In contrast, positive control etoposide was active for gH2AX formation in all independent experiments (12 out of 12 replicate curves across cell types) with marked fold-change responses (i.e., ~4- to 200-fold over vehicle control) and were able to derive benchmark concentrations for most of the independent experiments. Furthermore, these responses were generally left-shifted in potency in relation to cytotoxicity, consistent with a true-positive DNA damage response. GBF exposures for gH2AX, similar to ROS and ATP assay data, also resulted in pronounced magnitudes of response that in some cases (e.g., GBF-G) rivaled that of positive control etoposide. However, these responses were generally in proportionally closer proximity to cytotoxicity potency ranges than positive control etoposide, which increases the potential for a false-positive categorization (Greenwood et al. 2004). Clustering analysis for gH2AX (Supplemental Figure 6) revealed positive control etoposide mostly closely aligned with GBF-K, and was on the same branch as GBFs J, I, C, H, F, and G and oxidative stress agents TBHP, diquat, and menadione. Collectively, these data provide robust and clear evidence in the ongoing debate regarding the potential for glyphosate to cause DNA damage in an expanded range of cell types, and highlight the need for future studies to identify DNA-damaging GBF constituents.
In aggregate, this study provides a highly replicated and context-defining dataset that clarifies much of the ambiguity regarding glyphosate and its potential to cause oxidative stress. The inclusion of well-established reference chemicals for oxidative stress and DNA damage and broader range of assay data and replication clearly shows GBFs have higher acute toxicity potential than glyphosate or G-IPA. This highlights an important gap for regulatory research with restricted focus on herbicide active ingredients like glyphosate (Chan and Mahler 1992; US-EPA 2013; 2017). Quantitatively, the enhanced mechanistic potency resolutions that were revealed here enable more quantitative translation with derived BMCs and data-driven identification of less toxic GBFs. This serves as a scalable strategy for future product development that intentionally addresses the potential for human health effects for known hazard pathways of concern with associations to long-term health effects (e.g., cancer). For example, a range of assays for Key Characteristics of Carcinogens (Smith et al. 2016) could be used in higher throughput screening platforms and microphysiological systems pre-qualified for sub-chronic toxicity evaluations in safer product development. Given the ongoing debate regarding the potential for glyphosate and GBFs to cause cancer in humans, this study provides important insights and adds to the growing body of evidence indicating GBFs, rather than glyphosate alone, have greater toxicity potential for oxidative stress and DNA damage. It is relevant to note that co-exposures to glyphosate with other known toxicants (e.g., divalent cadmium) may represent paths to oxidative stress that were not addressed in this study (Gunatilake et al. 2019).
ACKNOWLEDGEMENTS
The authors would like to thank Dr. Ronald Mason and Dr. Douglas Ganini da Silva for their guidance in the selection of specific assays for ROS formation to specifically detect hydrogen peroxide. We acknowledge Helen Cunny for her support in working with our statisticians and Nigel Walker for his thoughtful input in concept development. We also thank Dr. Erik Tokar and Dr. Suril Mehta for their careful reviews of this manuscript and the insightful comments of peer reviewers. 

Funding Statement
Funding for this research project was provided by the National Institute of Environmental Health Sciences (NIEHS) of National Institutes of Health (NIH) (ES103381-04). NIEHS contract HHSN273201700001C provided funding for Bioinformatics support. NIEHS contract HHSN273201400020C provided support for chemical procurement. This article may be the work product of an employee or group of employees of the NIEHS, NIH, however, the statements contained herein do not necessarily represent the statements, opinions, or conclusions of the NIEHS, NIH of the U.S. Government. The content of this publication does not necessarily reflect the views or the policies of the Department of Health and Human Services nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S. Government.

Conflicts of Interest (COI)
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.


Figures
 [image: ]
Figure 1: Concentration response curves for loss of cell viability using the ATP depletion assays (CellTiter-Glo®) for the median BMC replicate of positive controls (menadione, TBHP; red), 13 GBFs (A to M; blue), glyphosate forms (glyphosate, G-IPA, AMPA; black) in HepaRG (A & C)  HaCaT (B & D) and at 1‑hour (A & B) and 24-hour (C & D) exposure times. GBFs are labeled with individual letters in their respective BMC orders. Dashed lines indicate fits for data filtered as non-responsive.
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Figure 2: Benchmark concentrations (BMCs) for cell viability (i.e., ATP depletion) in relation to percent glyphosate content for the 13 GBFs evaluated (i.e., A to M), glyphosate actives (i.e., glyphosate, G-IPA, and AMPA) in HepaRG (top) and HaCaT (bottom) following 24-hour exposures. Concentration response curves for inactive responses are reported as having BMCs greater than the maximum concentration tested (>max) for each test article. Glyphosate formulation maximum concentration ranged from 2,535 – 4,050 µg/mL, with a maximum of 8,454 µg/mL for glyphosate, 11,409 µg/mL for G-IPA, and 5,552 µg/mL for AMPA. One spurious replicate of GBF-K in HepaRG had an estimated BMC less than the minimum concentration tested.

Table 4: Cell Viability BMC Summary (1-hour exposures)
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Table 5 Cell Viability BMC Summary (24-hour exposures)
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Table 6:  Cell morphology image analysis potency range summary for ATP depletion assay wells
	Assay
	Cell Type
	Time_hr
	PlateID_x
	COMPOUND_NAME (GBF)
	BMR_0.50
	BMD_50
	BMDL_50
	BMDU_50

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24H_REP1_ROSGLO
	GBF A
	0.67
	1521
	1166
	1875

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24HR_REP4_ROS
	GBF A
	0.54
	1641
	1155
	2127

	CTG
	HACAT
	24.0
	4_HACAT_P4_24H_REP2_CTG
	GBF B
	0.65
	24
	10
	57

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24HR_REP4_ROS
	GBF B
	0.60
	28
	8.9
	89

	CTG
	HACAT
	24.0
	4_HACAT_P5_24H_REP1_CTG
	GBF C
	0.74
	15
	8.5
	25

	CTG
	HACAT
	24.0
	4_HACAT_P5_24H_REP2_CTG
	GBF C
	0.72
	17
	10
	31

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P5_24H_REP3_CTG
	GBF C
	0.52
	88
	40
	194

	ROSGLO
	HACAT
	24.0
	4_HACAT_P5_24H_REP1_ROSGLO
	GBF C
	0.76
	15
	7.6
	28

	ROSGLO
	HACAT
	24.0
	4_HACAT_P5_24HR_REP4_ROS
	GBF C
	0.69
	26
	11
	60

	CTG
	HACAT
	24.0
	4_HACAT_P4_24H_REP2_CTG
	GBF D
	0.63
	35
	11
	106

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P4_24H_REP2_CTG
	GBF D
	0.51
	96
	49
	187

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24H_REP1_ROSGLO
	GBF D
	0.64
	34
	13
	91

	ROSGLO
	HRG2DC
	24.0
	4_HRG2DC_P4_24H_REP2_ROSGLO
	GBF D
	0.53
	494
	428
	561

	CTG
	HACAT
	24.0
	4_HACAT_P4_24H_REP2_CTG
	GBF E
	0.63
	35
	13
	94

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24H_REP1_ROSGLO
	GBF E
	0.65
	32
	14
	73

	ROSGLO
	HRG2DC
	24.0
	4_HRG2DC_P4_24H_REP2_ROSGLO
	GBF E
	0.54
	622
	538
	705

	CTG
	HACAT
	24.0
	4_HACAT_P5_24H_REP1_CTG
	GBF F
	0.76
	476
	395
	556

	CTG
	HACAT
	24.0
	4_HACAT_P5_24H_REP2_CTG
	GBF F
	0.72
	9.4
	4.2
	21

	CTG
	HACAT
	24.0
	4_HACAT_P5_24H_REP6_CTG
	GBF F
	0.60
	1832
	1418
	2246

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P5_24H_REP2_CTG
	GBF F
	0.47
	2237
	1869
	2605

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P5_24H_REP3_CTG
	GBF F
	0.50
	2224
	1912
	2536

	ROSGLO
	HACAT
	24.0
	4_HACAT_P5_24H_REP1_ROSGLO
	GBF F
	0.77
	929
	665
	1193

	ROSGLO
	HRG2DC
	24.0
	4_HRG2DC_P5_24H_REP2_ROSGLO
	GBF F
	0.48
	2163
	1858
	2468

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P5_24H_REP2_CTG
	GBF H
	0.55
	48
	27
	83

	ROSGLO
	HRG2DC
	24.0
	4_HRG2DC_P5_24H_REP2_ROSGLO
	GBF H
	0.55
	51
	29
	90

	CTG
	HACAT
	24.0
	4_HACAT_P4_24H_REP2_CTG
	GBF K
	0.64
	24
	9.0
	64

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24H_REP1_ROSGLO
	GBF K
	0.65
	23
	10.5
	52

	ROSGLO
	HACAT
	24.0
	4_HACAT_P4_24HR_REP4_ROS
	GBF K
	0.60
	28
	8.9
	89

	CTG
	HACAT
	24.0
	4_HACAT_P4_24H_REP2_CTG
	GBF L
	0.65
	21
	6.8
	62

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P4_24H_REP3_CTG
	GBF M
	0.41
	2776
	2690
	2863

	ROSGLO
	HACAT
	24.0
	4_HACAT_P6_24HR_REP4_ROS
	Glyphosate
	0.60
	3377
	2235
	4518

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P6_24H_REP2_CTG
	IPA
	0.53
	6592
	6170
	7014

	CTG
	HRG2DC
	24.0
	4_HRG2DC_P6_24H_REP3_CTG
	IPA
	0.22
	8388
	7725
	9052

	ROSGLO
	HRG2DC
	24.0
	4_HRG2DC_P6_24H_REP2_ROSGLO
	IPA
	0.52
	6688
	6224
	7152
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Figure 3: Median BMC concentration response curves for H2O2 formation, a biomarker of ROS formation and oxidative stress for positive controls (menadione, TBHP; red), 13 glyphosate formulations (A to M; blue), and glyphosate forms (glyphosate, G-IPA, AMPA; black) in HepaRG (A & C) and HaCaT (B & D) at 1-hour (A & B) and 24-hour (C & D) exposure times. Concentration response curves for the positive controls (i.e., menadione and TBHP), glyphosate, and glyphosate forms G-IPA and AMPA are shown in red, black and green lines, respectively. GBFs shown in blue lines. GBFs (light blue) are labeled with individual letters in their respective BMC orders. Dashed lines indicate fits for data filtered as non-responsive.
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Figure 4: Benchmark concentrations (BMC) for ROS formation (i.e., H2O2, ROS-Glo assay) in relation to percent glyphosate content for the 13 GBFs evaluated (i.e., A to M), glyphosate actives (i.e., glyphosate, G-IPA, and AMPA) in HepaRG (top) and HaCaT (bottom) following 24-hour exposures. Concentration response curves for inactive responses are reported as having BMCs greater than the maximum concentration tested (>max) for each test article. Glyphosate formulation maximum concentration ranged from 2,535 – 4,050 µg/mL, 8,454 µg/mL for glyphosate, 11,409 µg/mL for G-IPA, and 5,552µg/mL for AMPA. 

Table 7: ROS-Glo Median BMC Summary (1-hour Exposures)
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Table 8: ROS-Glo Median BMC Summary (24-hour Exposures)
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Figure 5:  Benchmark concentrations for gH2AX formation as a biomarker of DNA damage through double stranded DNA breaks are summarized for human liver cells (HepaRG, HRG2DC in panel A) and human keratinocytes (HaCaT in panel B) following 24-hour exposures. Actives are shown as red triangles with inactive replicates shown as gray triangles as described in Materials and Methods. Gray bars represent range of concentrations tested for each compound and replicate. Black shading represents concentrations at which cytotoxicity (> 80% cell death) was observed.






Table 10: gH2AX Median BMC Summary (24-hour Exposures)
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Figure 6: Dendrogram (left) and Cconstellation plot (right) fromof hierarchical clustering (Ward linkage) of 24h ROS (HepaRG, HaCaT), ATP (HepaRG, HaCaT) and gH2AX (HaCaT)  assay BMC and fold-change data. Colors and markers represent a 4-cluster solution.




Table 11. Glyphosate concentration determined by ultraperformance liquid chromatography-mass spectrometry
	Glyphosate-based formulation (GBF)
	Mean Measured Glyphosate (mg/mL)
	SD Measured Glyphosate
	CV Measured Glyphosate
	Labeled Glyphosate (mg/mL)
	Mean Measured Glyphosate (%)
	Labeled Glyphosate (%)

	GBF-F
	445
	3.4
	0.76
	480
	37.4
	41.0

	GBF-E
	359
	6.4
	1.77
	480
	29.8
	41.0

	GBF-L
	702
	29.6
	4.22
	608
	57.3
	50.2

	GBF-D
	360
	12.2
	3.39
	490
	29.9
	41.0

	GBF-C
	267
	2.7
	0.99
	250
	21.9
	20.5

	GBF-M
	492
	7.2
	1.47
	648
	40.2
	53.8

	GBF-I
	601
	18.2
	3.02
	660
	44.0
	48.7

	GBF-J
	562
	8.5
	1.51
	660
	41.7
	48.8

	GBF-H
	525
	7.2
	1.37
	500
	39.1
	44.9

	GBF-B
	148
	3.4
	2.29
	143
	13.7
	18.0

	GBF-K
	420
	8.2
	1.96
	431
	34.8
	50.2

	GBF-A
	17.6
	0.3
	1.50
	18.4
	1.74
	1.92

	GBF-G
	196
	3.0
	1.56
	480
	16.9
	41.0
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Figure 6: Constellation plot of hierarchical clustering (Ward) of ROS and ATP assay BMC and fold-change data. 
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Supplemental Figure 1: Dendrogram (left) and constellation plot (right) from hierarchical clustering (Ward linkage) of 24h ROS-only clustering (HepaRG, HaCaT) assay BMC and fold-change data.
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Supplemental Figure 2: Dendrogram (left) and constellation plot (right) from hierarchical clustering (Ward linkage) of 24hROS/CTG (HepaRG, HaCaT) assay BMC and fold-change data.-only clustering
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Supplemental Figure 3: Dendrogram (left) and constellation plot (right) from hierarchical clustering (Ward linkage) of 24h ROS (HepaRG, HaCaT), and /CTG (HepaRG, HaCaT) assay BMC and fold-change data.-only clustering
[image: A screenshot of a computer screen

AI-generated content may be incorrect.][image: ]



 [image: ]
Supplemental Figure 4: Dendrogram (left) and constellation plot (right) from hierarchical clustering (Ward linkage) of 24h gH2AX HaCaT assay BMC and fold-change data. only clustering
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image3.emf
assay time celltype group name_letter N Active (N) BMC median (µg/mL) BMC (min, max) BMC Median (µM) Top of median curve Top (min, max)

CTG 1HaCaT Active AMPA 1 (2) 339.057(339.057, 6662.4) -73(-73, -5)

CTG 1HRG2DC Active AMPA 1 (3) 6662.4(2442.93, 6662.4) -21(-59, -21)

CTG 1HaCaT Active Diquat 3 (9) 21723.6(242.094, 21723.6) 0(-96, 0)

CTG 1HRG2DC Active Diquat 5 (9) 21723.6(544.757, 21723.6) -35(-68, 0)

CTG 1HaCaT Active G-IPA 0 (2) 13690.8(13690.8, 13690.8) 0(0, 0)

CTG 1HRG2DC Active G-IPA 1 (3) 13690.8(874.067, 13690.8) 0(-32, 0)

CTG 1HaCaT Active Glyphosate 1 (2) 269.79(269.79, 10144.2) -77(-77, 0)

CTG 1HRG2DC Active Glyphosate 2 (3) 1552.851(1039.628, 10144.2) -91(-91, -19)

CTG 1HaCaT Active Mesotrione 0 (2) 10179.6(10179.6, 10179.6) 0(0, 0)

CTG 1HRG2DC Active Mesotrione 0 (3) 10179.6(10179.6, 10179.6) -5(-11, -5)

CTG 1HaCaT Active Metolachlor 0 (2) 340.548(340.548, 340.548) 0(0, 0)

CTG 1HRG2DC Active Metolachlor 1 (3) 340.548(7.584, 340.548) 0(-19, 0)

CTG 1HaCaT GBF A 2 (4) 1684.641(1276.743, 3807.6) -64(-92, -6)

CTG 1HRG2DC GBF A 0 (3) 3807.6(3807.6, 3807.6) 0(-5, 0)

CTG 1HaCaT GBF B 4 (4) 116.626(65.122, 1077.89) -98(-98, -80)

CTG 1HRG2DC GBF B 2 (3) 1813.502(195.564, 3061.2) -64(-98, -64)

CTG 1HaCaT GBF C 3 (3) 2273.843(1353.001, 2831.018) -89(-89, -50)

CTG 1HRG2DC GBF C 2 (3) 2370.043(71.963, 4610.4) -96(-96, -4)

CTG 1HaCaT GBF D 4 (4) 101.946(80.327, 1305.187) -99(-101, -61)

CTG 1HRG2DC GBF D 1 (3) 4219.2(286.036, 4219.2) -5(-100, -5)

CTG 1HaCaT GBF E 3 (4) 111.201(73.729, 4296) -97(-99, -24)

CTG 1HRG2DC GBF E 3 (3) 2086.59(293.662, 2463.156) -38(-100, -31)

CTG 1HaCaT GBF F 1 (3) 4326(1909.313, 4326) 0(-65, 0)

CTG 1HRG2DC GBF F 2 (3) 4326(24.882, 4326) -34(-34, -4)

CTG 1HaCaT GBF G 3 (3) 1296.584(53.108, 1642.845) -35(-95, -35)

CTG 1HRG2DC GBF G 3 (3) 265.847(219.214, 1213.727) -39(-109, -33)

CTG 1HaCaT GBF H 3 (3) 797.827(44.609, 874.89) -44(-91, -44)

CTG 1HRG2DC GBF H 3 (3) 226.553(103.807, 253.44) -112(-112, -32)

CTG 1HaCaT GBF I 3 (3) 396.2(16.781, 581.964) -76(-95, -76)

CTG 1HRG2DC GBF I 3 (3) 749.371(23.969, 857.277) -85(-105, -52)

CTG 1HaCaT GBF J 3 (3) 484.773(26.859, 692.37) -74(-96, -74)

CTG 1HRG2DC GBF J 3 (3) 159.555(96.947, 1084.82) -98(-98, -33)

CTG 1HaCaT GBF K 4 (4) 50.459(48.278, 623.807) -97(-97, -90)

CTG 1HRG2DC GBF K 2 (3) 1470.133(179.55, 3042) -37(-96, 0)

CTG 1HaCaT GBF L 4 (4) 101.836(38.506, 887.309) -99(-99, -61)

CTG 1HRG2DC GBF L 2 (3) 1911.482(190.999, 4400.4) -42(-99, 0)

CTG 1HaCaT GBF M 1 (4) 4366.8(1591.956, 4366.8) 0(-38, 0)

CTG 1HRG2DC GBF M 0 (3) 4366.8(4366.8, 4366.8) 0(-20, 0)

CTG 1HaCaT Negative Control Potassium Chloride 1 (9) 89.46(26.543, 89.46) 0(-42, 0)

CTG 1HRG2DC Negative Control Potassium Chloride 3 (9) 89.46(3.471, 115.946) -1(-52, -1)

CTG 1HaCaT Negative Control Sucrose 1 (9) 410.76(106.634, 410.76) 0(-78, 0)

CTG 1HRG2DC Negative Control Sucrose 3 (9) 410.76(22.207, 505.152) -4(-40, -4)

CTG 1HaCaT Other Antimycin 5 (9) 6.583(0, 6.583) -13(-94, 0)

CTG 1HRG2DC Other Antimycin 9 (9) 0.01(0.005, 0.768) -52(-99, -46)

CTG 1HaCaT Other Etoposide 1 (9) 353.136(229.27, 353.136) 0(-75, 0)

CTG 1HRG2DC Other Etoposide 3 (9) 353.136(44.472, 353.136) 0(-65, 0)

CTG 1HaCaT Positive Control Menadione 9 (9) 1.284(0.113, 2.882) -96(-110, -75)

CTG 1HRG2DC Positive Control Menadione 8 (9) 1.523(0.843, 20.662) -115(-115, -13)

CTG 1HaCaT Positive Control TBHP 5 (9) 39.918(2.4, 108.144) -36(-99, 0)

CTG 1HRG2DC Positive Control TBHP 6 (9) 72.849(32.19, 108.144) -27(-81, -20)
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assay time celltype group name_letter N Active (N) BMC median (µg/mL) BMC (min, max) BMC Median (µM) Top of median curve Top (min, max)

CTG 24HaCaT Active AMPA 0 (3) 6662.4(6662.4, 6662.4) -11(-94, -11)

CTG 24HRG2DC Active AMPA 3 (3) 3914.604(734.624, 4119.087) -38(-98, -38)

CTG 24HaCaT Active Diquat 9 (9) 134.432(0.242, 4476.173) -103(-119, -99)

CTG 24HRG2DC Active Diquat 9 (9) 233.212(34.897, 853.656) -103(-115, -90)

CTG 24HaCaT Active G-IPA 1 (3) 13690.8(3314.411, 13690.8) -60(-74, -24)

CTG 24HRG2DC Active G-IPA 3 (3) 2390.014(1197.8, 3712.386) -97(-97, -33)

CTG 24HaCaT Active Glyphosate 2 (3) 4629.284(2344.608, 10144.2) -16(-101, -16)

CTG 24HRG2DC Active Glyphosate 3 (3) 371.174(215.091, 4295.782) -100(-102, -95)

CTG 24HaCaT Active Mesotrione 0 (3) 10179.6(10179.6, 10179.6) 0(-91, 0)

CTG 24HRG2DC Active Mesotrione 1 (3) 10179.6(2369.51, 10179.6) -2(-73, -2)

CTG 24HaCaT Active Metolachlor 2 (3) 95.784(93.853, 340.548) -99(-110, -26)

CTG 24HRG2DC Active Metolachlor 2 (3) 233.714(69.231, 340.548) -71(-97, 0)

CTG 24HaCaT GBF A 3 (3) 303.918(95.732, 834.247) -96(-96, -20)

CTG 24HRG2DC GBF A 0 (3) 3807.6(3807.6, 3807.6) 0(-11, 0)

CTG 24HaCaT GBF B 3 (3) 88.008(53.103, 205.323) -99(-99, -98)

CTG 24HRG2DC GBF B 3 (3) 241.526(8.865, 1518.628) -99(-107, -75)

CTG 24HaCaT GBF C 3 (3) 198.356(109.609, 360.622) -99(-100, -99)

CTG 24HRG2DC GBF C 1 (3) 4610.4(393.666, 4610.4) -2(-99, -2)

CTG 24HaCaT GBF D 3 (3) 108.397(39.33, 124.145) -100(-102, -100)

CTG 24HRG2DC GBF D 2 (3) 837.387(436.736, 4219.2) -98(-100, -29)

CTG 24HaCaT GBF E 3 (3) 81.007(28.011, 95.234) -99(-101, -99)

CTG 24HRG2DC GBF E 2 (3) 1042.814(611.2, 4296) -99(-100, -40)

CTG 24HaCaT GBF F 3 (3) 258.653(125.434, 422.845) -100(-100, -98)

CTG 24HRG2DC GBF F 2 (3) 482.696(84.035, 4326) -61(-61, -12)

CTG 24HaCaT GBF G 3 (3) 80.699(14.665, 126.906) -99(-102, -99)

CTG 24HRG2DC GBF G 3 (3) 483.193(72.019, 2313.687) -100(-100, -47)

CTG 24HaCaT GBF H 3 (3) 35.284(25.819, 297.251) -100(-100, -95)

CTG 24HRG2DC GBF H 3 (3) 85.573(41.446, 673.541) -101(-101, -94)

CTG 24HaCaT GBF I 3 (3) 36.515(19.961, 74.042) -100(-103, -100)

CTG 24HRG2DC GBF I 3 (3) 31.576(25.044, 713.714) -99(-102, -96)

CTG 24HaCaT GBF J 3 (3) 32.735(31.748, 91.413) -99(-100, -99)

CTG 24HRG2DC GBF J 3 (3) 129.009(44.402, 417.012) -99(-99, -88)

CTG 24HaCaT GBF K 3 (3) 58.004(35.286, 373.656) -100(-100, -99)

CTG 24HRG2DC GBF K 3 (3) 179.826(0.876, 656.939) -98(-118, -95)

CTG 24HaCaT GBF L 3 (3) 34.638(8.655, 35.463) -99(-100, -99)

CTG 24HRG2DC GBF L 3 (3) 149.1(13.552, 963.644) -98(-102, -94)

CTG 24HaCaT GBF M 3 (3) 113.728(36.351, 442.727) -26(-100, -26)

CTG 24HRG2DC GBF M 2 (3) 1874.204(4.921, 4366.8) -23(-28, -8)

CTG 24HaCaT Negative Control Potassium Chloride 5 (9) 32.673(0.009, 89.46) -80(-103, 0)

CTG 24HRG2DC Negative Control Potassium Chloride 2 (9) 89.46(0.137, 89.46) -2(-33, -2)

CTG 24HaCaT Negative Control Sucrose 6 (9) 74.21(20.944, 410.76) -101(-101, 0)

CTG 24HRG2DC Negative Control Sucrose 0 (9) 410.76(410.76, 410.76) 0(-18, 0)

CTG 24HaCaT Other Antimycin 8 (9) 0.022(0.001, 6.583) -100(-102, -9)

CTG 24HRG2DC Other Antimycin 9 (9) 0.046(0.01, 0.193) -72(-107, -51)

CTG 24HaCaT Other Etoposide 8 (9) 2.641(0.033, 353.136) -100(-100, -29)

CTG 24HRG2DC Other Etoposide 7 (9) 48.32(0.052, 353.136) -67(-67, -13)

CTG 24HaCaT Positive Control Menadione 8 (9) 1.723(1.025, 20.662) -104(-112, -97)

CTG 24HRG2DC Positive Control Menadione 9 (9) 2.391(1.552, 6.981) -99(-99, -89)

CTG 24HaCaT Positive Control TBHP 9 (9) 9.869(3.688, 32.343) -98(-101, -96)

CTG 24HRG2DC Positive Control TBHP 9 (9) 20.098(4.939, 48.639) -84(-99, -67)
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image7.emf
assay time celltype group name_letter N Active (N) BMC median (µg/mL) BMC (min, max) BMC Median (µM) Top of median curve Top (min, max)

ROSGLO 1HaCaT Active AMPA 0 (3) 6662.4(6662.4, 6662.4) 0(0, 12)

ROSGLO 1HRG2DC Active AMPA 0 (3) 6662.4(6662.4, 6662.4) 0(0, 18)

ROSGLO 1HaCaT Active Diquat 6 (9) 757.469(275.689, 21723.6) 313(115, 329)

ROSGLO 1HRG2DC Active Diquat 6 (9) 1678.517(183.644, 21723.6) 102(0, 217)

ROSGLO 1HaCaT Active G-IPA 0 (3) 13690.8(13690.8, 13690.8) 0(0, 8)

ROSGLO 1HRG2DC Active G-IPA 0 (3) 13690.8(13690.8, 13690.8) 0(0, 7)

ROSGLO 1HaCaT Active Glyphosate 0 (3) 10144.2(10144.2, 10144.2) 0(0, 0)

ROSGLO 1HRG2DC Active Glyphosate 0 (3) 10144.2(10144.2, 10144.2) 8(8, 18)

ROSGLO 1HaCaT Active Mesotrione 0 (3) 10179.6(10179.6, 10179.6) 0(0, 0)

ROSGLO 1HRG2DC Active Mesotrione 0 (3) 10179.6(10179.6, 10179.6) 0(0, 0)

ROSGLO 1HaCaT Active Metolachlor 0 (3) 340.548(340.548, 340.548) 0(0, 39)

ROSGLO 1HRG2DC Active Metolachlor 1 (3) 340.548(141.11, 340.548) 0(0, 35)

ROSGLO 1HaCaT GBF A 1 (3) 3807.6(3807.6, 3807.6) 26(14, 26)

ROSGLO 1HRG2DC GBF A 0 (3) 3807.6(3807.6, 3807.6) 5(5, 5)

ROSGLO 1HaCaT GBF B 1 (3) 3061.2(733.831, 3061.2) 1(1, 70)

ROSGLO 1HRG2DC GBF B 0 (3) 3061.2(3061.2, 3061.2) 17(17, 35)

ROSGLO 1HaCaT GBF C 1 (3) 4610.4(1608.028, 4610.4) 31(31, 49)

ROSGLO 1HRG2DC GBF C 2 (3) 2426.4(1133.159, 4610.4) 33(0, 54)

ROSGLO 1HaCaT GBF D 0 (3) 4219.2(4219.2, 4219.2) 0(0, 34)

ROSGLO 1HRG2DC GBF D 1 (3) 4219.2(367.283, 4219.2) 31(31, 77)

ROSGLO 1HaCaT GBF E 0 (3) 4296(4296, 4296) 0(0, 34)

ROSGLO 1HRG2DC GBF E 0 (3) 4296(4296, 4296) 21(21, 29)

ROSGLO 1HaCaT GBF F 0 (3) 4326(4326, 4326) 4(4, 12)

ROSGLO 1HRG2DC GBF F 0 (3) 4326(4326, 4326) 0(0, 17)

ROSGLO 1HaCaT GBF G 0 (3) 4372.8(4372.8, 4372.8) 0(0, 20)

ROSGLO 1HRG2DC GBF G 2 (3) 891.194(412.625, 4372.8) 65(0, 65)

ROSGLO 1HaCaT GBF H 0 (3) 4032(4032, 4032) 0(0, 2)

ROSGLO 1HRG2DC GBF H 1 (3) 4032(206.976, 4032) 0(0, 44)

ROSGLO 1HaCaT GBF I 0 (3) 4839.6(4839.6, 4839.6) 0(0, 0)

ROSGLO 1HRG2DC GBF I 1 (3) 4839.6(615.365, 4839.6) 0(0, 104)

ROSGLO 1HaCaT GBF J 0 (3) 4860(4860, 4860) 0(0, 0)

ROSGLO 1HRG2DC GBF J 1 (3) 4860(433.979, 4860) 0(0, 78)

ROSGLO 1HaCaT GBF K 0 (3) 3042(3042, 3042) 0(0, 0)

ROSGLO 1HRG2DC GBF K 0 (3) 3042(3042, 3042) 9(9, 20)

ROSGLO 1HaCaT GBF L 1 (3) 4400.4(507.615, 4400.4) 0(0, 50)

ROSGLO 1HRG2DC GBF L 1 (3) 4400.4(397.341, 4400.4) 31(31, 32)

ROSGLO 1HaCaT GBF M 0 (3) 4366.8(4366.8, 4366.8) 6(6, 6)

ROSGLO 1HRG2DC GBF M 0 (3) 4366.8(4366.8, 4366.8) 0(0, 9)

ROSGLO 1HaCaT Negative Control Potassium Chloride 0 (9) 89.46(89.46, 89.46) 0(0, 27)

ROSGLO 1HRG2DC Negative Control Potassium Chloride 1 (9) 89.46(0.081, 89.46) 0(0, 49)

ROSGLO 1HaCaT Negative Control Sucrose 2 (9) 410.76(96.58, 410.76) 0(0, 54)

ROSGLO 1HRG2DC Negative Control Sucrose 1 (9) 410.76(0.003, 410.76) 0(0, 26)

ROSGLO 1HaCaT Other Antimycin 3 (9) 6.583(1.687, 6.583) 0(0, 90)

ROSGLO 1HRG2DC Other Antimycin 5 (9) 1.084(0.144, 6.583) 108(13, 112)

ROSGLO 1HaCaT Other Etoposide 1 (9) 353.136(121.365, 353.136) 0(0, 72)

ROSGLO 1HRG2DC Other Etoposide 3 (9) 353.136(32.048, 353.136) 0(0, 49)

ROSGLO 1HaCaT Positive Control Menadione 9 (9) 0.213(0.06, 0.248) 946(946, 2857)

ROSGLO 1HRG2DC Positive Control Menadione 9 (9) 0.729(0.391, 9.838) 353(69, 937)

ROSGLO 1HaCaT Positive Control TBHP 9 (9) 5.604(1.013, 8.156) 1296(227, 1296)

ROSGLO 1HRG2DC Positive Control TBHP 9 (9) 19.623(7.569, 39.151) 210(87, 862)
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ROSGLO 24HaCaT Active AMPA 2 (3) 4905.749(3728.907, 6662.4) 51(23, 56)

ROSGLO 24HRG2DC Active AMPA 1 (2) 1833.219(1833.219, 6662.4) 54(0, 54)

ROSGLO 24HaCaT Active Diquat 9 (9) 396.208(99.275, 21723.6) 195(23, 863)

ROSGLO 24HRG2DC Active Diquat 7 (7) 515.649(124.074, 757.737) 522(297, 522)

ROSGLO 24HaCaT Active G-IPA 1 (3) 13690.8(9012.267, 13690.8) 18(18, 51)

ROSGLO 24HRG2DC Active G-IPA 1 (2) 8958.078(8958.078, 13690.8) 94(0, 94)

ROSGLO 24HaCaT Active Glyphosate 1 (3) 10144.2(981.264, 10144.2) 24(24, 100)

ROSGLO 24HRG2DC Active Glyphosate 1 (2) 1808.138(1808.138, 10144.2) 133(0, 133)

ROSGLO 24HaCaT Active Mesotrione 0 (3) 10179.6(10179.6, 10179.6) 0(0, 75)

ROSGLO 24HRG2DC Active Mesotrione 1 (2) 1044.231(1044.231, 10179.6) 28(28, 28)

ROSGLO 24HaCaT Active Metolachlor 2 (3) 40.805(39.596, 340.548) 167(26, 230)

ROSGLO 24HRG2DC Active Metolachlor 2 (2) 29.82(29.82, 103.777) 209(60, 209)

ROSGLO 24HaCaT GBF A 3 (3) 2125.714(1807.79, 2829.87) 70(32, 70)

ROSGLO 24HRG2DC GBF A 0 (2) 3807.6(3807.6, 3807.6) 0(0, 0)

ROSGLO 24HaCaT GBF B 3 (3) 212.674(96.941, 229.127) 78(78, 231)

ROSGLO 24HRG2DC GBF B 1 (2) 427.163(427.163, 3061.2) 154(154, 154)

ROSGLO 24HaCaT GBF C 3 (3) 602.541(395.515, 957.966) 83(83, 179)

ROSGLO 24HRG2DC GBF C 1 (3) 4610.4(143.57, 4610.4) 43(43, 104)

ROSGLO 24HaCaT GBF D 3 (3) 628.988(454.717, 692.13) 61(61, 203)

ROSGLO 24HRG2DC GBF D 1 (2) 1179.938(1179.938, 4219.2) 130(130, 130)

ROSGLO 24HaCaT GBF E 3 (3) 471.422(465.743, 681.076) 49(49, 140)

ROSGLO 24HRG2DC GBF E 1 (2) 1216.636(1216.636, 4296) 100(100, 100)

ROSGLO 24HaCaT GBF F 2 (3) 2250.136(1538.47, 4326) 106(49, 106)

ROSGLO 24HRG2DC GBF F 0 (3) 4326(4326, 4326) 0(0, 12)

ROSGLO 24HaCaT GBF G 2 (3) 331.505(180.334, 4372.8) 70(54, 128)

ROSGLO 24HRG2DC GBF G 2 (3) 647.024(621.616, 4372.8) 157(14, 157)

ROSGLO 24HaCaT GBF H 2 (3) 155.43(136.721, 4032) 82(43, 82)

ROSGLO 24HRG2DC GBF H 3 (3) 560.123(145.338, 2591.453) 83(83, 162)

ROSGLO 24HaCaT GBF I 3 (3) 88.344(46.99, 107.386) 81(81, 200)

ROSGLO 24HRG2DC GBF I 3 (3) 283.458(113.62, 1844.142) 169(169, 290)

ROSGLO 24HaCaT GBF J 3 (3) 93.453(83.805, 126.206) 234(64, 234)

ROSGLO 24HRG2DC GBF J 3 (3) 342.17(96.466, 2614.102) 65(65, 223)

ROSGLO 24HaCaT GBF K 2 (3) 122.71(116.152, 3042) 65(44, 97)

ROSGLO 24HRG2DC GBF K 1 (2) 427.474(427.474, 3042) 83(51, 83)

ROSGLO 24HaCaT GBF L 3 (3) 122.311(113.163, 277.595) 95(95, 175)

ROSGLO 24HRG2DC GBF L 2 (2) 383.15(383.15, 2408.146) 137(137, 244)

ROSGLO 24HaCaT GBF M 0 (3) 4366.8(4366.8, 4366.8) 0(0, 0)

ROSGLO 24HRG2DC GBF M 0 (2) 4366.8(4366.8, 4366.8) 0(0, 0)

ROSGLO 24HaCaT Negative Control Potassium Chloride 0 (9) 89.46(89.46, 89.46) 0(0, 34)

ROSGLO 24HRG2DC Negative Control Potassium Chloride 0 (7) 89.46(89.46, 89.46) 0(0, 41)

ROSGLO 24HaCaT Negative Control Sucrose 4 (9) 410.76(139.405, 410.76) 0(0, 119)

ROSGLO 24HRG2DC Negative Control Sucrose 0 (7) 410.76(410.76, 410.76) 0(0, 14)

ROSGLO 24HaCaT Other Antimycin 8 (9) 0.013(0.001, 6.583) 90(21, 166)

ROSGLO 24HRG2DC Other Antimycin 2 (7) 6.583(0.011, 6.583) 0(0, 52)

ROSGLO 24HaCaT Other Etoposide 6 (9) 83.684(11.551, 353.136) 39(17, 91)

ROSGLO 24HRG2DC Other Etoposide 0 (7) 353.136(353.136, 353.136) 0(0, 26)

ROSGLO 24HaCaT Positive Control Menadione 9 (9) 2.02(1.052, 3.841) 436(106, 1706)

ROSGLO 24HRG2DC Positive Control Menadione 7 (7) 1.533(0.683, 9.941) 916(88, 916)

ROSGLO 24HaCaT Positive Control TBHP 9 (9) 15.395(5.924, 28.572) 119(86, 473)

ROSGLO 24HRG2DC Positive Control TBHP 6 (7) 51.741(40.829, 108.144) 520(3, 520)
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assay time celltype group name_letter N Active (N) BMC median BMC (min, max) Top of median curve Top (min, max)

H2AX 24HaCaT Positive Control Etoposide 6 (6) 0.133(0.084, 2280.815) 1213(115, 17727)

H2AX 24HaCaT Actives AMPA 0 (2) 6662.4(6662.4, 6662.4) 0(0, 41)

H2AX 24HaCaT Actives Diquat 5 (6) 20.552(9.963, 21723.6) 4366(12, 4366)

H2AX 24HaCaT Actives G-IPA 1 (2) 2287.53(2287.53, 13690.8) 250(0, 250)

H2AX 24HaCaT Actives Glyphosate 1 (2) 2394.501(2394.501, 10144.2) 139(0, 139)

H2AX 24HaCaT Actives Mesotrione 0 (2) 10179.6(10179.6, 10179.6) 0(0, 0)

H2AX 24HaCaT Actives Metolachlor 1 (2) 2.867(2.867, 340.548) 424(17, 424)

H2AX 24HaCaT GBF A 1 (2) 33.359(33.359, 82.032) 103(0, 103)

H2AX 24HaCaT GBF B 2 (2) 27.742(27.742, 2676.296) 112(112, 548)

H2AX 24HaCaT GBF C 2 (2) 15.436(15.436, 192.893) 1923(1330, 1923)

H2AX 24HaCaT GBF D 2 (2) 200.806(200.806, 73369.644) 281(43, 281)

H2AX 24HaCaT GBF E 1 (2) 89.991(89.991, 4296) 105(1, 105)

H2AX 24HaCaT GBF F 2 (2) 3.125(3.125, 1157.446) 381(43, 381)

H2AX 24HaCaT GBF G 2 (2) 2.671(2.671, 92.433) 268(69, 268)

H2AX 24HaCaT GBF H 1 (2) 1.917(1.917, 86.868) 726(22, 726)

H2AX 24HaCaT GBF I 2 (2) 6.818(6.818, 79.525) 632(221, 632)

H2AX 24HaCaT GBF J 2 (2) 5.006(5.006, 62.896) 2600(440, 2600)

H2AX 24HaCaT GBF K 2 (2) 0.426(0.426, 35.86) 1689(205, 1689)

H2AX 24HaCaT GBF L 1 (2) 37.46(37.46, 948.12) 55(4, 55)

H2AX 24HaCaT GBF M 2 (2) 749.546(749.546, 4366.8) 162(162, 702)

H2AX 24HaCaT Negative Control Potassium Chloride 4 (6) 60.942(0.091, 89.46) 1092(0, 1092)

H2AX 24HaCaT Negative Control Sucrose 2 (6) 410.76(0.096, 410.76) 25(0, 494)

H2AX 24HaCaT Other Antimycin 2 (4) 0.002(0.001, 6.583) 149(0, 149)

H2AX 24HaCaT Other Menadione 4 (6) 0.821(0.38, 20.662) 238(2, 8709)

H2AX 24HaCaT Other TBHP 5 (6) 4.219(1.417, 108.144) 628(0, 4882)

H2AX 24HRG2DC Positive Control Etoposide 4 (4) 0.699(0.325, 1.158) 296(296, 706)

H2AX 24HRG2DC Actives AMPA 0 (2) 6662.4(6662.4, 6662.4) 4(4, 17)

H2AX 24HRG2DC Actives Diquat 4 (4) 3267.962(747.203, 5209.104) 959(196, 959)

H2AX 24HRG2DC Actives G-IPA 1 (2) 8378.469(8378.469, 13690.8) 75(0, 75)

H2AX 24HRG2DC Actives Glyphosate 1 (2) 4468.587(4468.587, 10144.2) 130(71, 130)

H2AX 24HRG2DC Actives Mesotrione 1 (2) 7894.745(7894.745, 10179.6) 68(1, 68)

H2AX 24HRG2DC Actives Metolachlor 0 (2) 340.548(340.548, 340.548) 3(3, 50)

H2AX 24HRG2DC GBF A 0 (2) 3807.6(3807.6, 3807.6) 0(0, 0)

H2AX 24HRG2DC GBF B 2 (2) 394.538(394.538, 425.502) 687(403, 687)

H2AX 24HRG2DC GBF D 1 (2) 612.05(612.05, 908.88) 1005(27, 1005)

H2AX 24HRG2DC GBF E 1 (2) 648.142(648.142, 925.56) 276(0, 276)

H2AX 24HRG2DC GBF K 0 (2) 304.2(304.2, 304.2) 0(0, 25)

H2AX 24HRG2DC GBF L 1 (2) 312.695(312.695, 440.04) 104(104, 144)

H2AX 24HRG2DC GBF M 1 (2) 1849.95(1849.95, 4366.8) 172(60, 172)

H2AX 24HRG2DC Negative Control Potassium Chloride 0 (4) 89.46(89.46, 89.46) 0(0, 0)

H2AX 24HRG2DC Negative Control Sucrose 0 (4) 410.76(410.76, 410.76) 0(0, 0)

H2AX 24HRG2DC Other Antimycin 3 (4) 0.122(0.035, 6.583) 82(54, 200)

H2AX 24HRG2DC Other Menadione 4 (4) 1.644(0.887, 1.765) 718(243, 1969)

H2AX 24HRG2DC Other TBHP 2 (4) 50.179(36.27, 61.656) 0(0, 1694)
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