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EXECUTIVE SUMMARY

First marketed in the 1970s, glyphosate is now the most widely used herbicide in the
world, with usage increasing consistently in recent decades. Emerging toxicological data link
exposure to glyphosate with several deleterious health endpoints, including some evidence
suggesting a role in chronic kidney disease of unknown etiology (CDKu). Chronic kidney
disease (CKD) remains a leading cause of death, with incidence of CKDu growing at an
alarming rate in certain agricultural regions. The compound glyphosate, as well as its
degradation product aminomethyl phosphonic acid (AMPA), are capable of strongly chelating
environmentally and agriculturally relevant nephrotoxic metals such as cadmium, potentially
leading to unique environmental fate and toxicological effects upon co-exposure and is posited
be a mechanism by which this pesticide contributes to CKDu.

This study aimed to assess kidney toxicity by characterizing damage to the proximal
tubule. I used a transgenic proteinuria reporter in larval zebrafish, a standard medical model
organism with great morphological and functional homology to the adult human nephron. In this
study, I assessed the impacts of cadmium, glyphosate in a standard commercial Roundup®
formulation, and its lesser-studied degradation product AMPA in isolation to establish baseline
kidney toxicological data. Alongside these, I conducted co-exposure experiments with cadmium
and Roundup/AMPA to assess how these compounds might modify cadmium nephrotoxicity
within environmentally relevant concentration ranges.

In a healthy kidney, low molecular weight proteins pass through the glomerular filtration
and into the proximal tubule, where they are eventually reabsorbed and recirculated back into the
bloodstream. If the proximal tubule is damaged, such as through exposure to a nephrotoxic
chemical, the low molecular weight proteins will not be reabsorbed and instead pass into the
urine, termed proteinuria. Presence of elevated proteinuria is a clinical marker of kidney damage
and is the health endpoint of interest in this study. In order to quantify proteinuria in zebrafish
samples, we followed a modified proteinuria reporter assay using a transgenic line of zebrafish
(Danio rerio), termed “NL-D3”. This line of zebrafish expresses a luciferase-modified low
molecular weight protein that, upon contact with its natural substrate, emits measurable
luminescence. As such, we use the luminescence measurements from water samples individually
collected from each larval zebrafish over the same overnight period as a proxy for proteinuria
content, and thus for kidney damage in the proximal tubule.

The conclusions of this study rely on five primary experiments: a cadmium range-finding
experiment, a Roundup range-finding experiment, an AMPA range-finding experiment, a
Roundup and cadmium co-exposure experiment, and an AMPA and cadmium co-exposure
experiment. The range-finding experiments provide baseline toxicity data for the pure
compounds or, in the case of Roundup, chemical mixture. The co-exposure experiments aim to
replicate environmental exposures in agricultural communities and to test the hypothesis that the
presence of glyphosate or AMPA alters the nephrotoxic effect of cadmium.

The experimental data support four main conclusions: (i) cadmium is nephrotoxic, (ii)
neither Roundup nor AMPA increase proteinuria in isolation, (ii1) both Roundup and AMPA
decrease proteinuria in a non-monotonic manner, and (iv) both Roundup and AMPA modulate
cadmium nephrotoxicity in a non-monotonic manner. The term “non-monotonic” refers to a
dose-response curve in which an increasing chemical exposure dose does not correspond to an
increase in the measured response. Roundup specifically may increase the nephrotoxicity of
cadmium at environmentally relevant levels, resulting in statistically higher proteinuria with
respect to control. While certain single-doses and pairwise combinations with cadmium



decreased proteinuria, this should be interpreted as a sign of some genuine biological effect,
likely outside the kidney, that is unable to be aptly assessed in this assay and not construed as an
absence of toxicity nor as a protective effect. In sum, the results of this study demonstrate that
Roundup and AMPA affect kidney function to some degree, though likely through secondary
mechanisms and not through direct damage to the proximal tubule, given the lower proteinuria
counts in several instances. Roundup, however, was found to increase the nephrotoxicity of
cadmium at some environmentally relevant concentrations. As such, while the commercial
formulation Roundup alone may not damage the proximal tubule, it can increase the deleterious
effects of cadmium already present in the environment. When paired with chronic exposure, it is
possible that this co-exposure, which is particularly present in agricultural communities, may
accelerate some of the effects associated with chronic kidney disease. Taken together, these
results may provide further clarity into the link between environmental exposures and CKDu in
certain agricultural regions while also providing some of the first kidney toxicological data for
the lesser-studied AMPA.
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INTRODUCTION

Glyphosate

The discovery of glyphosate’s ability to act as a potent, broad-spectrum herbicide, first
marketed by the Monsanto Group in 1976, revolutionized and reshaped global agriculture over
the ensuing fifty-some years (Werner et al., 2022). Technically classified as an organophosphate
herbicide due to its phosphate group, the introduction of glyphosate to the market fit
optimistically within the larger societal shift away from the toxic and environmentally persistent
organochlorine class of pesticides, whose ill-effects were beginning to be reckoned with in no
small part due to the notoriety of DDT. Perhaps by a stroke of coincidence, the original 1972
synthesis of glyphosate coincided with the same year the United States Environmental Protection
Agency (EPA) hammered down a final and near-total ban of the use of DDT (Werner et al.,
2022). Glyphosate is capable of effectively controlling over 150 species of weed (Kanissery et
al., 2019) — more than any other herbicide in modern science — with a mode of action disrupting
the Shikimate pathway, a seemingly non-threat to humans and other mammals, in which no such
pathway is present. Implementation of the miracle herbicide in industrial agriculture quickly
caught on, quickly becoming the most profitable herbicide in history and has in many senses
launched us into a global “glyphocene” (Werner et al., 2022). In less than 40 years from 1980,
global glyphosate sales increased sixteen fold and outcompeted other herbicides by margins of
several hundred percent — ultimately culminating in more than 90% of the global herbicide

market share in 2017 and worth an annual market size bordering on $10 billion in 2025 (Werner



et al., 2022; Hu et al., 2025; ResearchNester). To little surprise, glyphosate is now the world’s
most widely used herbicide in agricultural and residential weed control applications, heralded as
a safe, cost-effective, and low-risk alternative to traditional toxic and more pervasive substitutes
such as paraquat and atrazine (Babich et al., 2024; Maggi et al., 2020).

Many of the chemical properties inherent to glyphosate are in part what made it such an
attractive alternative to other herbicides. Glyphosate is comparatively short lived in the
environment, typically persisting seven to sixty days in soil, well below the Stockholm
Convention’s six month benchmark for persistent organic pollutants (Kanissery et al., 2019;
Maggi et al., 2020). Under normal conditions, glyphosate occurs as a white, odorless powder, is
non-volatile, does not experience photochemical degradation, and contains three ionizable acidic
sites. Glyphosate is highly water soluble with a logKow value of -3.7 and a very low vapor
pressure of 9.91e-8 mmHg (EPA Comptox). It has a median experimental bioconcentration
factor of 19 L/kg, again well below the BCF of 5000 L/kg outlined in the Stockholm Convention
for describing persistent organic pollutants.

Naturally, as the popularity of glyphosate-based herbicides has skyrocketed, so too has
the ubiquity of glyphosate in the environment — modern estimates put the global application rate
at roughly 750 million kilograms of the active ingredient across a cumulative land mass nearly
the size of Australia (Brookes, 2026). Less conservative estimates place global annual use at
more than 900 million kilograms (Maggi et al., 2020). Despite glyphosate’s comparatively lower
risk of acute toxicity and favorable environmental fate and degradation properties, such an
extensive application of the chemical has resulted in the widespread and consistent detection of
glyphosate across croplands, rivers, food products, and in human biomonitoring samples (Maggi

et al., 2020).



Though total concentrations vary widely according to environmental matrix, time of year,
geographic location, and atmospheric and environmental variables, the presence of glyphosate is
undeniable. For example, a large-scale federal government study conducted in the early 2000s
reported glyphosate in nearly 60% of a collection of thousands of soil and water samples from
across the United States (Battaglin et al., 2014). Residual glyphosate concentrations have
reached upwards of 500 ug/L in American surface waters, and up to 5200 ug/L in large streams
and groundwater (Maggi et al., 2020). A large study conducted throughout Argentina, a major
agricultural nation, found residual glyphosate consistently at aquatic concentrations from 100
ug/L up to 700 ug/L (Peruzzo et al., 2008). Though field data can be limited in scope and
geography, a global model drawing from a library of academic and government sources predicts
low-level but persistent glyphosate contamination in more than 90% of global croplands, with an
elevated glyphosate hazard level in about 1% (Maggi et al., 2020). Glyphosate’s high water
solubility may facilitate transport throughout watersheds, of particular relevance given the
irrigation and drainage patterns typical of the large-scale agriculture operations in which it is
used (Maggi et al., 2020). It will be important to note that while glyphosate typically has a
relatively limited environmental half-life, specific environmental conditions or interactions with
other molecules can significantly impact the compound’s stability and environmental
persistence, at times greatly extending the half-life to the order of several years (Mertens et al.,
2018).

Given the wide range of plant species glyphosate effectively controls, herbicide
corporations have in recent decades conducted intense research into developing glyphosate-
resistant, or “Roundup Ready” crops, allowing for near-indiscriminate application of glyphosate

based herbicides over large swathes of monocrop regions. Alarmingly, dozens of weed and crop



species have in turn developed a resistance to glyphosate herbicides, with instances recorded in
more than thirty countries (Werner et al., 2022; Maggi et al., 2020). Given farmers’ reliance on
glyphosate to ensure a strong crop yield, this developed resistance often translates into
glyphosate applications of greater frequency and greater intensity, further contributing to the
growing glyphosate market, environmental contamination by glyphosate, and the likelihood of
hazardous levels of glyphosate buildup (Benbrook, 2016). Considering the explosive growth of
global glyphosate production, several decades of continuous and intense glyphosate application,
the ubiquitous presence of glyphosate across ecological and human matrices, and the reliance of
international food supply on the herbicide, a replete and thorough risk assessment for glyphosate
across categories and locations of use is certainly warranted.

Indeed, recent years have given way to a growing number of studies revealing previously
unseen risks associated with exposure to glyphosate. To much ongoing controversy, the World
Health Organization reclassified glyphosate as a probable human carcinogen in 2015, though this
assessment has been largely refuted by both the relevant United States and European
environmental and food safety authorities (Werner et al., 2022). The first successful major
lawsuit concluded only three years later, resulting in a payout worth hundreds of millions of
dollars (Werner et al., 2022). An uptick in research and scientific scrutiny has since uncovered a
myriad of potential, non-carcinogenic health impacts associated with glyphosate exposure, with
evidence pointing towards damage to the kidneys, liver, gastrointestinal tract, neurodevelopment,
and endocrine disruption, among other serious health endpoints (ATSDR, 2019). As the public
eye has turned increasingly towards glyphosate, so too has the scientific community. This
includes findings revolving around early-life exposures, low-level chronic exposures, and many

significant long-term health outcomes not aptly captured in acute toxicity studies.



Much remains unknown and regulatory bodies have found themselves in the midst of
conflicting evidence, societal priorities, and corporate and national interest. This is evidenced in
the United States, with both the EPA and Center for Disease Control (CDC) publishing
contradictory conclusions (Werner et al., 2022). The balance between human and ecological
impacts is also at times difficult to discern — the United States EPA has in fact increased
tolerance levels for glyphosate concentrations in certain staple crops and sets the drinking water
Maximum Contaminant Level at 700 ug/L, a concentration far exceeding typical surface water

concentrations (Werner et al., 2022; Benbrook, 2016).

AMPA

Glyphosate, with its many controversies, has firmly established its place in the minds of
regulatory scientists and public sentiment for years to come. As of yet largely overlooked,
however, is glyphosate’s degradation product, aminomethyl phosphonic acid (AMPA). AMPA,
which does not have stringent regulations or a body of federal guidelines, is the product of
bacterial degradation of glyphosate. Recent findings show that AMPA in fact exhibits higher
persistence, is consistently detected with both greater frequency and concentration across
environmental matrices, and perhaps even greater toxicity. In contrast to glyphosate itself,
AMPA degradation is largely uneven and dependent upon environmental parameters such as

availability of carbon and PO43- (Maggi et al., 2020).
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Figure 1: Chemical structure of glyphosate (left) and AMPA (right) (EPA CompTox)

Co-occurrence with heavy metals and mixture toxicity

Exposure to contaminants rarely, if ever, occur in isolation. This is of particular relevance
to environmental contaminants, including agrochemicals such as glyphosate and AMPA, as
interactions with co-occurring chemicals, salinity, ultraviolet radiation, and trace metals and
minerals can all influence the compound’s chemical form and environmental fate, with related
consequences for the compound’s toxicity and bioavailability.

In the context of glyphosate and AMPA, the presence of heavy metals in the
environment are especially important as both compounds can act as chelators due to multiple
phosphate, carboxyl, and amine groups capable of forming complexes with metal ions (Tsui et
al., 2005). The structures of both glyphosate and AMPA permit them to chelate metals at

multiple sites independently and simultaneously. Many environmentally relevant heavy metals,
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such as lead, cadmium, and arsenic, are known toxins with multiple adverse health endpoints,
especially relating to kidney and neurological function. Therefore, the formation of a
glyphosate/ AMPA -metal complex is significant not only for environment fate and persistence,
which often increases dramatically, but also for the bioavailability and subsequent toxicity of the
metals whose exposure may otherwise be limited by environmental parameters such as system
pH and valence state (Lanzarin et al., 2022). As such, exposure to the glyphosate/ AMPA -metal
complex may in turn increase biologically-relevant exposure to toxic metals while also opening
the possibility of synergistic or otherwise modified effects (Tsui et al., 2005). It is important to
note that while the existing pool of AMPA-specific studies is limited, the conserved structural
similarities to glyphosate likely confer related properties, and the ability of AMPA to chelate
metals is well documented. The modifying effects of glyphosate/ AMPA and metal co-occurrence
is not limited to the aquatic environment itself; in fact, recent studies demonstrate metal- and
tissue-specific changes in the presence and accumulation of metals (Merutka et al., 2026). Of
particular interest to us, co-exposure to glyphosate and cadmium greatly increased the relative
abundance of cadmium in the kidneys (Merutka et al., 2026). While many toxicological studies
investigating the effects of glyphosate are based at or around the EPA drinking water MCL of
700 ug/L, important health effects have been noted at glyphosate concentrations more than an
order of magnitude below this threshold and comfortably within the range of relevant
environmental concentrations (Babich et al., 2024; Merutka et al., 2026).

Though many toxic metals are scarce, but naturally occurring, it is important to note that
many are also present at above-average levels in agricultural regions due to gradual
accumulation in the form of fertilizers and various soil amendments — cadmium and arsenic in

particular have been found to accumulate alongside the application of phosphorus fertilizers
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(Chen et al., 2020). Crops grown in soils containing cadmium or other metals can oftentimes
absorb and remove metals from the soil, though the presence of glyphosate and its chelating
properties has been shown to alter the flux and behavior of metals in agricultural soils

(Divisekara et al., 2018).

Kidney Toxicity and CKDu

Chronic kidney disease (CKD) has experienced a marked increase in global prevalence,
with incidence more than doubling between 1990 and 2020, amounting to roughly 15% of the
global population (Ying et al., 2023; Babich et al., 2020). In recent decades, CKD has emerged
as one of the leading causes of death worldwide, hovering around the 12th leading cause of death
in the past decade with projections of it reaching 5th place by 2040 (Ying et al., 2023). The
growing rate of CKD poses many significant concerns, particularly as markers of the disease are
increasingly identified in children (Babich et al., 2020). To fully appreciate the importance of
kidney disease in children, it is essential to highlight the fact that nephrons, the basic functional
unit of the kidney, are present at birth and only sparingly repaired or regenerated (Merutka et al.,
2026). As such, those kidney injuries sustained in early life, through chemical means or
otherwise, are likely to persist throughout development and later life, compounding with any
other damages throughout the natural lifespan (Merutka et al., 2026).

CKD of unknown etiology (CKDu) further complicates the CKD burden as its presence
is not explained by comorbidities typically associated with kidney disease, such as diabetes and
hypertension (Gunatilake et al., 2019). A growing body of toxicological and epidemiological
evidence consistently points towards exposure to agrochemicals and environmental mixtures,

especially co-exposure to nephrotoxic metals, as having a strong correlation to deleterious
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kidney health outcomes later in life. For example, a biomonitoring study in a CKDu endemic
region of Sri Lanka, one of the world’s most CKDu-afflicted countries with an incidence rate
doubling roughly every four years, found significantly higher concentrations of metals and
glyphosate in the urine of residents in the endemic zone compared to residents of a control, non-
endemic zone (Babich et al., 2020; Jayasumana et al., 2015; Gunatilake et al., 2019). Similarly, a
biomonitoring study of more than 200 children living near an agricultural zone identified a very
significant correlation between urinary glyphosate concentration and increased expression of two

biomarkers associated with kidney injury (Liu et al., 2023).

Kidney physiology and biomarkers

The kidneys serve an essential role in regulating fluid and chemical balances in the body
and excreting xenobiotic metabolites — a function which, if perturbed, can lead to a range of
systemic failures and death (Wallace, 1998). Filtration of plasma and direction of waste products
into the urine for excretion fundamentally rely on two kidney processes: glomerular filtration and
reabsorption in the proximal tubule (Wallace, 1998). Simply put, as blood enters the glomerulus
within kidney nephrons, a series of pressure changes force the liquid through restricted openings
in capillary walls, effectively passing on filtrate but retaining high molecular weight proteins
(Wallace, 1998). This filtrate then eventually passes into the proximal tubules, which must
selectively reabsorb beneficial molecules, including low molecular weight proteins small enough
to pass through glomerular filtration, through a series of active and passive transport mechanisms
(Wallace, 1998). The remaining filtrate containing xenobiotic metabolites and other waste
materials continue their passage through the kidney and are ultimately expelled from the body
through the urine. Given that both high and low molecular weight proteins are necessarily

retained and recirculated into the blood during this process, the presence of proteins in the
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expelled urine, known as proteinuria, thus indicates dysfunction at either the glomerulus or
proximal tubules and are a well established clinical metric for kidney damage (Merutka et al.,

2026; Wallace, 1998).
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Figure 2: Glomerulus and proximal tubule in healthy vs diseased state (Naylor et al., 2022)

Hypothesis and Study objective

This study aimed to establish baseline nephrotoxicity data for AMPA and glyphosate in its
commercial formulation, Roundup, using a typical dose-response experimental approach. It
aimed to complement that baseline nephrotoxicity data with additional cadmium co-exposures in
order to compare results, note trends and potential synergistic effects, and expand the dialog on
specific mechanisms of toxicity. Based on the chemical properties of glyphosate and AMPA as

discussed earlier, I hypothesize that the presence of either compound with cadmium may form a
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more readily bioavailable, chelated complex that results in higher overall nephrotoxicity

following exposure.

METHODS

Assay

Zebrafish (Danio rerio) represent one of the best available model species for vertebrate
toxicity testing, particularly for assessing nephrotoxicity as the embryonic zebrafish kidney and
human nephron share markedly similar molecular and structural characteristics (Hu et al., 2025;
Naylor et al., 2022). For higher throughput screening of nephrotoxicity, we used Tg(fabp10a:
nanLuc-PARD3) (NL-D3) zebrafish. This transgenic line was developed by a group of British
medical researchers in 2022 with the express aim of creating a rapid screening technique for
proteinuria content due to kidney injury in the glomerulus and/or proximal tubule (Naylor et al.,
2022). The NL-D3 zebrafish line expresses a modified Receptor Associated Protein featuring a
nanoluciferase adduct at the megalin-binding domain of the protein (Naylor et al., 2022). The
megalin receptor is a biomolecule that plays an essential role in endocytosis and reuptake of low
molecular weight proteins in the proximal tubule, following filtration by the glomerulus — injury
to the proximal tubule disrupts the process of reabsorption and thus results in increased
proteinuria content, a measurable hallmark of kidney damage and the endpoint of interest in this
study (Naylor et al., 2022). Nanoluciferase emits measurable luminescence upon contact with its
substrate luciferin (Naylor et al., 2022). As such, the nanoluciferase adduct at the megalin-
binding domain of Receptor Associated Protein in NL-D3 transgenic zebrafish allows for

quantification of proteinuria by recording the luminescent signal.
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All experimental data in this study were derived following the same optimized
luminescence assay, though with subtle alterations in exposure dish material according to the
chemical of interest. Later experiments utilized plastic exposure dishes rather than glass to
minimize potential sorption of the chelated glyphosate/ AMPA-metal complexes to glass walls
and thus reduce exposure and bioavailability. It is also important to note that the cadmium dose
response experiment was run on an older plate reader with decreased detector sensitivity in
comparison to later experiments. NL-D3 positive eggs were collected following outcross
breeding of a homozygous NL-D3 positive parent (male or female) with another adult of the
wildtype “Ekkwil” genotype. For initial breeding tank pairs, offspring were individually
screened at 3-4 dpf using fluorescent imaging to confirm expression of the NL-D3 genotype. At
approximately 5.5 hpf, embryos were screened for development using simple microscopy and
upon reaching a state of 50% epiboly, which corresponds to early development of the pronephric
kidney, and transferred into exposure glass or plastic exposure dishes at a density of 10 embryos
per 10 mL Danieau solution. Exposure groups were kept in incubation at a constant 28°C. At
approximately 24 hours after exposure, exposure dishes were assessed and any dead or
undeveloped embryos removed. On the 3rd to 4th day following initial exposure, each dish
received a 50% water and exposure solution change to facilitate removal of background urinary
content and shed chorions. At 6 days following exposure, the larvae of each treatment group
were transferred to a dish of fresh Danieau medium, which subsequently received a 50% water
change to further minimize the possibility of background urinary content contamination. Larvae
were then transferred into individual wells containing only fresh Danieau medium and left to
incubate over a 24-hour period. Following this overnight incubation period, water samples

containing urinary content were collected individually from each well and transferred into new
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individual wells with nanoluciferase substrate and substrate buffer (NanoGlo Luciferase Assay
System; Promega). Plates were left to incubate protected from light for 10 minutes then
transferred to a plate reader equipped with a luminescence detector. Each experiment included 6
blanks to correct for background noise, with the exception of the cadmium dose response

experiment.

Experimental Design

Cadmium Dose Response

Assay validation and baseline Cd toxicity data were achieved through a dose response
experiment consisting of the following groups: control, 40 ppb, 60 ppb, 80 ppb, 100 ppb of
CdClL. These concentrations correspond approximately to control, 25 ppb, 37 ppb, 50 ppb, and

60 ppb of pure Cd, respectively.

Roundup Dose Response

While direct glyphosate nephrotoxicity has been tested, kidney toxicity of exposure to
commercial Roundup formulation with glyphosate has not been tested. Glyphosate as the sole
active ingredient of most historic formulations, it is important to quantify Roundup toxicity in
order to more accurately account for more environmentally realistic exposure effects, especially
since this is relevant to occupational exposure in agricultural communities. This also accounts for
potential interactions between glyphosate and any other chemicals present in the formulation—
much of the chemical composition of Roundup and other glyphosate-based herbicides are

classified as protected business information.
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Here we utilized Monsanto’s Roundup PRO® Concentrate formulation containing 50.2%
glyphosate by weight in the form of its isopropylamine salt, equivalent to 445 g/L of the acid
glyphosate. Given the multiple commercial salt forms of glyphosate utilized in these
formulations, all exposure doses in this experiment were calculated using the glyphosate acid
equivalent (AE) concentration, as is typical for cross-formulation comparisons in United States
regulatory agencies (EPA Office of Chemical Safety and Pollution Prevention, 2017).
Experimental groups consisted of a control group, 10 ppb glyphosate AE, 100 ppb glyphosate

AE, and 1 ppm glyphosate AE.

Roundup and Cd Co-exposure

In order to evaluate whether glyphosate-based Roundup modifies cadmium
nephrotoxicity, we ran a co-exposure experiment. Exposure concentrations were designed to
reflect environmentally relevant concentrations of glyphosate and Cd as identified in previous
studies on surface water in and around agricultural areas. The lower bound for Cd was set at the
US EPA MCL for drinking water of 5 ppb and the upper bound of 60 ppb to reflect the higher-
end of environmentally relevant concentrations. The concentrations of glyphosate in its acid
equivalent were set at 10 ppb to reflect more typical and frequent environmental concentrations
and at 100 ppb to reflect the mid-to-higher range of environmental concentrations. It is important
to note that as of the time of this report, the US EPA MCL for glyphosate in drinking water is set
at 700 ppb, a value well above those used in this experiment. Exposure groups for this
experiment consisted of a control group and the following co-exposures: 10 ppb glyphosate AE
with 5 ppb Cd, 10 ppb glyphosate AE with 10 ppb Cd, 100 ppb glyphosate AE with 5 ppb Cd,
and 100 ppb glyphosate AE with 60 ppb Cd. Although stock solutions for Cd exposure were

made using CdClz, the dosages here were calculated to reflect the true Cd composition. As such,
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5 ppb in experiment six reflects a genuine exposure to 5 ppb Cd rather than 5 ppb CdClz, as was
done in both the original Cd rangefinding experiment and the AMPA and Cd co-exposure

experiment.

AMPA Dose Response

Little toxicological data exists for glyphosate’s environmental degradation product,
AMPA, particularly for kidney-related health endpoints. In order to fill in this baseline
knowledge gap, we conducted a dose response experiment for AMPA alone with the following

treatment groups: control, 10 ppb, 250 ppb, 500 ppb, and 1 ppm AMPA.

AMPA and Cd Co-exposure

To assess whether AMPA synergistically increases or otherwise modifies cadmium
nephrotoxicity, four experimental groups were each dosed with 100 ppb CdClz, corresponding to
approximately 60 ppb of pure Cd. The first group was kept as a Cd control, with the three others
dosed with an additional 50 ppb, 100 ppb, and 200 ppb of AMPA, respectively. Exposure doses
in this experiment were selected to reflect environmentally relevant concentrations of both
AMPA and Cd — the AMPA concentrations were furthermore well below the US EPA drinking

water maximum contaminant level (MCL) for glyphosate/ AMPA of 700 ppb.

Solution Preparation

Stock solutions were prepared for all experiments, diluted and dosed appropriately
according to desired treatment concentration. For all cadmium treatments, a 20 ppm CdClz stock
solution was prepared by dissolving 2 mg of cadmium chloride salt into 100 mL of Danieau

medium. Similarly, a 20 ppm AMPA stock was prepared by dissolving 2 mg of 99% AMPA into
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100 mL of Danieau medium. For Roundup treatments, concentrations were based on the
commercial formulation’s known glyphosate acid equivalent concentration of 445 g/L.. An
intermediary stock of 1000 ppm glyphosate acid equivalent was prepared by mixing 225 ulL
Roundup into 100 mL of Danieau medium. From this, a final stock solution of 10 ppm
glyphosate acid equivalent was prepared by adding 1 mL of the 1000 ppm stock into 100 mL of
Danieau medium. Stock solutions were stored under refrigeration, without exposure to outside

light, and were again agitated prior to use.

Data Analysis

The ensuing luminescence data were log transformed and checked for normality. As data
were not normally distributed, they were statistically analyzed using the non-parametric Kruskal-
Wallis test and post-hoc Dunn’s test with Bonferroni adjustment. Adjusted p-values are reported
and used to denote statistical significance. Outliers were removed from visualizations to improve
scale, though all values were included in the final statistical calculations. Though certain
abnormal values may reflect unintended damage to the larval zebrafish during the pipette transfer
process rather than a genuine biological effect, it is difficult to make a non-arbitrary delineation
and thus all values were included (Naylor et al., 2022). It is worthwhile to note, however, that
inclusion or exclusion of the few outlier values did not alter statistical conclusions nor change
with treatment groups were significant, with the exception of the Roundup and Cd co-exposure
experiment, in which exclusion of outlier values would somewhat decrease the significance of

the highest co-exposure group and somewhat increase the significance of the lowest co-exposure

group.
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RESULTS

For all experimental results, detailed supplemental tables can be found in the Appendix section

of this report.

Cadmium Dose Response

The Cd data follow an expected dose-response pattern, with increasing concentration
corresponding to an increased proteinuria count. The 80 ppb and 100 ppb CdCl2 groups were
significantly higher from control (p adj. = 1.5x10*%, p adj. = 9.5x10°). The 40 ppb and 60 ppb
CdCl2 groups were not statistically different from control. This suggests a LOEC for kidney
damage at approximately 50 ppb Cd, after converting from exposure to CdCl2. None of the
pairwise exposure groups were statistically different from each other.

It should be noted that due to operator error, no blank samples were analyzed in this
experiment. Though this influences the final luminescence values, the absence of blank samples
should not alter the statistical conclusions of all samples would be affected equally with the
simple subtraction of the mean blank sample readout. Figure 3 summarizes the Cd dose response

results.
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Figure 3: Boxplot measuring cadmium induced proximal tubule injury in four CdClI; treatment groups of
homozygous “NL-D3” zebrafish larvae, matched to an unexposed control group from the same birth cohort.
Proximal tubule injury was observed in the 80 ppb and 100 ppb treatment groups (corresponding to approximately
50 ppb and 60 ppb Cd, respectively), measured as increased proteinuria luminescence in relative light units (RLU)
with respect to control. Pairwise comparisons of treatment group rank distributions were performed using a Dunn’s
post-hoc test with Bonferroni adjustment, with significance denoted as * (p adj. < 0.05), ** (p adj. <0.01), *** (p
adj. <0.001). Note: outliers removed from visualization to improve scale.

Roundup Dose Response

Only the lowest and highest exposure groups, 10 ppb and 1 ppm, were statistically
different from control (p adj. = 4.8x10%3; p adj. = 2.0x107), though directionality of effect is
important to note. In both cases, the exposure groups exhibited lower, not higher, proteinuria
with respect to control. No other treatments were statistically different from control, thus
representing a non-monotonic dose-response. Figure 4 summarizes the Roundup dose response

results.
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Figure 4: Boxplot measuring Roundup induced proximal tubule injury in three treatment groups of homozygous
“NL-D3” zebrafish larvae, matched to an unexposed control group from the same birth cohort. Roundup exposure
concentrations were calculated and denoted by the known glyphosate acid equivalent concentration. Proximal
tubule injury, measured as increased proteinuria luminescence in relative light units (RLU) with respect to control,
was not observed in any treatment group. The 10 ppb and 1 ppm treatment groups exhibited reduced proteinuria
luminescence compared to the control group. Pairwise comparisons of treatment group rank distributions were
performed using a Dunn’s post-hoc test with Bonferroni adjustment, with significance denoted as * (p adj. < 0.05),
** (padj. <0.01), *** (p adj. <0.001). Note: outliers removed from visualization to improve scale.

Roundup and Cadmium Co-exposure

Only the highest pairwise grouping, 100 ppb glyphosate AE with 60 ppb Cd, was
statistically different from control (p adj. = 0.018), though it is worth noting that the lowest
pairwise grouping, 10 ppb glyphosate AE with 5 ppb Cd, was very close to achieving statistical
significance (p adj. = 0.065). Interestingly, the highest pairwise grouping represents the sole
treatment group in any experiment to increase proteinuria with respect to control, representing a
deleterious effect on proximal tubule function. The lowest pairwise grouping worked inversely,

lowering proteinuria with respect to control, despite not being completely significant.
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When comparing between treatment groups in which Cd dose was held constant, we see

that increasing the dose of glyphosate appears to increase the response across the board,

suggesting that either glyphosate or some other component of this Roundup formulation does

indeed modulate Cd nephrotoxicity at environmentally relevant concentrations. It further appears

that the effect induced, whether an increase or decrease in proteinuria with respect to control,

depends largely on the dose of Roundup, with the lower doses showing signs of a rescuing effect

and the higher doses showing signs of increased toxicity. Figure 5 summarizes the findings of the

Roundup and Cd co-exposure experiment.
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Figure 5: Boxplot measuring Roundup and cadmium induced proximal tubule injury in four co-exposure treatment
groups of homozygous “NL-D3” zebrafish larvae, matched to an unexposed control group from the same birth
cohort. Roundup exposure concentrations were calculated and denoted by the known glyphosate acid equivalent
concentration. Proximal tubule injury was observed in the 100 ppb glyphosate AE with 60 ppb Cd group, measured
as increased proteinuria luminescence compared to the control group. The 10 ppb glyphosate AE with 5 ppb Cd
group approached a statistically significant decrease in proteinuria (p adj. = 0.065). Pairwise comparisons of
treatment group rank distributions were performed using a Dunn’s post-hoc test with Bonferroni adjustment, with
significance denoted as * (p adj. < 0.05), ** (p adj. < 0.01), *** (p adj. < 0.001). Note: outliers removed from

visualization to improve scale.
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AMPA Dose Response

Proteinuria data followed a non-monotonic, “U” shaped dose-response curve, with only
the 250 ppb group being statistically different from control (p adj. = 0.005). It is important to
note, however, that the 250 ppb group did not increase proteinuria, but rather exhibited a
rescuing effect, decreasing proteinuria with respect to control. This mid-range concentration
reflects a higher, but not unrealistic environmental AMPA concentration. As such, exposure to
AMPA can result in a measurable effect on proximal tubule function, though it does not seem to
cause direct damage or hinder protein reabsorption. Figure 6 summarizes the AMPA dose

response results.
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Figure 6: Boxplot measuring AMPA induced proximal tubule injury in four treatment groups of homozygous “NL-
D3 zebrafish larvae, matched to an unexposed control group from the same birth cohort. Proximal tubule injury,
measured as increased proteinuria luminescence in relative light units (RLU), was not observed in any treatment
group. The 250 ppb treatment group exhibited reduced proteinuria luminescence compared to the control group.
Pairwise comparisons of treatment group rank distributions were performed using a Dunn’s post-hoc test with
Bonferroni adjustment, with significance denoted as * (p adj. < 0.05), ** (p adj. < 0.01), *** (p adj. < 0.001). Note:
outliers removed from visualization to improve scale.
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AMPA Modifying Cadmium Nephrotoxicity

Only the 50 ppb and 200 ppb AMPA groups were statistically different from the Cd
control (p adj.. = 0.005; p adj. = 0.0001), though they both exhibited a reduction in proteinuria
rather than an increase. The mid-range 100 ppb AMPA group was not statistically different from
the Cd control. Together, this suggests that AMPA does modulate cadmium nephrotoxicity to the
proximal tubule, though in a non-monotonic and protective manner. Figure 7 visualizes the

findings of the AMPA and Cd co-exposure experiment.
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Figure 7: Boxplot measuring changes in Cd induced proximal tubule injury in three Cd + AMPA treatment groups
of homozygous “NL-D3” zebrafish larvae, matched to a Cd-only control group from the same birth cohort. The
three treatment groups and Cd control all received the same dose of Cd (100 ppb CdCI2 ~ 60 ppb Cd). No Cd +
AMPA treatment group exhibited an increase in proximal tubule compared to the Cd control, measured as
proteinuria luminescence in relative light units (RLU). The 50 ppb AMPA and 200 ppb AMPA groups exhibited a
decrease in proteinuria luminescence relative to the Cd control. Pairwise comparisons of treatment group rank
distributions were performed using a Dunn’s post-hoc test with Bonferroni adjustment, with significance denoted as

*(padj. <0.05), ** (p adj. < 0.01), *** (p adj. < 0.001). Note: outliers removed from visualization to improve
scale.
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DISCUSSION

Taken together, the results of these experiments show the potential nephrotoxicity of
Roundup and AMPA, especially when in conjunction with the metal cadmium. Among the most
important preliminary conclusions as a result of this study are:

1. Cadmium causes kidney toxicity,

2. Neither Roundup nor AMPA alone cause direct damage to the proximal tubule,

3. Roundup may modify cadmium toxicity, and

4. Roundup and AMPA exhibit non-monotonic dose-response curves and may exert an

altered biological response in kidneys at different concentrations.

Cadmium Causes Kidney Toxicity

While cadmium is a known nephrotoxin, with particular impacts to reabsorption in the
proximal tubule, this study provides further granularity to the process and utilizes a unique
reporter protein (Bernhoft, 2013). Here, we have shown a clear dose-dependent effect on
proximal tubule function increasing in response to concentration. Not only does this validate the
scientific basis of the assay procedure for ensuing experimental results, it provides a rather clear
delineation of the concentrations needed to first elicit an observable, statistically significant
effect with regards to the control group. Specifically, we observe a LOEC value of 80 ppb CdCl2
and thus a NOEC value of 60 ppb CdClz, though it is worth noting that both the 60 ppb and 40
ppb exposure groups had adjusted p values quite close to the 0.05 threshold and, with increased
sample size, may indeed prove toxic at those lower concentrations. It is also essential to
underline the fact that, in this experiment, the exposure concentrations reflect the concentration

of the compound CdClz, not of the pure metal itself. When accounting for the Cd fraction on a
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mass basis, we find that the true LOEC value in this experiment more closely approximates 49
ppb Cd, with Cd concentrations of approximately 37 and 25 ppb representing the borderline
levels for significant effect. Though elevated, these concentrations are not environmentally
irrelevant — agricultural waters enriched with Cd as a result of both natural processes and
anthropogenic enrichment of the soil through potassium-based fertilizer amendments likely play
a non-negligeable role in the development of kidney disease in certain vulnerable communities
across the world.

Cadmium is a particularly relevant environmental toxin for this assay as it can directly
disrupt mitochondrial function, with the proximal tubule being among the most mitochondria
rich tissues in the body (Merutka, 2026). Cadmium exerts kidney toxicity through multiple
pathways, including through disruption of mitochondrial respiration via the electron transport
chain and by reducing the capacity of defensive antioxidant biomolecules (Lee et al., 2024).
Ultimately, the accumulation of cadmium in the kidney results in an overproduction of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) which contribute to lipid
peroxidation and damage to biomolecules essential for uptake and transport in the proximal
tubule, thus eventually leading to failure and the elevated presence of proteinuria (Lee et al.,

2024).

Neither Roundup nor AMPA Alone Cause Kidney Toxicity

A second fundamental finding of this study is that neither Roundup with an active
ingredient of glyphosate nor glyphosate’s degradation product AMPA cause kidney toxicity
when exposure to these compounds occurs in isolation. Though both the Roundup and AMPA
rangefinding experiments resulted in a non-monotonic dose-response curve, no treatment group

resulted in a significantly higher effect than that of their respective control. This includes at
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concentrations of up to 1 ppm for both Roundup and AMPA — concentrations comfortably above
any environmentally relevant concentration, even within those agricultural surface waters most
afflicted by glyphosate and AMPA contamination. Though this study did not test the pure
compound glyphosate explicitly, supplemental data from Dr Sunil Sharma derived from the same
assay and instrumentation support similar conclusions even at high concentrations. From a policy
and risk assessment perspective, the implications of these findings are of great importance. That
is, a demonstrable nephrotoxic effect is not present when testing these compounds either in
isolation or, for glyphosate, in the commercial formulation matrix of unknown composition. As
the legal basis for chemical regulation requires only testing of the active ingredient, any
secondary nephrotoxic effect as a result of environmental co-exposures would not be adequately
captured, and would not necessarily be subject to further legal or regulatory scrutiny, regardless
of the severity of unforeseen health impacts.

It is equally important to underline the fact that, while neither Roundup nor AMPA
increased proteinuria, both still resulted in a measurable, significant biological response. The
decreased proteinuria count at certain doses should not be interpreted as a protective or beneficial
consequence of exposure. This assay is limited in its scope as it only measures one specific
endpoint — it is entirely possible that the decrease in proteinuria masks other effects to the
kidney, or to other organ systems that would otherwise influence the baseline presence of protein
in the blood. Similarly, this assay operates on a relatively short timeframe of approximately eight
days from start to finish. As such, effects related to chronic exposure, especially any effect not
directly related to reabsorption in the proximal tubule, will not be reflected in these results and
the conclusions should not be interpreted in any sense other than those explicitly laid out and

supported from the data available.
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Roundup and AMPA Modify Cadmium Toxicity

Likely the most substantial and relevant discovery of this study, we discovered that
Roundup is able to modify and increase the nephrotoxic properties of Cd in instances of co-
exposure. The primary basis for this conclusion comes from the Roundup and Cd co-exposure
experiment, in which a pairing of 100 ppb glyphosate AE with 60 ppb Cd was found to elicit a
response significantly higher than that of the control group. An equivalent dose of Cd, when
paired with an glyphosate AE concentration of 5 ppb, was not significantly different from the
control group (p = 1.0000). Given that all other parameters were held equal, this shows that
increasing the concentration of glyphosate was sufficient to cause demonstrable kidney toxicity.
Furthermore, the 5 ppb glyphosate AE and 100 ppb glyphosate groups, both with identical 60
ppb Cd co-exposures, were much closer to being significantly different than any other exposure
group pairwise combination (p = 0.17). The four remaining pairwise combinations from this
experiment have p values of 0.69 (1) and 1.000 (3). Given the wide variation in measured
response, as is often typical of zebrafish studies and of luminescence recordings, this
comparatively lower p-value may be suggestive of a significant difference that may be more
cleanly elucidated in a future experiment with greater granularity and higher fish larvae numbers.
It may also be worth noting that the 10 ppb glyphosate AE with 60 ppb Cd group was not found
to induce toxicity, though this concentration of Cd is comfortably above the LOEC threshold for
toxicity as elucidated in the original Cd rangefinding experiment. This may be due to a
differential biological effect upon exposure to smaller doses of Cd, as in the case for the 10 ppb
glyphosate AE with 5 ppb Cd group, which actually resulted in an effect significantly /ower than
the control group. Similarly, we observe that the 10 ppb AMPA with 100 ppb CdCl2

(approximately 60 ppb pure Cd) resulted in a measurable effect significantly lower than the
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control, which was dosed with an equivalent concentration of Cd, though the same suppressive
effect was observed in the 200 ppb AMPA with 100 ppb CdCl2 group. Though there are likely
multiple biological responses driving the non-monotonicity observed here, we nonetheless
establish that the presence of glyphosate or AMPA can significantly alter the nephrotoxicological
effect of identical concentrations of Cd when co-exposed, in both directions relative to control
according to specific mixture dose. It will be important to underline that the sole instance of
significantly higher response, indicative of kidney injury, was a result of exposure to
environmentally relevant concentrations of both glyphosate and Cd and, as such, may play a role
in the growing incidence of CKDu in the regions where similar drinking water concentrations of

these compounds are more typical.

Glyphosate and AMPA Dose-Response are Non-Monotonic and may Exhibit Hormesis

Among the more surprising findings of this study was that, at lower concentrations, both
glyphosate in its commercial formulation and AMPA exhibited a U-shaped, or otherwise
nonlinear, response curve that may be indicative of hormesis or altered gene expression in the
kidneys, especially at lower doses. Of particular interest are the 10 ppb glyphosate AE, 1 ppm
glyphosate AE, and 250 ppb AMPA exposure groups, all of which induced an effect significantly
lower than that of the control group. Similarly, in the context of co-exposures with Cd, the 10
ppb glyphosate with 5 ppb Cd group was significantly lower than its control. Though the
biological driver of this response is yet unclear, especially for the comparatively understudied
AMPA, the point remains that the effects induced by glyphosate and AMPA exposure is highly
dependent on a host of variables and fluctuates widely, in both directions, according to dose and
co-exposure. This characteristic in turn makes protective and reasonable risk assessment much

more difficult and further complicates environmental field sampling studies with goals geared
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toward human health and kidney disease, though the evidence suggests a likely contributory role
of both glyphosate and AMPA. Although the hormesis characteristics observed at various
concentrations, especially lower concentrations, of glyphosate and AMPA show a decreased
presence of proteinuria, this does not necessarily imply a “protective” effect and should not be
interpreted as such. Rather, this demonstrates a measurably altered biological response, whose
specific origins and mechanisms are unknown, and which may induce any number of
downstream, cascading effects in other biological compartments of the exposed organism. The
divergence from baseline conditions, as opposed to decreased presence of proteinuria, likely
represents the more important conclusion and may set the foundation for future, more detailed

investigative research.

Conclusions

The results of this study may be useful in better understanding the association between
exposure to certain agrochemicals and the prevalence of CKD, particularly CKDu. CKDu is
likely driven by the culmination of many diverse environmental and socioeconomic factors and,
while it is plausible that agrochemical exposures contribute to this burden, it is clear that the
agrochemicals themselves are likewise subject to a great variety of external variables that
ultimately drive their toxicity or bioavailability. Most notably, both the glyphosate-based
Roundup formulation used in this study and the glyphosate degradation product AMPA failed to
show signs of direct damage to the proximal tubule when applied in isolation. That said, both did
result in a measurable and significant decrease in proteinuria compared to control at certain
concentrations and, as such, can be understood to impact kidney function through some other
mechanism. As this assay was only optimized to assess damage to the proximal tubule by

measuring proteinuria, any other number of effects to the kidney or other bodily systems would

32



not be aptly recorded. It is possible, for example, that those same concentrations found to reduce
proteinuria exert toxicity through other mechanisms that lead to a decrease in baseline protein
synthesis, thus skewing interpretation. Similarly, though Roundup alone did not cause proximal
tubule injury, it was seen to increase the nephrotoxic effect of cadmium. As environmental
exposures inherently involve exposure to many diverse compounds simultaneously, this example
illustrates the importance of understanding potential mixture effects and chemical interactions
that would otherwise go unnoticed in regulatory screening. While this study was limited in its
scope to cadmium co-exposures, it is possible that Roundup interacts similarly with other metals
or environmental contaminants. Studies aiming to better understand environmental drivers of
CKDu may as such benefit from more detailed geochemical surveying. Likewise, as new
information on agrochemical-metal interactions emerges, communities and policy makers should
incorporate these findings to better protect human health — here this may be as simple as
screening for metals in the soil or sourcing fertilizers from other locations.

There are, of course, many limitations inherent to this study as well as areas for future
expansion. It is important to note the relatively short timescale of this assay, which lasts only a
few days. Effects of chronic exposure, which are likely more relevant to rural communities and
for occupational exposures, are not captured in this study. Future studies may include lifetime
exposure or make use of adult fish exposed during development. Similarly, we measured only
external doses. Subsequent analysis of larval zebrafish tissues to determine the actual internal
dose would give important insight into internal distribution, pathways of toxicity, environmental
fate and transport, and general bioavailability. The nature of this assay also involves much
variability in response — differences in plate reader sensitivity, damage to larval fish during

pipette transfer, introduction of bubbles during sample preparation, and uneven distribution of

33



the luciferin substrate may all contribute to noise and variability. The conclusions of this study
would benefit from experimental repetition for comparison and refinement. Despite these
limitations, this study has succeeded in establishing novel baseline data for kidney-specific
endpoints, identified areas for future research, and uncovered potential interactions of great

significance for agricultural communities, public health officials, and kidney disease researchers.
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APPENDIX

Group 1 Group 2 Z Adj. p-value Significance
100 ppb 40 ppb 2.28 0.2236 Not significant
100 ppb 60 ppb 1.95 0.5059 Not significant
40 ppb 60 ppb -0.11 1.0000 Not significant

100 ppb 80 ppb 0.56 1.0000 Not significant
40 ppb 80 ppb -1.73 0.8400 Not significant
60 ppb 80 ppb -1.45 1.0000 Not significant

100 ppb  Control 4.90 0.00000956 Significant
40 ppb  Control 2.54 0.1121 Not significant
60 ppb  Control 2.39 0.1668 Not significant
80 ppb  Control 4.32 0.0001528 Significant

App. 1: Cadmium dose response statistical values (Dunn’s post-hoc)
Group 1 Group 2 Y/ Adj. p-value Significance

1 ppm 10 ppb -1.30 1.0000 Not significant
1 ppm 100 ppb -3.08 0.0124 Significant
10 ppb 100 ppb -1.78 0.4495 Not significant
1 ppm Control -4.64 0.00002085 Significant
10 ppb  Control -3.35 0.00483 Significant

100 ppb  Control -1.58 0.6811 Not significant

App. 2: Roundup dose response statistical values (Dunn’s post-hoc)

Group 1 Group 2 Z Adj. p-value Significance
10 _gly 5 Cd 10 gly 60 Cd -3.32 0.00904 Significant
10_gly_5_Cd 100_gly 5_Cd -4.02 0.000594 Significant
10 _gly 60 Cd 100 gly 5 Cd -0.63 1.0000 Not significant
10_gly 5 Cd 100_gly 60_Cd -5.83 0.0000000539 Significant
10_gly 60_Cd 100_gly 60_Cd -2.42 0.1548 Not significant
100_gly _5_Cd 100_gly_60_Cd -1.82 0.6881 Not significant
10_gly 5 Cd Control -2.72 0.0658 Not significant
10_gly_60_Cd Control 0.65 1.0000 Not significant
100_gly 5 Cd Control 1.30 1.0000 Not significant
100_gly 60_Cd Control 3.12 0.01824 Significant

App. 3: Roundup with Cd coexposure statistical values (Dunn’s post-hoc)
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Group 1 Group 2 Z Adj. p-value Significance

1 ppm 10 ppb 0.97 1.0000 Not significant
1 ppm 250 ppb 2.40 0.1649 Not significant
10 ppb 250 ppb 1.45 1.0000 Not significant
1 ppm 500 ppb -0.87 1.0000 Not significant
10 ppb 500 ppb -1.86 0.6289 Not significant

250 ppb 500 ppb -3.30 0.00970 Significant
1 ppm Control -1.01 1.0000 Not significant
10 ppb  Control -2.01 0.4492 Not significant

250 ppb  Control -3.45 0.00556 Significant

500 ppb  Control -0.13 1.0000 Not significant

App. 4: AMPA dose response statistical values (Dunn’s post-hoc)

Group 1 Group 2 Z Adj. p-value Significance
100 ppb  200ppb 4.28 0.0001146 Significant
100 ppb 50 ppb 3.40 0.00404 Significant
200ppb 50 ppb -1.04 1.0000 Not significant
100 ppb  Cd Control -0.06 1.0000 Not significant
200ppb  Cd Control -4.19 0.0001671 Significant
50 ppb Cd Control -3.34 0.00507 Significant

App. 5: AMPA and Cd coexposure experiment statistical values (Dunn’s post-hoc)
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