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Abstract

Background Glyphosate-based herbicides (GBHs) are the world’s most widely used weed control agents. Public
health concerns have increased since the International Agency for Research on Cancer (IARC) classified glypho-

sate as a probable human carcinogen in 2015.To further investigate the health effects of glyphosate and GBHs,

the Ramazzini Institute launched the Global Glyphosate Study (GGS), which is designed to test a wide range of toxico-
logical outcomes. Reported here are the results of the carcinogenicity arm of the GGS.

Methods Glyphosate and two GBHs, Roundup Bioflow used in the European Union (EU) and RangerPro used

in the US., were administered to male and female Sprague—-Dawley (SD) rats, beginning at gestational day 6 (via
maternal exposure) through 104 weeks of age. Glyphosate was administered through drinking water at three doses:
the EU acceptable daily intake (ADI) of 0.5 mg/kg body weight/day, 5 mg/kg body weight/day and the EU no-
observed adverse effect level (NOAEL) of 50 mg/kg body weight/day. The two GBH formulations were administered
at the same glyphosate-equivalent doses.

Results In all 3 treatment groups, statistically significant dose-related increased trends or increased incidences
of benign and malignant tumors at multiple anatomic sites were observed compared to historical and concurrent
controls. These tumors arose in haemolymphoreticular tissues (leukemia), skin, liver, thyroid, nervous system, ovary,
mammary gland, adrenal glands, kidney, urinary bladder, bone, endocrine pancreas, uterus and spleen (heman-
giosarcoma). Increased incidences occurred in both sexes. Most of these involved tumors that are rare in SD rats
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(background incidence < 19%) with 40% of leukemias deaths in the treated groups occurring before 52 weeks of age
and increased early deaths were also observed for other solid tumors.

Conclusions Glyphosate and GBHs at exposure levels corresponding to the EU ADI and the EU NOAEL caused
dose-related increases in incidence of multiple benign and malignant tumors in SD rats of both sexes. Early-life onset
and mortality were observed for multiple tumors. These results provide robust evidence supporting IARC's conclusion
that there is “sufficient evidence of carcinogenicity [of glyphosate] in experimental animals”. Furthermore, our data are
consistent with epidemiological evidence on the carcinogenicity of glyphosate and GBHs.

Keywords Glyphosate, Glyphosate-based herbicide, Pesticides, Cancer, Sprague—Dawley rat, Acceptable daily intake,

Prenatal, Bioassay, DOHaD

Background

Glyphosate [IUPAC chemical name N-(phosphonomethyl)
glycine], is a broad-spectrum herbicide used for non-
selective weed control both in conventional agriculture
and non-agricultural settings. Glyphosate acts by inhibit-
ing the enzyme 5-enolpyruvylshikimate-3-phosphate syn-
thase, a component of the shikimate pathway involved in
the synthesis of essential aromatic amino acids in plants
[1]. Glyphosate’s extensive use reflects its effectiveness
in controlling a wide range of both broadleaf and grassy
weeds. This extensive use of glyphosate-based herbicides
(GBHs) has resulted in this compound and its metabolites
being readily detected in foodstuffs [2, 3], water [4], and
dust [5], indicating a potential for widespread exposure.

In March 2015, the International Agency for Research
on Cancer (IARC), the cancer agency of the World
Health Organization (WHO), classified glyphosate as
probably carcinogenic to humans (Group 2A) based on
limited evidence of carcinogenicity in humans, in particu-
lar non-Hodgkin lymphoma, and sufficient evidence of
carcinogenicity in rodents [6]. In 2015, the IARC Work-
ing Group concluded additionally that there is strong
evidence that glyphosate is genotoxic and that it induces
oxidative stress, including in human cells in vitro [7]. To
date, evidence from mechanistic studies in humans and
animal models suggests that glyphosate and its formu-
lations possess several of the ten key characteristics of
carcinogens [8], including genotoxicity, epigenetic altera-
tion, oxidative stress, chronic inflammation, gut microbi-
ome perturbations, and endocrine disruption [9]. In rats,
glyphosate absorption from the gastrointestinal tract
to up to 30% of the dose and adjuvants did not seem to
exert a major effect on the absorption and excretion of
glyphosate [6, 10]. Only limited information is available
on human exposure or biological half-life of glyphosate in
humans [11, 12].

In 2019, the Ramazzini Institute (RI) launched the
Global Glyphosate Study (GGS), a multi-institutional
study with the aim of providing the most comprehensive
toxicological evaluation of glyphosate and GBHs (glypho-
satestudy.org). The GGS is an integrated study [13]

designed to test a wide range of toxicological outcomes
including carcinogenicity, neurotoxicity, multi-genera-
tional effects, organ toxicity, endocrine disruption and
prenatal developmental toxicity. Results from different
arms of the study and its pilot phase have been already
published [9, 10, 14].

In designing the GGS, it was hypothesized that expo-
sure to GBHs may be more toxic than exposure to
glyphosate alone because GBHs contain non-herbicidal
co-formulants that facilitate glyphosate penetration into
plant tissues through the waxy surface of the leaves [15];
hence, it was hypothesized that these co-formulants
might increase glyphosate bioavailability in mammals,
including humans. Recognizing this potential risk, in
2016 the European Union (EU) banned polyoxyethylene
tallow amine (POEA)-type co-formulants from use in
GBHs [15-18], but these formulations are still in use out-
side the EU Following the EU phase-out of POEA, GBH
manufacturers have turned to other surfactants.

Here the results are presented on the incidence of neo-
plastic lesions from the carcinogenicity arm of the GGS.
In this investigation, glyphosate and two commercial
GBH formulations, the EU formulation Roundup Bio-
flow (MON 52276) and the US formulation RangerPro
(EPA 524-517), were administered long-term to SD rats
starting from prenatal life via drinking water to dams at
glyphosate concentrations of 0.5, 5, and 50 mg/kg bw/
day, and continuing through two years of age. RangerPro
contains POEA surfactants [19], while Roundup Bioflow
does not contain POEA [20], however the complete co-
formulants profile is still currently undisclosed. This
dose range encompasses both the EU acceptable daily
intake (ADIL; 0.5 mg/kg bw/day) and the EU no-observed-
adverse-effect level (NOAEL; 50 mg/kg bw/day) for
glyphosate [21].

Methods

Test substances

The three test substances administered to female and
male SD rats in drinking water were the following:
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Glyphosate, CAS 38641-94-0 [N-(phosphonomethyl)
glycine, purity 99%, Sigma-Aldrich, Milan, Italy],
the commercial GBH formulation Roundup Bio-
flow [MON 52276, containing 360 g/L of glyphosate
acid in the form of 486 g/L isopropylamine salts of
glyphosate (41.5%)] and the commercial GBH formu-
lation RangerPro [EPA registration n. 524—517, con-
taining 356 g/L of glyphosate acid in the form of 480
g/L isopropylamine salts of glyphosate (41%)]. Solu-
tions of these three test substances were prepared by
the addition of an appropriate volume of tap drink-
ing water, to obtain the desired corresponding con-
centration of glyphosate, in line with analyses of the
solutions stability and concentrations of the test sub-
stance [10].

Animals and experimental design

All aspects of the animal experiments were performed
according to Italian law regulating the use and treatment
of animals for scientific purposes (Legislative Decree n.
26, 2014. Implementation of the directive n. 2010/63/EU
on the protection of animals used for scientific purposes.
G.U. General Series, n. 61, March 14 th, 2014). All animal
study procedures were performed at the Cesare Maltoni
Cancer Research Centre of the Ramazzini Institute (RI),
Bentivoglio, Italy. The study protocol was approved by
the Ethical Committee of the Ramazzini Institute and
approved and formally authorized by the ad hoc com-
mission of the Italian Ministry of Health (ministerial
approval n. 945/2018-PR).

The RI animal breeding facility was the supplier of
SD rats. Female breeder SD rats were placed individu-
ally in polycarbonate cages (42 X26x18 cm; Tecniplast
Buguggiate, Varese, Italy) with a single unrelated male
(outbred) until evidence of copulation (presence of a
vaginal copulation plug or sperm in a daily vaginal lav-
age) was observed. After mating, the male was removed,
and females were housed separately during gestation and
delivery. Newborns were housed with their dams until
weaning. Weaned offspring were co-housed, by sex and
treatment group, no more than three animals per cage.
Cages were identified by a card indicating: study protocol
code, experimental and pedigree numbers, and dosage
group. A shallow layer of white fir wood shavings served
as bedding (supplier: Giuseppe Bordignon, Treviso, Italy).

During the experiment, animals had ad libitum access
to an organic pellet feed “Corticella bio” supplied by
Laboratorio Dottori Piccioni Srl (Piccioni Laboratory,
Milan, Italy). In addition, the animals drank fresh munici-
pal tap water from glass bottles ad libitum and bottles
were changed daily. The pelleted feed was tested for
possible glyphosate contamination in compliance with
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Commission Regulation (EU) No 293/2013 [maximum
residue levels (MRLs) <1 mg/kg]. Tap drinking water
was tested for possible glyphosate contamination in com-
pliance with Directive 2008/105/EC, D.Lgs. 152/2006,
Directive2006/118/EC (active substances in pesticides,
including their relevant metabolites, degradation and
reaction products <0.1 pg/l). Analyses of chemical char-
acteristics (pH, ashes, dry weight, and specific weight)
and possible glyphosate (< 0.01 mg/Kg) and other chemi-
cals contaminations (metals, aflatoxin, polychlorinated
biphenyls, organophosphorus and organochlorine pesti-
cides) of the bedding was performed by CONSULAB srl
Laboratories (Treviso, Italy).

The cages were placed on racks at room temperature
of 22 °C +3 °C and 50% +20% of relative humidity. Daily
checks on temperature and humidity were performed.
The light was artificial, and a light/dark cycle of 12 h was
maintained.

Sprague—Dawley rat dams (F0) and relative pups (F1)
were treated with either glyphosate or Roundup Bioflow
or RangerPro diluted in drinking water to achieve the
desired glyphosate concentration. The three concentra-
tions selected for each test substance were 5, 50 and 500
mg/L of glyphosate in drinking water: the target exposure
levels, based on mean water consumption (40 ml) and a
mean body weight (400 g), corresponded to 0.5, 5 and 50
mg/kg bw/day. Control animals were administered drink-
ing water ad libitum. The total number of experimental
groups were 10: control group (drinking water), glypho-
sate groups (3 doses), Roundup Bioflow groups (3 doses),
RangerPro groups (3 doses). FO animals were randomly
assigned to treatment groups in order to have no more
than 1 male and 1 female per litter per group and were
mated outbred. The FO female breeders received the
treatment through drinking water from gestational day
(GD) 6, corresponding to early embryo implantation and
start of organogenesis to the end of lactation, while the
offspring (F1) continued to be exposed after weaning
until study termination at 104 weeks of age. After wean-
ing, F1 animals were randomly distributed in order to
have no more than 2 males and 2 females per litter per
group. Each F1 experimental group was composed of 51
males and 51 females, belonging to the same treatment
group as their exposed dams. The total number of ani-
mals was 1020 (510 males and 510 females).

Necropsy, histopathology and immunohistochemistry

The in vivo phase of the investigation ended at 104
weeks of age when all surviving animals were eutha-
nized. All animals underwent a complete necropsy
including an initial physical examination of the external
surfaces and all orifices followed by an internal exami-
nation of tissues and organs in situ. Histopathology was
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performed on the following organs and tissues of all
animals: skin and subcutaneous tissue, mammary gland
(4 sites: axillary and inguinal, right and left), brain with
cerebellum and medulla/pons, pituitary gland, salivary
glands, Harderian glands, tongue, esophagus, thyroid
and parathyroid, thymus and mediastinal lymph nodes,
trachea, lungs, heart, liver (2 lobes for histopathology),
spleen, pancreas, kidneys, adrenal glands, stomach
(forestomach and glandular stomach), small intestine,
large intestine (with the Peyer’s patches), bladder,
uterus (including cervix), ovaries, vagina, testes and
epididymis, seminal vesicles and coagulating glands,
prostate, subcutaneous lymph nodes, mesenteric lymph
nodes, sternum, cranium and all gross lesions and
other tissues when anomalies were present. After fixa-
tion, samples were trimmed, processed, embedded in
paraffin wax, sectioned to a thickness of 4—5 pm and
then processed in alcohol-xylene series and stained
with hematoxylin and eosin for microscopic evalu-
ation. Complete histopathological evaluations were
performed by the pathologists on all organs and tis-
sues from all animals. Histopathology evaluation was
performed by at least two pathologists and all lesions
were peer-reviewed. The pathological evaluations were
performed according to the procedures of the Interna-
tional Harmonization of Nomenclature and Diagnostic
Criteria (INHAND) [22-29]. All neoplastic lesions are
listed in supplementary material (Supplementary mate-
rials: Tables 1-4). For rare tumors (historical control
incidence <1%), a comparison with historical control
incidences from long-term carcinogenicity studies in
SD rats conducted by the RI (lifetime studies) and the
US National Toxicology Program (NTP) (two years
studies) [30] was performed and incidences exceeding
both laboratories were reported. The historical con-
trols of the RI include 7142 animals (3572 males and
3570 females) from studies performed between 1984
and 2008, while NTP historical controls include 1180
animal (590 females and 590 males) from studies per-
formed between 2011 and 2019. RI historical controls
data on leukemia are available only for 490 animals,
as these were previously classified together with other
tumors as “hemolymphoreticular neoplasias” [31].
Immunohistochemistry was used to
firm diagnosis and characterization of malignant
Schwannomas and lymphomas. For malignant
Schwannomas S-100 (Z0311, Dako Agilent) was used
[32]. For lymphomas, a panel of antibodies was used:
CD68 (MCA341GA, AbD Serotec), CD3 (ab5690,
abcam), CD138 (sc-12765, Santa Cruz), CD45
(ab10558. abcam), CD20 (sc-393,894, Santa Cruz Bio-
technology), TdT (BMS14 —9739-82, eBiosciences),
CD33 (orb10316, biorbyt) [33]

con-
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Statistical methods

For all analyses, p values <0.05 were considered statis-
tically significant. Data were collected from both sexes
and analyses were conducted separately.

The probability of survival was estimated by the
product-limit procedure of Kaplan and Meier and is
presented graphically [34]. All animals were considered
in the analysis, including those dying from unnatural
causes within the observation period (humanitarian
sacrifices) and those surviving to the end of the obser-
vation period terminated via final sacrifice; their sur-
vival time was fixed at 104 weeks.

Dose-related differences and trends were assessed
using a log-rank test, first on all experimental groups
together, and then separately by exposure group
(Glyphosate vs Control, Roundup Bioflow vs Con-
trol, RangerPro vs Control). For the subgroup of ani-
mals bearing any type of leukemia, dose-related trends
were examined with Tarone and Ware’s life-table test
[35]. All reported p values for the survival analyses are
two-sided.

Incidence of neoplastic lesions was calculated as the
number of animals with lesions divided by the total num-
ber of animals examined microscopically. Tests of sig-
nificance included pairwise comparisons of each exposed
group with the control group using a one-tailed Fisher’s
exact test (one-sided results were considered because
it is well established that only an increase in the dis-
ease incidences can be expected from the exposure, and
incidences of leukemia in the control group are almost
always 0). The Cochran-Armitage trend test was per-
formed to test for dose-related trends within different
exposure groups (glyphosate vs Control, Roundup Bio-
flow vs Control, RangerPro vs Control). Reported p val-
ues are one-sided.

Survival differences among groups were considered in
assessing the incidence of neoplastic lesions and the Poly-
k test was used [36—39]. This test is a survival-adjusted
quantal-response procedure that modifies the Cochran-
Armitage linear trend test to account for survival
differences by assigning a reduced risk of neoplasm, pro-
portional to the power of the fraction of time on study, to
only those lesion-free animals that did not reach terminal
euthanasia. More specifically, this method modifies the
denominator in the quantal estimate of lesion incidence
to approximate more closely the total number of animal
years at risk. Each animal is assigned a risk weight: this
value is 1 if the animal had a lesion at the site under con-
sideration or if it survived until terminal euthanasia; if
the animal died before terminal sacrifice and did not have
a lesion at the site under consideration, its risk weight
is the fraction of the entire study time that it survived,
raised to the k-th power. A value of k= 3 was used in the
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analysis, as recommended by Bailer and Portier [36, 37].
Reported p values for these analyses are one-sided.

Statistical analyses were performed using the German
Cancer Research Center software (https://biostatistics.
dkfz.de/) and Stata 18 software (StataCorp 2023. Stata
Statistical Software: Release 18. College Station, TX:
StataCorp LLC).

Results

In the in vivo phase of the study, no acute toxic effects
were observed during gestation or lactation. All exposure
concentrations were well tolerated with no effects on
body weight gain or feed and water consumption. Litter
sizes were similar among groups. The mean body weight
of both dams and pups was in the range of 10% variability
relative to controls; food consumption was in the range
of 20% variability relative to controls; water consump-
tion was in the range of 20% variability relative to control.
After weaning, body weights, water consumption, feed
consumption and glyphosate intake were homogenous
among groups in both females and males (Fig. 1).

Analysis of survival times in males and females showed
no statistically significant differences between treated
and control groups. Figure 2 shows the graphical repre-
sentations of the Kaplan—Meier curves of the survival
functions for males and females of the experimental
groups.

Leukemia-related incidence rates were significantly
elevated in all groups of treated animals compared to
control; in particular, no leukemias were observed in
concurrent controls.

Most unusually, almost half of the leukemia deaths
seen in the glyphosate and GBHs groups occurred in
early life—at less than one year of age. Furthermore, anal-
yses with the Tarone-Ware trend test showed increasing
frequency of early-onset leukemia related deaths with
increasing concentrations of glyphosate and GBHs. In
particular, statistically significant increases in early-onset
leukemia deaths were observed for males, considering all
substances together (Tarone trend test, p= 0.0150) and
in animals treated with Roundup Bioflow compared to
control animals (Tarone trend test, p = 0.0149). Thise was
accounted for by the poly-3 test, a survival-adjusted sta-
tistical analyses of tumor incidence trend that was per-
formed in addition to the Cochran-Armitage trend test.
Data on leukemia are summarized in Tables 1, 2 and 3.

(See figure on next page.)
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No brothers or sisters from the same litter were affected
by leukemia. No cases of leukemia were observed in
untreated control animals of either sex.

A dose-related increased trend in incidence of lympho-
blastic leukemia was observed in males exposed to pure
glyphosate (p= 0.0419, Cochran-Armitage trend test;
p= 0.0335, poly-3 test); a significantly increased trend
in incidence of monocytic leukemia was observed in
females (p= 0.0419, Cochran-Armitage trend test; p=
0.0411, poly-3 test). One case of monocytic leukemia was
observed in the female animals treated with 50 mg/kg
bw/day; while two cases were observed in male animals
treated with glyphosate—one treated with 0.5 mg/kg bw/
day and the other one with 5 mg/kg bw/day. In females,
one case of myeloid leukemia was observed in the group
treated with the lowest dose of glyphosate (0.5 mg/kg bw/
day) (Table 1).

In the Roundup Bioflow group, a significantly increased
trend in incidence of lymphoblastic leukemia was
observed in both males (p= 0.0419, Cochran-Armit-
age trend test; p= 0.0425, poly-3 test) and females (p=
0.0419, Cochran-Armitage trend test; p = 0.0439, poly-3
test). When males and females were considered together,
the statistical significance with both the Cochran-Armit-
age trend test (p= 0.0072) and the poly-3 test (p=0.0071)
became stronger. A significantly increased trend in inci-
dence of monocytic leukemia was observed in males (p=
0.0419, Cochran-Armitage trend test; p = 0.0425, poly-3
test). A significantly increased trend in incidence of all
types of leukemias combined was observed in both males
(p= 0.0071, Cochran-Armitage trend test; p= 0.0083,
poly-3 test), and females (p= 0.0419, Cochran-Armit-
age trend test; p= 0.0439, poly-3 test). When males and
females were considered together, the observed statisti-
cal significance became stronger (p= 0.0014, Cochran-
Armitage trend test; p= 0.0016, poly-3 test) (Table 2).

In the RangerPro group, a significantly increased trend
in incidence of lymphoblastic leukemia was observed in
both males (p=0.0071, Cochran-Armitage trend test; p=
0.0092, poly-3 test) and females (p= 0.0419, Cochran-
Armitage trend test; p=0.0411, poly-3 test), When males
and females were considered together, the statistical
significance observed with both the Cochran-Armitage
trend test (p= 0.0014) and the poly-3 test (p= 0.0016)
became stronger. A significantly increased trend in inci-
dence of monocytic leukemia was observed in males (p=
0.0419, Cochran-Armitage trend test; p = 0.0459, poly-3

Fig. 1 Body weight, water/feed consumption and glyphosate intake in male and female Sprague—-Dawley rats after weaning. Legend: Mean
body weight (A and B) and mean water (C and D) and feed (E and F) consumption in male and female Sprague-Dawley rats after weaning. Mean
male (A) and female (B) mean body weight; mean male (C) and female (D) daily water consumption; mean male (E) and female (F) daily feed
consumptions; mean male (G) and female (H) daily glyphosate intake per kg of body weight. GLY =glyphosate; ROU =Roundup Bioflow; RAN

=RangerPro
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Fig. 1G. Intake of glyphosate in male SD rats after weaning
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Fig. 1 (Seelegend on previous page.)
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Fig. 2 Survival in male and female Sprague-Dawley rats. Legend: Male (A) and female (B) survival of Sprague-Dawley rats. GLY =glyphosate; ROU
=Roundup Bioflow; RAN =RangerPro

Table 1 Incidence of leukemia: glyphosate vs control group

Dose (mg/kg bw/  Animals Lymphoblastic Monocytic Myeloid Total lymphoid Total All
day of glyphosate) leukaemias leukaemias leukemias leukaemias myeloid leukaemias®
leukaemias
Sex No No % P-value No % P-value No % No % P-value No % No %
0 (control) M 51 0 - f00419 0 - 0 - 0o - 00419 0 - 0 -
'0.0335 '0.0335
F 51 0 - 0 - #0.0419 0 - 0 - 0 - 0 -
0.0411
M+F 102 0 - 00421 0 f00421 0 - 0o - f00421 0 - 0 -
0.0372 0.0372
0.5 Glyphosate M 51 0 - 1 1.96 0 - 0 - 1 1.96 1 1.96
F 51 0 - 0o - 1 196 0 - 1 196 1 1.96
M+F 102 0 - 1 0.98 1 098 O - 2 1.96 2 1.96
5 Glyphosate M 51 0 - 1 1.96 0 - 0 - 1 1.96 1 1.96
F 51 0 - 0o - 0 - 0 - 0 - 0 -
M+F 102 0 - 1 0.98 0 - 0 - 1 0.98 1 0.98
50 Glyphosate M 51 1 1.96 0 - 0 - 1 1.96 0 - 1 1.96
F 51 0 - 1 1.96 0 - - 1 1.96 1 1.96
M+F 102 1 0.98 1 0.98 0 - 1 0.98 1 098 2 1.96

# One-sided p-values for the Cochran-Armitage trend test
" One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)

@ Age at death of animals bearing leukemia (weeks of age): 0.5 glyphosate (male 104, female 104), 5 glyphosate (male 35), 50 glyphosate (male 21, female 101)

test). For all types of leukemia combined, a significantly
increased trend in incidence was observed in males (p=
0.0313, Cochran-Armitage trend test; p= 0.0371, poly-3
test). When males and females were considered together,
the statistical significance became stronger (p= 0.0195,
Cochran-Armitage trend test; p= 0.0218, poly-3 test)
(Table 3).

The mean age at death among all animals bear-
ing leukemia was 97 weeks (standard deviation +13)

for the 0.5 mg/kg bw/day groups (all treatments); 68
weeks (standard deviation *33) for the 5 mg/kg bw/
day groups (all treatments); and 62 weeks (standard
deviation +29) for the 50 mg/kg bw/day groups (all
treatments) (Fig. 3). Notably, 40% of animals bearing
leukemias (6/15) died before the first year of age (52
weeks): 5 of these 6 animals were in the highest dose
groups (50 mg/kg bw/day), and one was from the inter-
mediate dose group (5 mg/kg bw/day) (Tables 1, 2 and
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Table 3 Incidence of leukemia: RangerPro vs control group

Page 9 of 31

Dose (mg/ Animals Lymphoblastic Monocytic Myeloid Total lymphoid Total All leukemias®
kg bw/day of leukemias Leukemias leukemias leukemias myeloid
glyphosate) leukemias
Sex No No % P-value No % P-value No % No % P-value No % No % P-value
0 (control) M 51 0 - f0.0071 0 - f0.0419 0 - 0 - 0.0071 0 - 0o - 00313
"0.0092 "0.0459 "0.0092 "0.0371
F 51 0 - 00419 0 - 0 - 0 - 00419 0 - 0o -
"0.0411 "0.0411
M+F 102 0 - f00014 0 - 0 - 0o - f00014 0 - 0o - 00195
"0.0016 "0.0016 00218
0.5 RangerPro M 51 0 - 0 - 1 196 0 - 1 196 1 1.96
F 51 0 - 0 - 0 - 0 - 0o - 0 -
M+F 102 0 - 0o - 1 098 0 - 1 098 1 098
5 RangerPro M 51 0 - 0o - 1 196 0 - 1 196 1 196
F 51 0 - 1196 0 - 0 - 1 196 1 196
M+F 102 0 - 1098 1 098 0 - 2 196 2 1.9
50 RangerPro M 51 2 392 1196 0o - 2 392 1 196 3 588
F 51 1 196 0 - 0o - T 19 0 - 1196
M+F 102 3 294 1098 0o - 3 29 1 098 4 392

# One-sided p-values for the Cochran-Armitage trend test

“ One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)

@ Age at death of animals bearing leukemia (weeks of age): 0.5 RangerPro (male 82), 5 RangerPro (male 70, female 100), 50 RangerPro (male 40, male 74, male 76,

female 43)

weeks

120

100

80

60

40

20

ADI

ADI X10

NOAEL

Fig. 3 Weeks of age at death of animals bearing leukemia by glyphosate equivalent doses. Legend: Mean (with standard deviation) weeks of age
at death of animals bearing leukemia, divided by doses of 0.5, 5, and 50 mg/kg body weight/day corresponding to EU Acceptable Daily Intake (ADI),
ADIx10 and the EU No Observed Adverse Effect Level (NOAEL) for glyphosate. The 3 treatment groups (glyphosate, Roundup Bioflow, RangerPro)

are reported combined per dose
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3). High prevalence of deaths from leukemia (before
52 weeks of age) in animals bearing these lesions were
consistently observed in all three treatment groups:
40% in the glyphosate group (2/5), 66% in Roundup
Bioflow (2/3) and 29% in Ranger Pro (2/7).

Because leukemias are rare malignancies in SD rats, we
compared the age at death of animals bearing leukemias
with historical control data available from the Ramazzini
Institute (RI) (490 animals) [31] and the US National
Toxicology Program (NTP) (1180 animals) [30]. In 1670
historical controls, only 15 animals were diagnosed with
leukemia with an overall incidence rate of 0.90% in com-
parison to 1.63% of the current study. Study-specific inci-
dence rates were 0.82% at RI (4/490; 1.63% male 4/245,
0% female 0/245) and 0.93% at NTP (11/1180; 1.19% male
7/590, 0.68% female 4/590). Of these 15 cases, none died
before the first year of age. These findings contrast sharply
with the results observed here, with 40% of the leukemias-
related deaths in the glyphosate and GBHs treated groups
occurring before the first year of age (Fig. 4).

In addition to leukemia, increased incidences of multi-
ple benign and malignant tumors, including rare tumors
(historical control incidence <1%), were observed in the
treated groups, some of these also with early onset [40].

Incidence of benign and malignant skin tumors is sum-
marized in Tables 4, 5 and 6. No cases of skin tumors

® G000, 06

o
[
o
N
o
w
o
IS
o
[
o

60 70

AGE AT DEATH
(WEEKS)

fé
:
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(malignant or benign) were observed in untreated con-
trol animals. No brothers or sisters were affected by skin
tumors. In the glyphosate group, a significantly increased
trend in incidence of squamous cell papilloma of the skin
was observed in males (p= 0.0392, Cochran-Armitage
trend test; p=0.0274, poly-3 test). At high dose incidence
was 3.92% in males, while in males from NTP histori-
cal control is 1.02% [30] and from RI historical control
only 0.39%. A significantly increased trend in incidence
of keratoacanthoma was also observed in males (p=
0.0419, Cochran-Armitage trend test; p= 0.0311, poly-3
test). Also in males, significantly increased trends in inci-
dence were observed considering all benign skin tumors,
(p= 0.0082, Cochran-Armitage trend test; p= 0.0046,
poly-3 test) as well as that overall (benign and malig-
nant) skin tumors (p= 0.0228, Cochran-Armitage trend
test; p= 0.0120, poly-3 test). Comparing the high dose
and the control group, a statistically borderline increase
in the incidence of benign + malignant skin tumors was
observed in males treated with glyphosate (p= 0.059,
Fisher exact test) (Table 4). In the groups treated with
Roundup Bioflow a case of trichoepithelioma (1.96%
incidence) was observed in high-dose females, with a
significantly increased trend in incidence (p= 0.0419,
Cochran-Armitage trend test; p= 0.0439, poly-3 test)
(Table 5). Trichoepithelioma is a very rare tumor, with no

@ Animals bearing
leukemia from
GGS

& Historical controls
from Rl and NTP
studies

80 90 100 110

Fig. 4 Age at death of SD rats with leukemia in GGS and NTP-RI historical controls. Legend: Age at death of Sprague—Dawley rats with leukemia
from GGS (#) or from Ramazzini Institute (RI) and US National Toxicology Program (NTP) historical controls (). For GGS all animals belong
to the treated groups; animals from historical controls belong only to not treated groups from various experiments. Week 52, which corresponds

to 1 year of age, is dashed
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case observed in females SD rats from NTP [30] and RI
historical controls. In a high-dose males, a case of basal
cell carcinoma (1.96% incidence) was detected with a
significantly increased trend in incidence (p= 0.0419,
Cochran-Armitage trend test; p= 0.0400, poly-3 test)
(Table 5). As for high-dose males treated with Ranger-
Pro of keratoacanthoma (1.96% incidence) was observed,
with a significantly increased trend in incidence (p=
0.0419, Cochran-Armitage trend test; p= 0.0489, poly-3
test) (Table 6).

Overall, no statistically significant difference in the
incidence of liver tumors was observed between treated
and control groups (Tables 7, 8 and 9). However, in
several treated male groups, more than one case was

Page 14 of 31

observed at different doses (glyphosate 0.5 and 50 mg/kg
bw/day, Roundup 0.5 mg/kg bw/day, RangerPro 5 mg/kg
bw/day). Hepatocellular carcinoma is a rare malignancy
in SD rats. In 590 NTP male historical controls, only 1
animal was diagnosed with hepatocellular carcinoma
(overall incidence rate of 0.17%) [30]; considering the RI
historical controls, of a total of 3572 controls, 30 males
were diagnosed with hepatocellular carcinoma (overall
incidence rate of 0.82%). Among the RI lifetime study
historical controls, in male animals bearing hepatocellu-
lar carcinoma, the average age at death was 118 weeks,
while, in the one NTP 104-weeks study historical control
male animal died at 94 weeks [30]. In both NTP and RI
historical controls, the earlier age when hepatocellular

Table 7 Incidence of benign and malignant tumors of the liver: glyphosate vs control group

Dose (mg/kg bw/day of Animals Hepatocellular adenoma Hepatocellular Carcinoma® Total
glyphosate) _——
Sex No No % No % No %
0 (control) M 51 0 - 1 1.96 1 1.96
F 51 0 - 0 - 0 -
M+F 102 0 - 1 0.98 1 0.98
0.5 Glyphosate M 51 1 1.96 2 3.92 3 5.88
F 51 0 - 0 - 0 -
M+F 102 1 0.98 2 1.96 3 2.94
5 Glyphosate M 51 1 1.98 1 1.96 2 3.92
F 51 0 - 0 - 0 -
M+F 102 1 0.98 1 0.98 2 1.96
50 Glyphosate M 51 0 - 2 392 2 392
F 51 0 - 0 - 0 -
M+F 102 0 - 2 1.96 2 1.96
2 Age at death of animals bearing hepatocellular carcinoma (weeks of age): control (104), 0.5 glyphosate (99; 92), 5 glyphosate (74), 50 glyphosate (85; 104)
Table 8 Incidence of benign and malignant tumors of the liver: Roundup Bioflow vs control group
Dose (mg/kg bw/day of Animals Hepatocellular adenoma Hepatocellular carcinoma® Total
glyphosate) _—
Sex No No % No % No %
0 (control) M 51 0 1 1.96 1 1.96
F 51 0 - 0 - 0 -
M +F 102 0 - 1 0.98 1 0.98
0.5 Roundup Bioflow M 51 0 - 2 3.92 2 392
F 51 0 - 0 - 0 -
M+F 102 0 - 2 1.96 2 1.96
5 Roundup Bioflow M 51 0 - 1 1.96 1 1.96
F 51 0 - 0 - 0 -
M +F 102 0 - 1 0.98 1 0.98
50 Roundup Bioflow M 51 0 - 0 - 0 -
F 51 0 - 0 - 0
M+F 102 0 - 0 - 0 -

@ Age at death of animals bearing hepatocellular carcinoma (weeks of age): control (104), 0.5 Roundup Bioflow (99; 82), 5 Roundup Bioflow (104)
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Table 9 Incidence of benign and malignant tumors of the liver: RangerPro vs control group

Dose (mg/kg bw/day of Animals Hepatocellular adenoma Hepatocellular carcinoma® Total
glyphosate) —_————
Sex No No % No % No %
0 (control) M 51 0 - 1 1.96 1 1.96
F 51 0 0 - 0 -
M+F 102 0 - 1 098 1 0.98
0.5 RangerPro M 51 0 - 0 - 0 -
F 51 0 - 0 - 0 -
M+F 102 0 - 0 - 0 -
5 RangerPro M 51 0 - 2 3.92 2 3.92
F 51 0 - 0 - 0 -
M +F 102 0 - 2 1.96 2 1.96
50 RangerPro M 51 0 - 0 - 0 -
F 51 0 - 0 - 0 -
M+F 102 0 - 0 - 0 -

@ Age at death of animals bearing hepatocellular carcinoma (weeks of age): control (104), RangerPro (94;93)

carcinoma was reported as probable cause of death is 94
weeks. In the present study, a high prevalence of early
deaths from hepatocellular carcinoma (before 94 weeks
of age) in animals bearing these lesions were consistently
observed in all treatment groups: 60% in the glyphosate
group (3/5), 33% in Roundup Bioflow (1/3) and 50% in
RangerPro (1/2) (Tables 7, 8 and 9). Hepatocellular carci-
noma was the only malignant lesion observed in these 5
animals. No brothers or sisters from the same litter were
affected by hepatocellular carcinoma. The one control
animal bearing hepatocellular carcinoma survived until
study termination (104 weeks).

Increased incidences of a number of bone tumors were
observed (Tables 10, 11 and 12). In the glyphosate and
RangerPro groups, males showed significantly increased
trends in incidence of total benign tumors (chondroma
and osteoma) (Tables 10 and 12); namely the significance
levels were (p= 0.0071, Cochran-Armitage trend test;
p=0.0046, poly-3 test) and (p= 0.0419, Cochran-Armit-
age trend test; p= 0.0379, poly-3 test) for glyphosate
and RangerPro groups, respectively (Table 12). In addi-
tion, one case of osteosarcoma (1.96%) was observed in
high-dose females treated with Roundup Bioflow, with
no cases in controls or at lower dose levels, with a signifi-
cantly increased trend in incidence (p = 0.0419, Cochran-
Armitage trend test; p= 0.0439, poly-3 test) (Table 11).

Thyroid tumors were observed in both sexes, and
in two instances the incidence was treatment-related
(Tables 13, 14, 15, 16, 17 and 18). Follicular carcinoma
of the thyroid gland was observed in males of the high-
est glyphosate dose group, with a significant increase
trend in incidence (p= 0.0419, Cochran-Armitage trend
test; p= 0.0311, poly-3 test) (Table 13). No cases were

observed in the NTP historical controls [30] and only a
0.09% incidence was observed in RI historical controls.
In high-dose females treated with RangePro, one case
(1.96%) of C-cell carcinoma was observed, with no cases
at lower doses or controls, providing a statistically sig-
nificantly increased trend (p= 0.0419, Cochran-Armit-
age trend test; p= 0.0390, poly-3 test) (Table 18). The
incidence observed was slightly higher than NTP his-
torical controls (9/589, 1.53%) and RI historical controls
(38/3570, 1.06%).

In males, concerning other endocrine tissues, there was
1 case (1.96%) of pancreas islet cell carcinoma present
in the high-dose group of RangerPro treatment, with no
cases at lower doses or controls: this provided a statisti-
cally significantly increased trend in the incidence (p=
0.0419, Cochran-Armitage trend test; p = 0.0459, poly-3
test) (Table 15).

In males, both the central and peripheral nervous
system (CNS and PNS) was affected by the treatments
(Tables 13, 14 and 15) with two types of malignant
tumors observed: malignant granular cell tumor of the
central nervous system and malignant Schwannoma of
the peripheral nervous system. Schwannomas (benign
and malignant) were present also in females in uterus
(Tables 16, 17 and 18). A significantly increased trend
in incidence of malignant granular cell tumor of cen-
tral nervous system was observed in males (p= 0.0071,
Cochran-Armitage trend test; p= 0.0040, poly-3 test)
treated with glyphosate (Table 13). Out of a total of 589
NTP historical controls, only 1 male was diagnosed with
brain malignant granular cell tumor (overall incidence
rate of 0.17%); considering the RI historical control on a
total of 3572 controls 5 males were diagnosed with brain
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Table 10 Incidence of bone tumors: glyphosate vs control group
Dose (mg/kg bw/  Animals Chondroma Osteoma Total Benign Osteosarcoma Total
day of glyphosate)
Benign
+Malignant
Sex No No % P-value No % P-value No % P-value No % No %
0 (control) M 51 0 - 00419 0 - 00419 0 - f0.0071 0 - 0 -
0.0311 0.0335 0.0046
F 51 0 - 1 1.96 1 1.96 0 - 1 1.96
M+F 102 0 - f0,042W 1 0.98 1 0.98 0 - 1 0.98
0.0372
0.5 Glyphosate M 51 0 - 0 - 0 - 1 1.96 1 1.96
F 51 0 - 1 1.96 1 1.96 1 1.96 2 392
M+F 102 0 - 1 0.98 1 0.98 2 1.96 3 294
5 Glyphosate M 51 0 - 0 - 0 - 1 1.96 1 1.96
F 51 0 - 0 - 0 - 0 0 -
M+F 102 0 - 0 - 0 - 1 0.98 1 0.98
50 Glyphosate M 51 1 1.96 1 1.96 2 392 0 - 2 392
F 51 0 - 0 - 0 - 0 - 0 -
M+F 102 1 0.98 1 0.98 2 1.96 0 - 2 1.96
# One-sided p-values for the Cochran-Armitage trend test
" One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)
Table 11 Incidence of bone tumors: Roundup Bioflow vs control group
Dose (mg/kg bw/day Animals Chondroma Osteoma Total benign ~ Osteosarcoma Total
of glyphosate)
Benign
+ Malignant
Sex No No % No % No % No % P-value No %
0 (control) M 51 0 - 0 - 0 - 0 - 0 -
F 51 0 - 1 1.96 1 196 0 - f0.0419 1 1.96
0.0439
M+F 102 0 - 1 098 1 0.98 0 - f0,0421 1 0.98
0.0428
0.5 Roundup Bioflow M 51 0 - 0 - 0 - 0 - 0 -
F 51 0 - 0 - 0 - 0 - 0 -
M+F 102 0 - 0 - 0 - 0 - 0 -
5 Roundup Bioflow M 51 0 - 0 - 0 - 0 - 0 -
F 51 0 - 0 - 0 - 0 - 0 -
M+F 102 0 - 0 - 0 - 0 - 0 -
50 Roundup Bioflow M 51 0 - 0 - 0 - 0 - 0 -
F 51 0 - 0 - 0 - 1 1.96 1 1.96
M +F 102 0 - 0 - 0 - 1 0.98 1 0.98

# One-sided p-values for the Cochran-Armitage trend test

" One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)

malignant granular cell tumor (overall incidence rate of
0.15%). Conversely, in high-dose males of the glypho-
sate treatment the incidence was 3.92%: no cases were
detected at lower doses or in controls. Two cases (3.92%)
of malignant Schwannoma of peripheral nervous system

were observed in male animals treated with Roundup
Bioflow, with no cases in controls or lower dose levels.
This finding was associated with a significantly increased
trend in incidence (p= 0.0071, Cochran-Armitage trend
test; p= 0.0080, poly-3 test) (Table 14). Both animals
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Table 12 Incidence of bone tumors: RangerPro vs control group

Page 17 of 31

Dose (mg/kg bw/day Animals Chondroma Osteoma Total benign Osteosarcoma Total
of of glyphosate)
Benign
+Malignant
Sex No No % No % P-value No % P-value No % No %
0 (control) M 510 - 0 00419 0 - 00419 0 - 0 -
0.0379 0.0379
F 51 0 - 1 1.96 1 1.96 0 - 1 1.96
M+F 102 0 - 1 0.98 1 0.98 0 - 1 0.98
0.5 RangerPro M 51 0 - 0 0 - 1 1.96 1 1.96
F 51 0 - 0 - 0 - 0 - 0 -
M+F 102 0 - 0 - 0 - 1 0.98 1 0.98
5 RangerPro M 51 0 - 0 0 - 2 3.92 2 3.92
F 51 0 - 0 - 0 - 0 - 0 -
M+F 102 0 - 0 - 0 - 2 1.96 2 1.96
50 RangerPro M 51 0 - 1 1.96 1 1.96 0 - 1 1.96
F 51 0 - 0 - 0 - 0 - 0 -
M+F 102 0 - 1 0.98 1 0.98 0 - 1 098

# One-sided p-values for the Cochran-Armitage trend test
" One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)

died very early, at 34 and 67 weeks of age, with no other
neoplasm. No case was observed in over 590 male ani-
mals in the NTP historical control database and 29 cases
over 3572 control animals (0.82%) were observed in RI
historical controls. A treatment-related incidence of
Schwannomas was observed also in females in their uteri
(Tables 16, 17 and 18). In animals treated with glypho-
sate, benign Schwannomas of the uterus showed a signifi-
cantly increased trend in incidence due to a single case
at the highest dose (p= 0.0419, Cochran-Armitage trend
test; p= 0.0411, poly-3 test), whereas malignant Schwan-
noma showed a non-statistically significant increase (up
to 3.92%) in the 5 and 50 mg/kg bw/day doses (Table 16).
One case per group was detected in 5 and 50 mg/kg bw/
day RangerPro treated groups (Table 18), and one case
was detected in 5 mg/kg bw/day in Roundup low treated
group (Table 17). The association with treatment of these
cases was doubtful but could not be ruled out completely.
In fact, no case of benign and malignant Schwannomas
was observed in male and female untreated control ani-
mals: in the NTP historical controls [30], only 2 cases of
uterus malignant Schwannoma (0.40%) were observed in
over 449 controls female SD rats, whereas an incidence
of 2.74% was detected in RI historical controls. No case
of benign Schwannomas was reported in NTP histori-
cal controls and only 0.06% was detected in RI historical
controls.

One case of hemangiosarcoma of the uterus was
found in the highest RangerPro dose treatment group
(1.96%), with a significantly increased trend in incidence

(p= 0.0419, Cochran-Armitage trend test; p= 0.0390,
poly-3 test) (Table 18); no case of hemangiosarcoma of
the uterus was observed in NTP historical controls [30]
and 4 cases among 3570 females from RI historical con-
trol (incidence 0.12%). In males, 1 case of hemangiosar-
coma of the spleen (1.96%) was observed in the highest
dose treated with RangerPro, with an increase trend in
incidence (p= 0.0419, Cochran-Armitage trend test, p=
0.0434 poly-3 test) (Table 15). Spleen hemangiosarcoma
is a rare tumor in rat with an incidence of 0.51% (3/590)
in NTP historical control [30] and 0.27% in RI historical
control (10/3572). Of note, the treatment-related cases
of hemangiosarcoma (uterus and spleen) were detected
in the highest-dose group of RangerPro (p= 0.0532,
Cochran-Armitage trend test). Other sporadic cases were
detected in control (1 in female liver) and in the Roundup
Bioflow lowest dose group (1 in female soft tissue).

An increased incidence of benign mammary gland
tumors in male SD rats was observed in treated groups
while no male mammary tumors occurred in the control
group (Tables 13, 14 and 15). A significantly increased
trend in incidence of mammary gland benign tumors
(fibroadenoma and lipoma) was observed in males
treated with glyphosate (p= 0.0071, Cochran-Armit-
age trend test; p= 0.0040, poly-3 test) (Table 13) and
with Roundup Bioflow (p= 0.0071, Cochran-Armitage
trend test; p= 0.0072, poly-3 test) (Table 15). In particu-
lar, in glyphosate and Roundup Bioflow highest doses
1 case each (1.96% incidence) of lipoma is considered a
quite uncommon tumor with no cases observed in NTP
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Table 16 Incidence of benign and malignant tumors in females: glyphosate vs control group

Dose (mg/kg bw/  Animals  Thyroid Ovary Uterus
day of glyphosate) gland

C-cell Fibroma Malignant  Benign Malignant Hemangiosarcoma®

Carcinoma Granulosa Schwannoma?® Schwannoma

cell tumor?
Sex No No % No % P-value No % No % P-value No % No %
0 (control) F 51 0 - o - f00419 0 - o - 00419 0 - 0 -
0.0411 0.0411

0.5 Glyphosate F 51 2 392 0 - 1 196 0 - 1 1.96 0 -
5 Glyphosate F 51 1 1.96 0 - 0 - 0 - 2 392 0 -
50 Glyphosate F 51 1 196 1 1.96 0 - 1 1.96 2 392 0 -

# One-sided p-values for the Cochran-Armitage trend test
" One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)
2 Rare tumors (incidence < 1%) from NTP and Rl historical control

Table 17 Incidence of benign and malignant tumors in females: Roundup Bioflow vs control group

Dose (mg/kg bw/ Animals  Thyroid Ovary Uterus
day of glyphosate) gland

C-cell Fibroma  Malignant Benign Malignant Hemangiosarcoma®

Carcinoma Granulosa cell Schwannoma® Schwannoma

tumor?
Sex No No % No % No % P-value No % No % No %
0 (control) F 51 0 - 0 - 0 - #0.0419 0 - 0 - 0 -
"0.0460

0.5 Roundup Bioflow  F 510 - 0 - 0 - 0 - 0 - 0 -
5Roundup Bioflow  F 51 1 196 0 - 0 - 0 - 1 1.96 0 -
50 Roundup Bioflow  F 510 - 0 - 1 1.96 0 - 0 - 0 -

# One-sided p-values for the Cochran-Armitage trend test
“ One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)
@ Rare tumors (incidence < 1%) from NTP and Rl historical control

b Age at death of animals bearing ovary Malignant Granulosa cell tumor (weeks of age): 50 Roundup Bioflow (43)

Table 18 Incidence of benign and malignant tumors in females: RangerPro vs control group

Dose (mg/kg bw/  Animals  Thyroid gland Ovary Uterus
day of glyphosate)
C-cell Carcinoma Fibroma Malignant  Benign Malignant Hemangiosarcoma?®
Granulosa  Schwannoma® Schwannoma
cell tumor®
Sex No No % P-value No % No % No % No % No % P-value
0 (control) F 51 0 - 00419 0 -0 - 0 - 0 - 0 - #0.0419
'0.0390 '0.0390
0.5 RangerPro F 51 0 - 0 - 0 - 0 - 0 - 0 -
5 RangerPro F 51 0 - 0 - 0 - 0 - 1 1.96 0 -
50 RangerPro F 51 1 1.96 0 - 0 - 0 - 1 1.96 1 1.96

# One-sided p-values for the Cochran-Armitage trend test
* One-sided p-values for the Cochran-Armitage trend test (Poly-k adjusted)

@ Rare tumors (incidence < 1%) from NTP and Rl historical control
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Table 19 Comparison of results observed in animals treated with glyphosate, Roundup Bioflow or RangerPro
Tumors Glyphosate Roundup Bioflow RangerPro
Male Female Male Female Male Female
HematologicalHematological (Leukemias) ™M ™M ™ ™M ™ ™
Skin " 0 " " " 1
Liver 1 1 1
Thyroid ™ 1 1 ™
Nervous System ™" 1 ™" 1
Bone " " "
Ovary (Sex cord-gonadal stromal tumors) T ™
Mammary gland ™" ™"
Adrenal glands 1 ™
Kidney ™"
Urinary Bladder ™"
Hemangiosarcoma (uterus and spleen) ™M ™M
Pancreas (endocrine) ™

1 =Tumors with statistically significantly increased trend in incidence compared to concurrent control

1 =Rare Tumors in excess compared to NTP and Rl historical controls

historical controls [30] and a 1.2% of incidence in RI his-
torical controls.

In males exposed to the highest dose of Roundup
Bioflow, a malignant mesenchymal tumor of the kid-
ney (1.96%) was observed, with a statistically significant
increasing trend (p= 0.0419, Cochran-Armitage trend
test; p= 0.0400, poly-3 test) (Table 14). In NTP historical
control [30] this lesion is not reported and in RI historical
control only 2 cases in 3752 (0.06%) were detected only
in males.

In the males of this same group, an early onset (age at
death 61 weeks) transitional cell carcinoma of the uri-
nary bladder was observed (1.96%) with a statistically sig-
nificant increasing trend (p= 0.0419, Cochran-Armitage
trend test; p= 0.0325, poly-3) (Table 14). In NTP [30]
and RI historical control this lesion was not observed.

A significantly increased trend in incidence of cortical
carcinoma of the adrenal gland was observed in males
treated with RangerPro (3.92%; p= 0.0071, Cochran-
Armitage trend test; p= 0.0075, poly-3 test) (Table 15).
By contrast, only 1 case was observed among 590 animals
(0.17%) in the NTP historical controls [30] and a 0.24%
incidence in male RI historical controls.

One case of malignant granulosa cell tumor of ovary
(1.96%) was observed in high-dose females treated with
Roundup Bioflow (Table 17), driving a significantly
increased trend in incidence. of malignant granulosa
cell tumor of the ovary was observed in females (p=
0.0419, Cochran-Armitage trend test; p= 0.0460, poly-3
test). Notably the age at death of this case was very low,
43 weeks of age, and no other concomitant lesion was
detected. Rare cases (5/588, 0.85%) of this tumor were

observed in NTP historical controls [30] and only 2 cases
over 3570 (0.06%) in RI historical controls.

In high-dose females of the glyphosate treated group,
one case of ovarian fibroma was detected (1.96%), driv-
ing a statistically significant increased trend (p= 0.0419,
Cochran-Armitage trend test; p= 0.0411, poly-3 test)
(Table 16).

A summary of the different tumors, by site, between
glyphosate, Roundup Bioflow and RangerPro treat-
ment groups, in which there was a statistically signifi-
cant increase in the incidence of benign or malignant
tumors or an excess of rare tumors incidence compared
to both the NTP and RI historical controls, is provided
in Table 19. Hematological tumors (leukemias) were
increased in all treatment groups (glyphosate, Roundup
Bioflow and RangerPro) in both males and females; skin
tumors were increased in the glyphosate (both males
and females) and, to a lesser extent, in the Roundup Bio-
flow and RangePro (males only) groups; liver tumors
were increased in all treatment groups in males, thyroid
tumors in glyphosate (males) and RangePro (females);
central nervous system tumors increased in glyphosate
(males, brain granular cell tumors) and peripheral nerv-
ous system tumors increased in glyphosate (both sexes,
Schwannoma) and possibly in Roundup Bioflow and
RangePro (females), bone tumors increased in males
treated with glyphosate and RangerPro and in females
treated with Roundup Bioflow; ovary tumors (sex cord-
gonadal stromal tumors) increased in females treated
with glyphosate and Roundup Bioflow, mammary
tumors increased in males treated with glyphosate and
Roundup Bioflow, adrenal glands tumors increased in
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males treated with RangerPro, kidney and urinary blad-
der tumors increased in males treated with Roundup Bio-
flow, hemangiosarcoma (spleen and uterus) increased in
both sexes treated with RangerPro; and endocrine pan-
creas tumor increased in males treated with RangerPro
(Table 19).

Statistically significant increases in incidence were
observed for a number of other non-rare benign and
malignant tumors (Supplementary Tables 1-4). In ani-
mals treated with glyphosate, a statistically significant
increased trend (with Cochran-Armitage trend test) in
incidence was detected for lung squamous cell papil-
loma in males. In animals treated with Roundup Bioflow,
a statistically significant increased trend (with Cochran-
Armitage trend test) in incidence was detected for lung
fibroma in males. In animals treated with glyphosate, a
statistically significant increased trend (with Cochran-
Armitage trend test) in incidence was observed for
osteoma outside the bone (lung) in males. In ani-
mals treated with RangerPro a statistically significant
increased trend (with Cochran-Armitage trend test) in
incidence was detected for soft tissue fibroma in males
and lung fibrosarcoma in females. In the female Ranger-
Pro lowest dose group, there was a statistically significant
increase in incidence (Fisher exact test) of mammary
glands tumors (adenoma, fibroma and fibroadenoma).

Discussion
The main finding of this 2-year long-term carcinogenicity
study of glyphosate and two commercial GBH formula-
tions was an increased incidence (statistically significant,
dose-related and/or in excess compared to both NTP and
RI historical controls) of multiple benign and malignant
tumors in SD rats at exposure levels corresponding to the
EU glyphosate ADI and the EU NOAEL (Table 19).
Dose-related increased incidences of leukemia, and
of skin, liver, thyroid, nervous system tumors, com-
pared to concomitant control or historical controls, were
observed across all three treatment groups, indicating
that glyphosate was sufficient to drive the carcinogenic
effects observed in all groups. A statistically significant
increase in the incidence of mammary tumors in males
was observed in groups treated with glyphosate and
Roundup Bioflow, while sporadic cases were recorded in
the three doses exposed to RangerPro, similarly to ovary
tumors where increases were observed only in glypho-
sate and Roundup Bioflow, indicating that glyphosate
was probably driving the carcinogenic effects observed
in all groups. Tumors of the adrenal glands increased in
incidence only with exposure to GBHs (Roundup Bio-
flow and RangerPro) suggesting that these formulations
might have either enhanced the carcinogenic effects of
glyphosate or had a common mechanism of action other
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than that related to glyphosate. Tumors of kidney, uri-
nary bladder, hemangiosarcoma and endocrine pancreas
increased only with GBHs treatment (Roundup Bioflow
or RangerPro), suggesting that mechanisms of action
other than those related to glyphosate might be responsi-
ble for these increases (Table 19).

In relation to leukemia, the two key findings of our
study were, first, a significant dose-related trend in
increased leukemia incidence and, second, early onset of
leukemia in exposed rats. Dose-related trends in leuke-
mia incidence were observed in both males and females,
whereas the majority of significant results were observed
in males. When males and females were considered
together, the statistical significance consistently became
stronger. No case of leukemia was observed in untreated
concurrent control animals.

With respect to deaths from leukemia in the glypho-
sate and GBH treated groups, 40% occurred before the
first year of age (52 weeks), which is comparable to less
than 35-40 years of age in humans [41]. By contrast, no
cases of leukemia death have been observed prior to one
year of age in over 1600 SD untreated control rats stud-
ied by the NTP and the RI over the past decade (Fig. 4).
The early onset of leukemia observed in the glyphosate-
and GBH-treated groups appears to be dose-dependent
and is likely due to prenatal exposure, as treatment began
during pregnancy.

Glyphosate and GBHs induced increased incidence of
skin tumors in both males and females. No cases of skin
tumors (malignant or benign) were observed in control
animals. Portier [42] reported that there is “clear evi-
dence that oral administration of glyphosate in male SD
rats causes skin tumors (basal cell tumor and keratoa-
canthoma). Results obtained by George et al. [43] also
suggested that glyphosate has skin carcinogenesis pro-
moting potential in male Swiss mice. Of note, in agri-
cultural workers and pesticide applicators, skin contact
is an important route of exposure [6, 44]. These findings
are consistent with results from two case—control stud-
ies, conducted in different geographical areas (Italy and
Brazil) showing an elevated risk of cutaneous melanoma
in relation to exposure to pesticides and in particular
to herbicides (glyphosate) and fungicides (mancozeb,
maneb) [45].

Hepatocellular carcinoma is a rare lesion in SD rats.
In the present study, glyphosate and GBHs induced
increased incidences of hepatocellular carcinoma com-
pared to historical controls. Although, not reaching
statistical significance of incidences compared to the
concurrent controls, in many treated groups more than
1 hepatocellular carcinoma was observed at different
doses. Furthermore, even though a clear dose—response
could not be observed in the present study, this might be
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influenced by the length of the experiment (104 weeks),
since hepatocellular carcinoma mainly occur in very old
animals (average age at death 118 weeks in RI historical
control). It should be noted that hepatocellular adenoma
has already been considered to be related to glypho-
sate exposure in male SD rats [42], probably due to the
higher doses tested [46]. Glyphosate and GBHs appear to
induce oxidative stress in the liver in different rat strains,
also at relatively low doses [47-49]. Oxidative stress is
a recognized mode of action for genotoxicity and carci-
nogenicity in the liver, albeit possibly with a threshold
[50]. A survey of farm workers as part of the US Agri-
cultural Health Study showed a positive correlation
between urine glyphosate levels and markers of oxida-
tive stress, which included elevated levels of 8-hydroxy-
2’-deoxyguanosine [51]. Glyphosate may contribute to
the development of liver disorders and metabolic syn-
drome among young people. As part of the CHAMACOS
study, Ezkenazi et al. reported these association observ-
ing that increased urinary aminomethylphosphonic acid
(AMPA) during childhood correlated to an increased
risk of elevated hepatic transaminases (14%) and meta-
bolic syndrome (55%); furthermore, living near agricul-
tural applications of glyphosate during early childhood
(from birth to age 5 years) was associated with metabolic
syndrome at age 18 years [52]. In addition, exposure to
GBHs was associated with DNA damage in the liver in
an animal study. Molecular profiling of the liver in rats
exposed to the GBH Roundup Bioflow or pure glyphosate
for 90 days revealed that only the formulations increased
hepatic steatosis and necrosis, and that both glyphosate
and the formulations altered gene expression, including
TP53 activation [47]. In addition, small RNA profiling
in liver showed alterations in miRNA profiles with both
glyphosate and Roundup Bioflow exposure and also that
glyphosate exposure alone resulted in DNA damage as
shown by apurinic/apyrimidinic site formation [47]. Fur-
thermore, increased concentration of oxidative stress
biomarkers, linked to DNA damage and the potency of
endocrine disruptors, were observed proportionally to
the concentration of glyphosate detected in blood and
seminal plasma [53].

The male rat mammary gland is a sensitive target to
evaluate the effects of endocrine disrupting chemicals
(EDCs), also considering the recently increased inci-
dence of male breast cancer [54]. The Organization for
Economic Co-operation and Development (OECD)
considers the evaluation of the mammary gland of the
male rat as an EDC-related endpoint in its guidelines
for subchronic oral toxicity testing [55]. As a hormone-
dependent tissue, mammary gland growth and differen-
tiation is associated with the action of estrogen-pathways
as well as other hormonal axes systems [54, 55]. In SD
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rats, similarly to humans, male mammary tumors are
much less frequent than in females [56]. Hence, the pres-
ence of several mammary gland tumors in male rats in
our study is of interest considering that timing of expo-
sure included the prenatal programming as well as the
increased incidences observed for a number of other
endocrine-related tumors in the glyphosate and GBHs
treated groups (i.e., ovary, thyroid, adrenal gland tumors).
Notably, 3 adenocarcinomas of the mammary glands in
males treated with RangerPro, were observed, 2 cases at
the lowest dose (3.92%) and 1 case in the highest dose
group (1.96%) (Supplementary materials: Table 1). Even
though statistical significance was not reached in the cur-
rent study, the incidence of mammary adenocarcinoma
in males is in excess of NTP (1/590, 0.17%) [30] and of RI
historical controls (14/3572, 0.39%). In a study by Gomez
et al. [57] exposure to a GBH during pregnancy and lac-
tation interfered with mammary gland development in
male rats disrupting the regulation of gene expression
networks; it cannot be ruled out that impaired gene regu-
lation may lead later in life to an increased susceptibility
to tumor development after puberty and sexual maturity.

As reported in the INHAND [23], renal malignant
mesenchymal tumors are rare and have been shown to
be induced in rats only by potent genotoxic chemicals
[47]. While they may occur sporadically, for example, in
the 2-year carcinogenicity review published by the NTP
in 2007, no record of this type of tumor was found in the
control rat group of any NTP study. In most studies, renal
mesenchymal tumor is present as a single tumor in a sin-
gle-dose group [58], as it as we report here for male rats
exposed to the highest dose of Roundup Bioflow. Other
cancer studies in rodents have reported renal tumors
from exposure to glyphosate [42, 58]. Agricultural work
and occupational pesticide use have been associated with
increased risk of renal cell carcinoma, with an elevated
risk amongst the highest-level users of several pesticides,
including GBHs [59].

Frazier et al. [23] reported also that spontaneous
carcinomas of the lower urinary tract and renal pelvis
are uncommon tumors in most species and strains of
rodents. Spontaneous transitional carcinomas in the
mouse urinary bladder or urethra are rare and a few
genotoxic chemicals have induced them experimen-
tally. Chandra et al. [60] reported that only 1 male and
1 female SD rat were bearing transitional cell carci-
noma among 2669 rats (1340 males and 1329 females)
from 17 carcinogenicity studies. In NTP [30] and RI
historical controls, no case of kidney transitional cell
carcinoma was observed. Due to its rarity in rats, it is
quite difficult to assess the importance of this lesion
in relation to GBHs exposure. A case—control study,
performed on dogs (Scottish Terriers), suggested that
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exposure to lawns or gardens treated with herbicides,
including GBHs, was associated with an increased risk
of urinary bladder transitional cell carcinoma [61].

Our data indicate that glyphosate tumorigenesis may
target the endocrine tissues. Adrenal cortical carci-
noma is a rare tumor in SD rats. A ‘clear evidence’ of
adrenal carcinogenicity in SD female rats was attrib-
uted in the reanalysis by Portier [42], evaluating stud-
ies using exposure levels of pure glyphosate compared
to the present study. Our results show the presence of
cortical carcinoma of adrenal glands in male SD rats
exposed to RangerPro and Roundup Bioflow, suggest-
ing that GBH components might either have enhanced
the carcinogenic effects of glyphosate or had a common
mechanism of action other than that related to glypho-
sate. In a short-term (2 weeks) study conducted only in
male rats and only with Roundup Bioflow, the authors
observed a reduction in endogenous adrenocortico-
tropic hormone receptor (ACTH) regulation, a condi-
tion similar to the human condition known as adrenal
insufficiency [62]. In contrast, Owagboriaye et al. [63]
observed in male rats a significant dose-dependent
increase in serum aldosterone and corticosterone fol-
lowing a prolonged (13-week) exposure to a GBH, but
not following exposure to equivalent doses of glypho-
sate. This suggests that GBHs could have an impact on
the hypothalamic—pituitary—adrenal axis, which could
potentially lead in a lifetime exposure to adrenal cor-
tex cancer [42]. Thyroid tumor increases were shown
in male and female SD rats, with a more pronounced
effect in females treated with pure glyphosate. This
result appeared in line with literature; it has been sug-
gested that environmental risk factors play a crucial
role in the increased incidence of thyroid neoplasms
in humans and some pesticides have been recognized
among these factors [64—66]. In another study in SD
rats, a significantly positive trend in the incidence of
thyroid C-cell adenoma in female rats was observed [6,
67]; it should be noted that administration started at
8 weeks age and not prenatally as in the present study.
Portier [42] also reports “equivocal evidence” for thy-
roid c-cell adenoma and carcinoma in both sexes and
thyroid follicular adenoma and carcinoma in male SD
rats treated from adulthood. Our data suggests that
pre- and/or postnatal development may be a suscep-
tible window for thyroid cancer elicited by glyphosate
exposure.

Toxic effects of glyphosate on the nervous system were
described in a recent systematic review, showing that
glyphosate produces important alterations in the struc-
ture and function of the nervous system of humans,
rodents, fish, and invertebrates [68]. Another recent sys-
tematic review and meta-analysis on parental exposure
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to pesticides, including glyphosate, and childhood brain
tumors revealed an association between these tumors
and exposure before childbirth, after birth, and resi-
dential exposure [68, 69]. Moreover pesticide mixture,
including glyphosate, have been found to be associated
with the overall cancer, brain and other CNS cancers, and
leukemia among children, as recently reported by Taiba
et al. [70] and also by the French National Institute of
Health and Medical Research (Inserm) [71]. In our study,
the peripheral and central nervous system was affected to
varying degrees, by all 3 types of glyphosate-based treat-
ments and in both sexes. In males, malignant granular
cell tumor in the high-dose glyphosate group occurred
in the central nervous system while malignant Schwan-
noma was observed in the peripheral nervous system in
association especially with the highest dose of Roundup
Bioflow. The role of glyphosate and GBHs in peripheral
and central nervous system alteration still needs more
thorough investigation, particularly when exposure
is initiated early in life or in utero. Recent studies have
suggested that glyphosate and GBHs alter cerebellar
development, primarily by affecting granule cell migra-
tion and differentiation, and that perinatal exposure leads
to long-term changes in the nervous system of the adult
male rat [72, 73]. In our study, an effect on the PNS it has
also been noted in females as we detected several benign
and malignant Schwannomas of the uterus, especially in
the glyphosate and RangerPro exposure groups. Occa-
sionally, malignant Schwannomas are observed in the
uterus/cervix of rats, but usually only upon exposure to
direct-acting alkylating agents, such as N-nitrosoethylu-
rea or methylmethane-sulfonate [29]. Exposure to GBHs,
early in neuronal development, induces dysregulation of
various signaling pathways both in the CNS and PNS; in
particular, GBHs alter the expression of S100B protein, a
marker of nervous system damage in Wistar rats, induc-
ing downregulation during development and upregula-
tion in adult offspring after chronic exposure [68]. All
of these findings on the neurotoxicity of glyphosate are
consistent with reports indicating that environmental
exposures to pesticides increase risk for human neurode-
generative disorders such as Parkinson’s disease [74].

In our study of the carcinogenicity of glyphosate and
GBHs, increased incidences of malignant and benign
bone tumors were observed with all 3 treatments. Only
a few agents (i.e. sodium fluoride, parathyroid hormone
and related peptides, ionizing radiation) have been
shown in cancer rodent assays to cause osteosarcoma
with equivocal or clear evidence [26, 75-77]. In SD rats,
even after only seven days administration of glypho-
sate, the total body burden was primarily concentrated
in bone [78]. Alterations of bone and cartilage structure
were observed in different models including zebrafish
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following early life exposure to glyphosate [79]. An
imbalance of bone metabolism (calcium and phospho-
rus) was observed in rats following sub-chronic exposure
to GBHs [80]. Thus, our findings support that the skel-
etal tissue is a target for glyphosate toxicity and indicate
that bone tumors can be a relevant apical effect of long
term-exposure.

To evaluate our findings in a broader context, we note
that over the past half-century, the incidence of child-
hood cancers has increased by 35% [81] and epidemio-
logical evidence and mechanistic studies suggest that
maternal exposure to pesticides is associated with an
increased risk of childhood leukemia [70, 82], as previ-
ously suggested also by a working group organized by the
European Food Safety Authority [83]. Recent epidemio-
logic studies have expanded the knowledge of the human
carcinogenicity of glyphosate and GBHs. A recent meta-
analysis reports that GBHs are associated with a 41%
increased relative risk of non-Hodgkin lymphoma among
highly exposed individuals [84]. Skidmore et al. [85]
showed a significant temporal and geographical relation-
ship between expansion of glyphosate tolerant genetically
modified soy cultivation in the Brazilian Amazon and
Cerrado regions and deaths from acute lymphoblastic
leukemia in children, one of the most common pediatric
blood cancers. Hardell et al. [86] published the results of
a pooled analysis of three Swedish case—control studies
including 1425 cases and 2157 controls, examining expo-
sures to phenoxyacetic acids and glyphosate in relation to
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non-Hodgkin lymphoma and has shown an association
between non-Hodgkin lymphoma and exposure to these
herbicides. Another study focusing on fenceline exposure
to agricultural pesticides and risk of childhood leukemia
in an Italian community, reported an increasing risk in
children residing close to arable crops exposed to a mix-
ture of glyphosate and other pesticides [82, 87]. In an
updated follow-up report of the United States Agricul-
tural Health Study, a large prospective cohort investigat-
ing cancer incidence through 2012 (North Carolina)/2013
(Iowa) with 7290 cases, showed evidence of increased
risk of acute myeloid leukemia among the group with
highest exposure to glyphosate [59, 88]. Furthermore, in
a recent study by Taiba et al. [70] a positive association
was observed between agrochemical mixtures containing
glyphosate and increased cases of juvenile leukemia (< 20
years of age). Recently it was hypothesized that some of
the absorbed glyphosate may move rapidly into the bone
marrow and then into the bones, where it may bioaccu-
mulate and contribute to the risk of hematopoietic malig-
nancies (e.g., leukemia) [89].

Animal carcinogenicity studies provide biological plau-
sibility to this expanding epidemiologic literature that
links GBHs to cancer by showing glyphosate’s ability
to cause multiple types of cancer and genotoxic lesions
[90]. The main sites of neoplasms previously observed in
other glyphosate long-term studies in SD rats were kid-
ney, liver, skin, pancreas, thyroid and testes in males and
adrenal and thyroid in females. In other strains of rats,

Table 20 Comparison between the results observed in animals treated with glyphosate in the GGS and previous evaluation

Tumors Portier 2020° IARC 2017° GGS*

Male Female Male Female Male Female
Hematological (Leukemias) 0 1
Skin CE 1 1
Liver CE + 1
Thyroid EE EE + 0 1
Nervous System 1 1
Bone t 1
Ovary and Testes (Sex cord-gonadal stromal SE 1
tumors)
Adrenal glands CE "
Kidney CE "
Urinary Bladder "
Hemangiosarcoma (uterus and spleen) M M
Pancreas (Endocrine) EE + ™M

@ Adapted from Portier, 2020 [42]: level of evidence for tumors observed in Sprague-Dawley rats: CE Clear Evidence; SE Some Evidence; EE Equivocal Evidence

b Adapted from IARC monograph, 2017 [6]: + = significant pairwise or trend test in benign or malignant tumors according to animal carcinogenicity data from

Sprague-Dawley rats studies evaluated as adequate by the Working Group

¢ 1 =statistically significant increased trend in the incidence of benign or malignant tumors in glyphosate treated groups or rare tumors in excess compared to NTP
and Rl historical control. 11 =statistically significant increased trend in the incidence of benign or malignant tumors only in Roundup Bioflow or RangerPro treated

groups or rare tumors in excess compared to NTP and Rl historical controls
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lesions related to glyphosate exposure were liver and skin
tumors, only in males, and mammary and adrenal tumors
in females. Kidney tumor incidence was increased also in
male CD-1 mice, together with mesenchymal tumors and
lymphoma [42]. All studies in rats and mice were, how-
ever, based on exposure starting at a standard post-natal
early adulthood stage of life and included doses that were
generally higher than the those tested in the GGS. The
only long-term study (post-natal) performed in SD rats
that included similar or lower doses than the GGS was
reported by Lankas et al. [91] (~ 3, 10, 31 mg/kg bw/day),
in which pancreas (low dose), testes (trend) and thyroid
(trend) tumors incidences were significantly increased [6,
42].

Exposure to GBHs, early in neuronal development,
induces dysregulation of various signaling pathways lead-
ing both in the CNS and PNS [68, 72, 73, 91, 92]. Besides
DNA damage, endocrine disruption is a relevant mecha-
nism of tumorigenesis. Glyphosate and GBHs could act
as endocrine disruptors in humans and animal models as
well documented in the literature [9, 66, 93-95]. In the
GGS, glyphosate and Roundup Bioflow showed signifi-
cant androgen-like effects on reproductive parameters
[9]. In the present study, effects potentially associated
with endocrine disruption included male mammary,
adrenal cortex and thyroid tumors. A further possi-
ble endocrine disrupting effect of Roundup Bioflow is
the case of ovary malignant granulosa cell tumor, a rare
tumor in SD rats, observed in high-dose Roundup group
and causing early death at only 43 weeks of age. Chronic
exposure to low doses (up to 2.0 mg/kg bw) of glyphosate
alter the ovarian proteome and therefore impacts ovar-
ian function in mice; according to the authors, the oxida-
tive stress-related, pathways are the primary target [96].
GBHs were found to alter granulosa cell proliferation in
an in vitro models suggesting that GBHs exposure might
have more potent effects than glyphosate alone, consist-
ent with GGS findings [9, 96, 97]. It is reported in the
literature that chronic exposure to GBH might also alter
the endocrine pancreas function and histoarchitecture
[98]. Notably we observed a significantly increased trend
in islet cell carcinoma in RangerPro.

Bone is another tissue with strong and complex endo-
crine regulation, including parathyroid, as well as pitui-
tary, thyroid and steroid hormones. Our study indicates
that bones are a target of glyphosate and GBHs carci-
nogenicity. Evidence in GBH-exposed female Wistar
rats has associated the observed calcium-phosphorus
imbalance and bone structure alterations with impaired
thyroid metabolism [90]. It is noteworthy that a recent
epidemiological study based on NHANES data linked
urinary glyphosate levels to reduced bone mineral den-
sity in the U.S. population diseases induced by different
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chemical agents [26]. Thus, our results suggest that bone
might be an additional target of endocrine-related tumo-
rigenesis elicited by glyphosate and GBHs [27].

Our findings also consistent with previous reviews
performed by Portier [42] and IARC [6], on the carcino-
genicity of glyphosate in SD rats as shown in Table 20.
In particular, tumor increases observed in our study
are consistent with previous studies in SD rats for skin,
liver, thyroid, sex cord-gonadal stroma, adrenal gland,
kidney, and endocrine pancreas. Notably, in most cases
the tumor increases were not only consistent in terms of
target organ, but also in terms of sex. Increases in leuke-
mia, nervous system, bone and hemangiosarcoma were
observed only in our study. This is likely associated with
the enhanced sensitivity of the study design: the expo-
sure covering also the prenatal and prepubertal develop-
ment allowed detection of carcinogenic effects caused
by early exposures that cannot be effectively explored if
the animal’s exposure starts from adulthood. Early onset
and mortality of leukemia and a number of other rare
tumors (liver, ovary, and nervous system) could also be
observed in our study because of the sensitivity of the
prenatal study design, because adult studies would have
longer tumor latencies and might not be as sensitive,
particularly for the effects of low doses. Starting with the
evidence provided by Prof. Maltoni in its carcinogenic-
ity studies on early exposures to vinyl chloride from in
the 1970’s [99], until its most recent adoption by the US
National Toxicology Program, [100] prenatal design for
cancer assays in SD rats are now widely considered a
predictive and reliable model for humans. Indeed, it has
been clearly shown that chemical exposures even at low
doses during pre-natal and developmental phases of life
can elicit a number of detrimental and long-term effects,
including cancer [81]. This concept, called the develop-
mental origins of health and disease, or DOHaD, is now
widely accepted and represents a cornerstone of pub-
lic health prevention strategies for a variety of diseases
including obesity, type 2 diabetes, insulin resistance,
asthma, cardiovascular diseases, behavioral disorders,
neurodegenerative diseases, reproductive disorders and
cancer [101].

Our results provide a new and more comprehensive
insight on glyphosate carcinogenicity in rats, and they
are consistent with earlier report of increased tumors in
experimental animals exposed to glyphosate and GBHs
[6, 42]. Our study has limitations. One limitation is that
although we compared glyphosate and two of its widely
used formulations (Roundup Bioflow and RangerPro), we
could not explore the health effects of the specific adju-
vants present in the GBHs. The toxicological relevance
of increased incidences of rare tumors is difficult to
evaluate, particularly when there is borderline statistical



Panzacchi et al. Environmental Health (2025) 24:36

significance or when tumor incidence is found to be in
excess only when compared to historical controls. In an
effort to overcome this limitation and elucidate the bio-
logical plausibility of increases of rare tumors, we com-
pared them with both RI and NTP historical control
incidences. In addition, our data do not provide direct
information on glyphosate tumorigenic mechanisms and
mode(s) of action; however, by examining the available
literature, we hypothesize that genotoxicity and endo-
crine disruption might be involved, but others mecha-
nisms like defective DNA repair or tumor suppressor
genes cannot be excluded. Finally, we concentrated on
the accurate description of effects without attempting to
derive Benchmark Doses, leaving this further elaboration
to a future risk characterization phase. However, the EU
ADI was established as 0.5 mg/kg bw per day, based on
a NOAEL of 53 mg/kg bw per day from a 90-day study
in dogs and supported by the NOAEL of 59.4 mg/kg bw
per day from a 2-year rat study and covering the NOAEL
of 50 mg/kg bw per day for maternal toxicity identified
in a rabbit developmental toxicity study [21]. The stand-
ard uncertainty factor (UF) of 100 was applied. Notably,
in the present study we observed effects at doses equal
or lower than the NOAEL in rodents and other animal
models.

Conclusion

This report from the carcinogenicity arm of the GGS
found that glyphosate and GBHs at exposure levels corre-
sponding to the EU glyphosate ADI and NOAEL caused
statistically significant, dose-related increased trends or
increased incidences compared to RI and NTP histori-
cal controls, of multiple benign and malignant tumors of
blood, skin, liver, thyroid, nervous system, ovary, mam-
mary gland, adrenal glands, kidney, urinary bladder,
bone, endocrine pancreas and circulatory system. Most
of these increases involved tumors that are rare in SD rats
(incidence < 1%).

We also observed early onset and early mortality for a
number of rare malignant tumors, including leukemia,
liver, ovary and nervous system tumors. Notably, approx-
imately half of the deaths from leukemia seen in the
glyphosate and GBHs treatment groups occurred at less
than one year of age. By contrast, no case of leukemia was
observed in the first year of age in more than 1600 SD
historical controls in carcinogenicity studies conducted
by the RI or the NTP.

Our results provide a comprehensive and accurate
overview of the carcinogenicity of glyphosate and GBHs
in SD rats. They support the IARC conclusion that there
is “sufficient evidence of carcinogenicity [of glyphosate]
in experimental animals” [6]. Our findings are consistent
also with the epidemiological evidence showing increases
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in incidence of multiple malignancies in humans exposed
to glyphosate and GBHs. Our results indicate that, while
glyphosate alone is capable of causing a number of
benign and malignant tumors, GBHs co-formulants may
enhance the carcinogenicity of glyphosate, particularly in
the case of leukemia.

Finally, our findings highlight the importance of con-
sidering exposures in early development beginning pre-
natally during organogenesis through to puberty, in
comprehensive evaluations of chemical carcinogenicity
in rodents.

Abbreviations

AMPA Aminomethylphosphonic acid

ADI Acceptable Daily Intake

CNS Central Nervous System

DOHaD  Developmental origins of health and disease

EU European Union

GBH Glyphosate-Based Herbicide

GGS Global Glyphosate Study

IARC International Agency for Research on Cancer

INHAND  International Harmonization of Nomenclature and Diagnostic
Criteria

NOAEL No Observed Adverse Effect Level

NTP National Toxicology Program

PNS Peripheral Nervous System

POEA Polyoxyethylene tallow amine

RI Cesare Maltoni Cancer Research Center, Ramazzini Institute

SD Sprague-Dawley

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512940-025-01187-2.

[ Supplementary Material 1. }

Acknowledgements
The authors would like to acknowledge the memory of Dr. Luciano Bua and
his major contributions to this work.

Authors’ contributions

SP conceptualization, data curation and formal analysis, investigation, visuali-
zation, writing the original work, reviewing and editing. ET data curation and
formal analysis, investigation, visualization, reviewing and editing. LDA inves-
tigation. LF investigation. RG investigation. FG investigation. Ml investigation.
MM investigation. FM investigation. IM investigation. IME investigation. RM
investigation. RN investigation. DS investigation. VS investigation. FT reviewing
and editing the work. MNA reviewing and editing the work. JC reviewing and
editing the work. GD reviewing and editing the work. SL reviewing and edit-
ing the work. AM reviewing and editing the work. RME reviewing and editing
the work. MJP reviewing and editing the work. AV investigation. PJL conceptu-
alization, reviewing and editing the work. FB conceptualization, reviewing and
editing the work, project administration (until 2019) and resources for study
conduct (until 2019). DM conceptualization, investigation, visualization, writ-
ing the original work, reviewing and editing, supervision, project administra-
tion and resources for study conduct.

Funding

The Global Glyphosate Study was supported by the Ramazzini Institute (Italy),
the Heartland Health Research Alliance (USA), the Boston College (USA),

the Institute for Preventive Health (USA), the Fondazione Carisbo (Italy), the
Fondazione del Monte di Bologna e Ravenna (Italy), the Associazione Federide
(Italy), the Coop Reno (Italy) and the Coopfond Fondo Mutualistico Legacoop
(Italy).


https://doi.org/10.1186/s12940-025-01187-2
https://doi.org/10.1186/s12940-025-01187-2

Panzacchi et al. Environmental Health (2025) 24:36

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Animal carcinogenicity study underwent ethics approval.

Competing interests
The authors declare no competing interests.

Author details

! Cesare Maltoni Cancer Research Center, Ramazzini Institute, Via Saliceto,

3, Bentivoglio, Bologna 40010, Italy. 2Gene Expression and Therapy Group,
Department of Medical and Molecular Genetics, King's College London, Fac-
ulty of Life Sciences and Medicine, Guy’s Hospital, London, UK. >Department
of Environmental Medicine, Icahn School of Medicine at Mount Sinai, New
York, NY, USA. “Department of Agricultural and Food Sciences, Alma Mater
Studiorum-University of Bologna, Bologna, Italy. °Department of Food Safety,
Nutrition and Veterinary Public Health, Italian National Institute of Health (ISS),
Rome, Italy. °National Food Safety Committee — Ministry of Health, Rome, Italy.
’College of Public Health, George Mason University, Fairfax, VA, USA. éInstitute
of Agricultural Biology and Biotechnology (IBBA), Pisa Unit, National Research
Council (CNR), Research Area of Pisa, Pisa, Italy. Program for Global Public
Health and the Common Good, Boston College, Boston, MA, USA. '°Centre
Scientifique de Monaco, Monaco, MC, Monaco. ''Cesare Maltoni Cancer
Research Center, Ramazzini Institute (retired), Bentivoglio, Bologna, Italy.

Received: 3 April 2025 Accepted: 12 May 2025
Published online: 10 June 2025

References

1. Schénbrunn E, Eschenburg S, Shuttleworth WA, Schloss JV, Amrhein
N, Evans JN, Kabsch W. Interaction of the herbicide glyphosate with its
target enzyme 5-enolpyruvylshikimate 3-phosphate synthase in atomic
detail. Proc Natl Acad Sci U S A. 2001,98(4):1376-80.

2. Rodrigues NR, de Souza APF. Occurrence of glyphosate and AMPA
residues in soy-based infant formula sold in Brazil. Food Addit Contam
Part A. 2018;35(4):724-31.

3. Wang s, Jaw CG, Chen YL. Accumulation of 2, 4-D and glyphosate in
fish and water hyacinth. Water Air Soil Pollut. 1994;74:397-403.

4. Alferness PL, Iwata Y. Determination of glyphosate and (aminomethy!)
phosphonic acid in soil, plant and animal matrixes, and water by capil-
lary gas chromatography with mass-selective detection. J Agric Food
Chem. 1994;42(12):2751-9.

5. Navarro |, de la Torre A, Sanz P, Baldi |, Harkes P, Huerta-Lwanga E,
Norgaard T, Glavan M, Paskovic |, Paskovi¢ MP. Occurrence of pesticide
residues in indoor dust of farmworker households across Europe and
Argentina. Sci Total Environ. 2023;905:167797.

6. IARC. Monographs, volume 112: Some organophosphate insecticides
and herbicides: Tetrachlorvinphos, parathion, malathion, diazinon and
glyphosate. Lyon: IARC Working Group; 2015.

7. Smith MT, Guyton KZ, Gibbons CF, Fritz JM, Portier CJ, Rusyn |, DeMarini
DM, Caldwell JC, Kavlock RJ, Lambert PF. Key characteristics of carcino-
gens as a basis for organizing data on mechanisms of carcinogenesis.
Environ Health Perspect. 2016;124(6):713-21.

8. Ranal, Nguyen PK, Rigutto G, Louie A, Lee J, Smith MT, Zhang L.
Mapping the key characteristics of carcinogens for glyphosate and its
formulations: a systematic review. Chemosphere. 2023;339:139572.

9. Manservisi F, Lesseur C, Panzacchi S, Mandrioli D, Falcioni L, Bua L,
Manservigi M, Spinaci M, Galeati G, Mantovani A, et al. The Ramazzini
Institute 13-week pilot study glyphosate-based herbicides adminis-
tered at human-equivalent dose to Sprague Dawley rats: effects on
development and endocrine system. Environ Health. 2019;18(1):15.

10. Panzacchi S, Mandrioli D, Manservisi F, Bua L, Falcioni L, Spinaci M,
Galeati G, Dinelli G, Miglio R, Mantovani A, et al. The Ramazzini Institute
13-week study on glyphosate-based herbicides at human-equivalent

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 29 of 31

dose in Sprague Dawley rats: study design and first in-life endpoints
evaluation. Environ Health. 2018:17(1):52.

Connolly A, Jones K, Basinas |, Galea KS, Kenny L, McGowan P, Coggins
MA. Exploring the half-life of glyphosate in human urine samples. Int J
Hyg Environ Health. 2019;222(2):205-10.

Faniband MH, Norén E, Littorin M, Lindh CH. Human experimental
exposure to glyphosate and biomonitoring of young Swedish adults.
Int J Hyg Environ Health. 2021;231:113657.

Manservisi F, Marquillas CB, Buscaroli A, Huff J, Lauriola M, Mandrioli

D, Manservigi M, Panzacchi S, Silbergeld EK, Belpoggi F. An integrated
experimental design for the assessment of multiple toxicological end
points in rat bioassays. Environ Health Perspect. 2017;125(3):289-95.
Mesnage R, Panzacchi S, Bourne E, Mein CA, Perry MJ, Hu J, Chen J,
Mandrioli D, Belpoggi F, Antoniou MN. Glyphosate and its formulations
Roundup Bioflow and RangerPro alter bacterial and fungal com-
munity composition in the rat caecum microbiome. Front Microbiol.
2022;13:888853.

Mesnage R, Benbrook C, Antoniou MN. Insight into the confusion over
surfactant co-formulants in glyphosate-based herbicides. Food Chem
Toxicol. 2019;128:137-45.

Langrand J, Blanc-Brisset |, Boucaud-Maitre D, Puskarczyk E, Nisse P,
Garnier R, Pulce C. Increased severity associated with tallowamine in
acute glyphosate poisoning. Clin Toxicol (Phila). 2020;58(3):201-3.
Mesnage R, Antoniou MN. Ignoring adjuvant toxicity falsifies the safety
profile of commercial pesticides. Front Public Health. 2017,5:361.
Amreen B, Lesseur C, Jagani R, Yelamanchili S, Barrett ES, Nguyen RHN,
Sathyanarayana S, Swan SH, Andra SS, Chen J. Exposure to polyoxyeth-
ylene tallow amines (POEAs), glyphosate co-formulation surfactants,

in a US pregnant population and their potential endocrine disrupting
effects. Environ Pollut. 2025;374:126205.

Mesnage R, Ferguson S, Brandsma I, Moelijker N, Zhang G, Mazzacuva
F, Caldwell A, Halket J, Antoniou MN. The surfactant co-formulant POEA
in the glyphosate-based herbicide RangerPro but not glyphosate alone
causes necrosis in Caco-2 and HepG2 human cell lines and ER stress in
the ToxTracker assay. Food Chem Toxicol. 2022;168:113380.

Mesnage R, Mazzacuva F, Caldwell A, Halket J, Antoniou MN. Urinary
excretion of herbicide co-formulants after oral exposure to roundup
MON 52276 in rats. Environ Res. 2021;197:111103.

Authority EFS, Alvarez F, Arena M, Auteri D, Binaglia M, Castoldi AF,
Chiusolo A, Crivellente F, Egsmose M, Fait G, et al. Peer review of the
pesticide risk assessment of the active substance glyphosate. EFSA J.
2023;21(7):e08164.

Mecklenburg L, Kusewitt D, Kolly C, Treumann S, Adams ET, Diegel K,
Yamate J, Kaufmann W, Muller S, Danilenko D, et al. Proliferative and
non-proliferative lesions of the rat and mouse integument. J Toxicol
Pathol. 2013;26(3 Suppl):27s-57s.

Frazier KS, Seely JC, Hard GC, Betton G, Burnett R, Nakatsuji S, Nishikawa
A, Durchfeld-Meyer B, Bube A. Proliferative and nonproliferative

lesions of the rat and mouse urinary system. Toxicol Pathol. 2012;40(4
Suppl):14s-86s.

Willard-Mack CL, ElImore SA, Hall WC, Harleman J, Kuper CF, Losco P,
Rehg JE, Ruhl-Fehlert C, Ward JM, Weinstock D, et al. Nonproliferative
and proliferative lesions of the rat and mouse hematolymphoid system.
Toxicol Pathol. 2019;47(6):665-783.

Kaufmann W, Bolon B, Bradley A, Butt M, Czasch S, Garman RH, George
C, Groters S, Krinke G, Little P. Proliferative and nonproliferative lesions
of the rat and mouse central and peripheral nervous systems. Toxicol
Pathol. 2012;40(4_suppl):87S-157S.

Fossey S, Vahle J, Long P, Schelling S, Ernst H, Boyce RW, Jolette J, Bolon
B, Bendele A, Rinke M, et al. Nonproliferative and proliferative lesions of
the rat and mouse skeletal tissues (bones, joints, and teeth). J Toxicol
Pathol. 2016;29(3 Suppl):49s-103s.

Thoolen B, Maronpot RR, Harada T, Nyska A, Rousseaux C, Nolte T, Malar-
key DE, Kaufmann W, Kittler K, Deschl U. Proliferative and nonprolifera-
tive lesions of the rat and mouse hepatobiliary system. Toxicol Pathol.
2010;38(7_suppl):55-815.

Brandli-Baiocco A, Balme E, Bruder M, Chandra S, Hellmann J, Hoener-
hoff MJ, Kambara T, Landes C, Lenz B, Mense M. Nonproliferative and
proliferative lesions of the rat and mouse endocrine system. J Toxicol
Pathol. 2018;31(3 Suppl):1S.



Panzacchi et al. Environmental Health

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

42.

43.

44,

45,

46.

47.

48.

49.

(2025) 24:36

Dixon D, Alison R, Bach U, Colman K, Foley GL, Harleman JH, Haworth R,
Herbert R, Heuser A, Long G. Nonproliferative and proliferative lesions
of the rat and mouse female reproductive system. J Toxicol Pathol.
2014;27(3-4 Suppl):15.

Program NT. NTP historical controls report, all routes and vehicles,
Harlan Sprague-Dawley RATS. Washington, DC: National Toxicology
Program; 2024.

Gnudi F, Panzacchi S, Tibaldi E, luliani M, Sgargi D, Bua L, Mandrioli

D. Hemolymphoreticular neoplasias from the Ramazzini Institute
long-term mice and rat studies on aspartame. Ann Glob Health.
2023;89(1):43.

Soffritti M, Belpoggi F, Degli Esposti D, Lambertini L, Tibaldi E, Rigano A.
First experimental demonstration of the multipotential carcinogenic
effects of aspartame administered in the feed to Sprague-Dawley rats.
Environ Health Perspect. 2006;114(3):379-85.

Tibaldi E, Gnudi F, Panzacchi S, Mandrioli D, Vornoli A, Manservigi M,
Sgargi D, Falcioni L, Bua L, Belpoggi F. Identification of aspartame-
induced haematopoietic and lymphoid tumours in rats after lifetime
treatment. Acta Histochem. 2020;122(5):151548.

Kaplan EL, Meier P.Nonparametric estimation from incomplete obser-
vations. J Am Stat Assoc. 1958;53(282):457-81.

Tarone RE. Tests for trend in life table analysis. Biometrika.
1975;62(3):679-90.

Bailer AJ, Portier CJ. Effects of treatment-induced mortality and
tumor-induced mortality on tests for carcinogenicity in small samples.
Biometrics. 1988;44:417-31.

Piegorsch W, Bailer A. Statistics for environmental biology and toxicol-
ogy, section 6.3. 2. London: Chapman and Hall; 1997.

Portier CJ, Hedges JC, Hoel DG. Age-specific models of mortality and
tumor onset for historical control animals in the national toxicology
program’s carcinogenicity experiments. Cancer Res. 1986;46(9):4372-8.
Portier CJ, Bailer AJ. Testing for increased carcinogenicity using

a survival-adjusted quantal response test. Fundam Appl Toxicol.
1989;12(4):731-7.

Taylor I, Mowat V. Comparison of longevity and common tumor
profiles between Sprague-Dawley and Han Wistar rats. J Toxicol Pathol.
2020;33(3):189-96.

Sengupta P. The laboratory rat: relating its age with human’s. Int J Prev
Med. 2013;4(6):624-30.

Portier CJ. A comprehensive analysis of the animal carcinogenicity data
for glyphosate from chronic exposure rodent carcinogenicity studies.
Environ Health. 2020;19(1):1-17.

George J, Prasad S, Mahmood Z, Shukla Y. Studies on glyphosate-
induced carcinogenicity in mouse skin: a proteomic approach. J
Proteomics. 2010;73(5):951-64.

Connolly A, Coggins MA, Galea KS, Jones K, Kenny L, McGowan P, Basi-
nas |. Evaluating glyphosate exposure routes and their contribution to
total body burden: a study among amenity horticulturalists. Ann Work
Expo Health. 2019;63(2):133-47.

Fortes C, Mastroeni S, Segatto MM, Hohmann C, Miligi L, Bakos L, Bon-
amigo R. Occupational exposure to pesticides with occupational sun
exposure increases the risk for cutaneous melanoma. J Occup Environ
Med. 2016;58(4):370-5.

Stout L, Ruecker F. Chronic study of glyphosate administered in feed to
albino rats. Unpublished Study, Project No MSL-10495 Monsanto Agri-
cultural Company (2,175 pp) EPA MRID 1990:416438-416401. https://
archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/pdf/
103601/103601-263.pdf.

Mesnage R, Ibragim M, Mandrioli D, Falcioni L, Tibaldi E, Belpoggi F,
Brandsma |, Bourne E, Savage E, Mein CA, et al. Comparative toxicog-
enomics of glyphosate and roundup herbicides by mammalian stem
cell-based genotoxicity assays and molecular profiling in Sprague-
Dawley rats. Toxicol Sci. 2022;186(1):83-101.

Mili¢ M, Zunec S, Micek V, Kasuba V, Mikoli¢ A, Lovakovi¢ BT, Semren T,
Pavi¢i¢ |, Cermak AMM, Pizent A, et al. Oxidative stress, cholinesterase
activity, and DNA damage in the liver, whole blood, and plasma of
Wistar rats following a 28-day exposure to glyphosate. Arh Hig Rada
Toksikol. 2018;69(2):154-68.

El-Shenawy NS. Oxidative stress responses of rats exposed to Roundup
and its active ingredient glyphosate. Environ Toxicol Pharmacol.
2009;28(3):379-85.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 30 of 31

Wang Y, Charkoftaki G, Orlicky DJ, Davidson E, Aalizadeh R, Sun N,
Ginsberg G, Thompson DC, Vasiliou V, Chen Y. CYP2ET in 1,4-dioxane
metabolism and liver toxicity: insights from CYP2E1 knockout mice
study. Arch Toxicol. 2024;98(10):3241-57.

Chang VC, Andreotti G, Ospina M, Parks CG, Liu D, Shearer JJ, Rothman
N, Silverman DT, Sandler DP, Calafat AM, et al. Glyphosate exposure and
urinary oxidative stress biomarkers in the agricultural health study. J
Natl Cancer Inst. 2023;115(4):394-404.

Eskenazi B, Gunier RB, Rauch S, Kogut K, Perito ER, Mendez X, Limbach
C, Holland N, Bradman A, Harley KG, et al. Association of lifetime
exposure to glyphosate and Aminomethylphosphonic Acid (AMPA)
with liver inflammation and metabolic syndrome at young adult-
hood: findings from the CHAMACOS study. Environ Health Perspect.
2023;131(3):37001.

Vasseur C, Serra L, El Balkhi S, Lefort G, Ramé C, Froment P, Dupont J.
Glyphosate presence in human sperm: first report and positive correla-
tion with oxidative stress in an infertile French population. Ecotoxicol
Environ Saf. 2024;278:116410.

Kass L, Gomez AL, Altamirano GA. Relationship between agrochemical
compounds and mammary gland development and breast cancer. Mol
Cell Endocrinol. 2020;508:110789.

OECD. Test no. 407: repeated dose 28-day oral toxicity study in rodents.
2008.

Altamirano GA, Delconte MB, Gomez AL, Ingaramo Pl, Bosquiazzo

VL, Lugque EH, Mufoz-de-Toro M, Kass L. Postnatal exposure to a
glyphosate-based herbicide modifies mammary gland growth and
development in Wistar male rats. Food Chem Toxicol. 2018;118:111-8.
Gomez AL, Altamirano GA, Tschopp MV, Bosquiazzo VL, Mufoz-de-Toro
M, Kass L. Exposure to a glyphosate-based herbicide alters the expres-
sion of key regulators of mammary gland development on pre-puber-
tal male rats. Toxicology. 2020;439:152477.

Hard GC, Seely JC, Betz LJ. A survey of mesenchyme-related tumors

of the rat kidney in the national toxicology program archives, with
particular reference to renal mesenchymal tumor. Toxicol Pathol.
2016;44(6):848-55.

Andreotti G, Koutros S, Hofmann JN, Sandler DP, Lubin JH, Lynch CF,
Lerro CC, De Roos AJ, Parks CG, Alavanja MC. Glyphosate use and
cancer incidence in the agricultural health study. J Natl Cancer Inst.
2018;110(5):509-16.

Chandra M, Riley MG, Johnson DE. Incidence and pathology of spon-
taneous renal pelvis transitional cell carcinomas in rats. Toxicol Pathol.
1991;19(3):287-9.

Glickman LT, Raghavan M, Knapp DW, Bonney PL, Dawson MH. Herbi-
cide exposure and the risk of transitional cell carcinoma of the urinary
bladder in Scottish Terriers. J Am Vet Med Assoc. 2004;224(8):1290-7.
Pandey A, Rudraiah M. Analysis of endocrine disruption effect of
Roundup® in adrenal gland of male rats. Toxicol Rep. 2015,2:1075-85.
Owagboriaye F, Dedeke G, Ademolu K, Olujimi O, Aladesida A, Adeleke
M. Comparative studies on endogenic stress hormones, antioxidant,
biochemical and hematological status of metabolic disturbance in
albino rat exposed to roundup herbicide and its active ingredient
glyphosate. Environ Sci Pollut Res Int. 2019;26(14):14502-12.

Deziel NC, Warren JL, Huang H, Zhou H, Sjodin A, Zhang Y. Exposure to
polychlorinated biphenyls and organochlorine pesticides and thyroid
cancer in connecticut women. Environ Res. 2021;192:110333.

Norouzi F, Alizadeh |, Faraji M. Human exposure to pesticides and
thyroid cancer: a worldwide systematic review of the literatures. Thyroid
Res. 2023;16(1):13.

Omidakhsh N, Heck JE, Cockburn M, Ling C, Hershman JM, Harari A.
Thyroid cancer and pesticide use in a central California agricultural area:
a case control study. J Clin Endocrinol Metab. 2022;107(9):e3574-82.
Agency USEP. Second peer review of glyphosate. Washington (DC):
Office of Pesticides and Toxic Substances, United States Environmental
Protection Agency; 1991. Available from: http://www.epa.gov/pesti
cides/chemicalsearch/chemical/foia/cleared-reviews/reviews/103601/
103601-265.pdf.

Costas-Ferreira C, Duran R, Faro LRF. Toxic effects of glyphosate on the
nervous system: a systematic review. Int J Mol Sci. 2022;23(9):4605.
Feulefack J, Khan A, Forastiere F, Sergi CM. Parental pesticide exposure
and childhood brain cancer: a systematic review and meta-analysis


https://archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/pdf/103601/103601-263.pdf
https://archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/pdf/103601/103601-263.pdf
https://archive.epa.gov/pesticides/chemicalsearch/chemical/foia/web/pdf/103601/103601-263.pdf
http://www.epa.gov/pesticides/chemicalsearch/chemical/foia/cleared-reviews/reviews/103601/103601-265.pdf
http://www.epa.gov/pesticides/chemicalsearch/chemical/foia/cleared-reviews/reviews/103601/103601-265.pdf
http://www.epa.gov/pesticides/chemicalsearch/chemical/foia/cleared-reviews/reviews/103601/103601-265.pdf

Panzacchi et al. Environmental Health

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

(2025) 24:36

confirming the IARC/WHO monographs on some organophosphate
insecticides and herbicides. Children (Basel). 2021;8(12):1096.

Taiba J, Beseler C, Zahid M, Bartelt-Hunt S, Kolok A, Rogan E. Exploring
the joint association between agrichemical mixtures and pediatric
cancer. Geohealth. 2025;9(2):e2024GH001236.

Centre ICE. INSERM collective expert reports. In: Effects of pesticides on
health: new data. Montrouge (FR) provisions of the Inserm Expertise
Charter.: EDP Sciences Copyright © 2022-, EDP Sciences.; 2022. https://
pubmed.ncbi.nim.nih.gov/35759550/.

Cattani D, Struyf N, Steffensen V, Bergquist J, Zamoner A, Brittebo E,
Andersson M. Perinatal exposure to a glyphosate-based herbicide
causes dysregulation of dynorphins and an increase of neural precursor
cells in the brain of adult male rats. Toxicology. 2021;461:152922.

Qjiro R, Ozawa S, Zou X, Tang Q, Woo GH, Shibutani M. Similar toxicity
potential of glyphosate and glyphosate-based herbicide on cerebel-
lar development after maternal exposure in rats. Environ Toxicol.
2024;39(5):3040-54.

Santos JR, Mendes MC, Dallabrida KG, Gongalves R, Sampaio TB. Pesti-
cide exposure and the development of Parkinson disease: a systematic
review of Brazilian studies. Cad Saude Publica. 2025:41(4):e00011424.
National Toxicology Program. NTP toxicology and carcinogenesis stud-
ies of sodium fluoride (CAS No. 7681-49-4)in F344/N Rats and B6C3F1
mice (drinking water studies). Natl Toxicol Program Tech Rep Ser.
1990,393:1-448. https://pubmed.ncbi.nim.nih.gov/12637966/.

15th report on carcinogens. Rep Carcinog. 2021;15. https://ntp.niehs.
nih.gov/research/assessments/cancer/roc.

IARC. lonizing radiation, Part |, X- and gamma (y)- radiation and neu-
trons. IARC Monogr Eval Carcinog Risks Hum. 2000;75 Pt 1(Pt 1):1-448.
https://publications.iarc.fr/Book-And-Report-Series/larc-Monographs-
On-The-ldentification-Of-Carcinogenic-Hazards-To-Humans/loniz
ing-Radiation-Part-1-X-And-Gamma-%CE%B3--Radiation-And-Neutr
ons-2000.

Brewster DW, Warren J, Hopkins WE 2nd. Metabolism of glyphosate in
Sprague-Dawley rats: tissue distribution, identification, and quantita-
tion of glyphosate-derived materials following a single oral dose.
Fundam Appl Toxicol. 1991;17(1):43-51.

Diaz-Martin RD, Carvajal-Peraza A, Yafiez-Rivera B, Betancourt-Lozano
M. Short exposure to glyphosate induces locomotor, craniofacial, and
bone disorders in zebrafish (Danio rerio) embryos. Environ Toxicol
Pharmacol. 2021;87:103700.

Hamdaoui L, Oudadesse H, Lefeuvre B, Mahmoud A, Naifer M, Badraoui
R, Ayadi F, Rebai T. Sub-chronic exposure to Kalach 360 SL, Glyphosate-
based Herbicide, induced bone rarefaction in female Wistar rats.
Toxicology. 2020;436:152412.

The Consortium For Children’s Environmental H, Wirth DA, Cropper

M, Axelrad DA, Bald C, Bhatnagar A, Birnbaum LS, Burke TA, Chiles TC,
Geiser K, et al. Manufactured chemicals and children’s health - the need
for new law. N Engl J Med. 2025;392(3):299-305.

Karalexi MA, Tagkas CF, Markozannes G, Tseretopoulou X, Herndndez
AF, Schiiz J, Halldorsson Tl, Psaltopoulou T, Petridou ET, Tzoulaki |, et al.
Exposure to pesticides and childhood leukemia risk: a systematic
review and meta-analysis. Environ Pollut. 2021;285:117376.

Pelkonen O, Terron A, Hernandez AF, Menendez P, Bennekou SH, Angeli
K, Fritsche E, Leist M, Mantovani A, Price A, et al. Chemical exposure
and infant leukaemia: development of an adverse outcome path-

way (AOP) for aetiology and risk assessment research. Arch Toxicol.
2017,91(8):2763-80.

Zhang L, Rana |, Shaffer RM, Taioli E, Sheppard L. Exposure to
glyphosate-based herbicides and risk for non-Hodgkin lymphoma:

a meta-analysis and supporting evidence. Mutat Res Rev Mutat Res.
2019;781:186-206.

Skidmore ME, Sims KM, Gibbs HK. Agricultural intensification and child-
hood cancer in Brazil. Proc Natl Acad Sci. 2023;120(45):2306003120.
Hardell L, Carlberg M, Nordstrém M, Eriksson M. Exposure to phenoxy-
acetic acids and glyphosate as risk factors for non-Hodgkin lymphoma-
pooled analysis of three Swedish case-control studies including the
sub-type hairy cell leukemia. Leuk Lymphoma. 2023;64(5):997-1004.
Malagoli C, Costanzini S, Heck JE, Malavolti M, De Girolamo G, Oleari P,
Palazzi G, Teggi S, Vinceti M. Passive exposure to agricultural pesticides
and risk of childhood leukemia in an Italian community. Int J Hyg
Environ Health. 2016;219(8):742-8.

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

Page 31 of 31

Untalan M, Ivic-Pavlicic T, Taioli E. Urinary glyphosate levels and asso-
ciation with mortality in the 2013-16 National Health and Nutrition
Examination Survey. Carcinogenesis. 2023;45(3):163-9.

Benbrook CM. Hypothesis: glyphosate-based herbicides can increase
risk of hematopoietic malignancies through extended persistence in
bone. Environ Sci Eur. 2025;37(1):18.

Chang Vicky C, Zhou W, Berndt Sonja I, Andreotti G, Yeager M, Parks
Christine G, Sandler Dale P, Rothman N, Beane Freeman Laura E,
Machiela Mitchell J, et al. Glyphosate use and mosaic loss of chromo-
some Y among male farmers in the agricultural health study. Environ
Health Perspect. 2023;131(12):127006.

Lankas G. A lifetime study of glyphosate in rats. In: Report. 1981.

Astiz M, de Alaniz MJ, Marra CA. Effect of pesticides on cell survival in
liver and brain rat tissues. Ecotoxicol Environ Saf. 2009;72(7):2025-32.
Nagy K, Duca RC, Lovas S, Creta M, Scheepers PTJ, Godderis L, Adam B.
Systematic review of comparative studies assessing the toxicity of pes-
ticide active ingredients and their product formulations. Environ Res.
2020 Feb;181:108926. https://doi.org/10.1016/j.envres.2019.108926.
Epub 2019 Nov 20. PMID: 31791711

Lesseur C, Pirrotte P, Pathak KV, Manservisi F, Mandrioli D, Belpoggi F,
Panzacchi S, Li Q, Barrett ES, Nguyen RHN, et al. Maternal urinary levels
of glyphosate during pregnancy and anogenital distance in newborns
in a US multicenter pregnancy cohort. Environ Pollut. 2021;280:117002.
Kaboli Kafshgiri S, Farkhondeh T, Miri-Moghaddam E. Glyphosate effects
on the female reproductive systems: a systematic review. Rev Environ
Health. 2022;37(4):487-500.

Ganesan S, Keating AF. Ovarian mitochondrial and oxidative stress
proteins are altered by glyphosate exposure in mice. Toxicol Appl
Pharmacol. 2020;402:115116.

Perego MC, Caloni F, Cortinovis C, Schutz LF, Albonico M, Tsuzukibashi
D, Spicer LJ. Influence of a Roundup formulation on glyphosate effects
on steroidogenesis and proliferation of bovine granulosa cells in vitro.
Chemosphere. 2017;188:274-9.

Tizhe E, lbrahim N, Fatihu M, Ambali S, Igbokwe I, Tizhe U. Pancre-

atic function and histoarchitecture in Wistar rats following chronic
exposure to Bushfire®: the mitigating role of zinc. J Int Med Res.
2018;46(8):3296-305.

Maltoni C, Lefemine G, Ciliberti A, Cotti G, Carretti D. Carcinogenicity
bioassays of vinyl chloride monomer: a model of risk assessment on an
experimental basis. Environ Health Perspect. 1981;41:3-29.

Toxicology and carcinogenesis studies of perfluorooctanoic acid
administered in feed to Sprague Dawley (Hsd:Sprague Dawley SD) rats
(revised). Natl Toxicol Program Tech Rep Ser. 2020;(598). https://www.
ncbi.nim.nih.gov/books/NBK560147/.

Heindel JJ, Balbus J, Birnbaum L, Brune-Drisse MN, Grandjean P, Gray K,
Landrigan PJ, Sly PD, Suk W, Cory Slechta D, et al. Developmental origins
of health and disease: integrating environmental influences. Endocri-
nology. 2015;156(10):3416-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://pubmed.ncbi.nlm.nih.gov/35759550/
https://pubmed.ncbi.nlm.nih.gov/35759550/
https://pubmed.ncbi.nlm.nih.gov/12637966/
https://ntp.niehs.nih.gov/research/assessments/cancer/roc
https://ntp.niehs.nih.gov/research/assessments/cancer/roc
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Ionizing-Radiation-Part-1-X--And-Gamma-%CE%B3--Radiation-And-Neutrons-2000
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Ionizing-Radiation-Part-1-X--And-Gamma-%CE%B3--Radiation-And-Neutrons-2000
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Ionizing-Radiation-Part-1-X--And-Gamma-%CE%B3--Radiation-And-Neutrons-2000
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Ionizing-Radiation-Part-1-X--And-Gamma-%CE%B3--Radiation-And-Neutrons-2000
https://doi.org/10.1016/j.envres.2019.108926
https://www.ncbi.nlm.nih.gov/books/NBK560147/
https://www.ncbi.nlm.nih.gov/books/NBK560147/

	Carcinogenic effects of long-term exposure from prenatal life to glyphosate and glyphosate-based herbicides in Sprague–Dawley rats
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Test substances
	Animals and experimental design
	Necropsy, histopathology and immunohistochemistry
	Statistical methods

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


