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Abstract In glyphosate (G)-based herbicides (GBHs), the
declared active principle G is mixed with several adjuvants
that help it to penetrate the plants’ cell membranes and its
stabilization and liposolubility. Its utilization is growing
with genetically modified organisms engineered to tolerate
GBH. Millions of farmers suffer poisoning and death in
developing countries, and occupational exposures and
suicide make GBH toxicity a worldwide concern. As GBH
is found in human plasma, widespread hospital facilities for
measuring it should be encouraged. Plasma determination
is an essential prerequisite for risk assessment in GBH
intoxication. Only when standard ECGs were performed, at
least one abnormal ECG was detected in the large majority
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of cases after intoxication. QTc prolongation and arrhyth-
mias along with first-degree atrioventricular block were
observed after GBH intoxication. Thus, life-threatening
arrhythmias might be the cause of death in GBH intoxi-
cation. Cardiac cellular effects of GBH were reviewed
along with few case reports in men and scanty larger
studies. We observed in two mammalian species (rats and
rabbits) direct cardiac electrophysiological changes, con-
duction blocks and arrhythmias among GBH-mediated
effects. Plasmatic (and urine) level determinations of G and
electrocardiographic Holter monitoring seem warranted to
ascertain whether cardiovascular risk among agro-alimen-
tary workers might be defined.

Keywords Glyphosate-based herbicide - Intoxication -
Cardiovascular system - Arrhythmias - Cardiac
electrophysiology - Humans - Mammals

Introduction

In a glyphosate (G)-based herbicide (GBH), the declared
active principle G is mixed with several adjuvants that help
it to penetrate the plants’ cell membranes [1, 2], its sta-
bilization and liposolubility. G is a glycine phosphonate, a
small molecule close to the amino acid glycine (169
g/mol), with a basic secondary amino function and
monobasic (carboxylic) and dibasic (phosphonic) acidic
sites at both ends. G is hydrosoluble like amino acids and
was originally patented in 1964 as a metal chelator (US
Patent No. 3,160,632) like dications [3]. In Roundup (R),
the most common GBH, proprietary and practically
unknown adjuvants (Fig. 1) are supposed to be specific to
plants, but nontarget effects are described in the literature
[4-6]. There are different R formulations, each having G as
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Glyphosate

Fig. 1 Glyphosate-based herbicide formulation. Glyphosate, the
active principle recognized to kill weeds, is surrounded by adjuvants
whose proprietary formulae are unknown. Each glyphosate-based
herbicide has different adjuvants

declared active principle (between 36 and 48 %). R is
known as the most used commercial formulation among
pesticides worldwide; it is used by farmers and household
to kill weeds, and its use is very important with genetically
modified organisms (GMOs) that are engineered to tolerate
it [7]. This property considerably increases R use and
consequently the amount present in food and feed where
regulation admits it [8].

Farm or household users may underestimate GBH risks
during occupational exposure. In a case study, we docu-
mented the agricultural practices in a farmer’s family [9].
G was found in the farmer’s urine after spraying (10 pg/ml
or ppm) [9], and this was consistent with other studies,
where occupational exposures resulted in G urinary up to
0.233 ppm [10, 11]. Due to its widespread use, G is also
found in farm and non-farm homes [12] like in urine of
non-occupationally exposed women, where G was found at
a mean of 73.6 ppb [13]. Second ways of contamination
with G are accidental and suicidal attempts by farmers.
These generally punctual exposures are in the range of
acute intoxication doses. Extreme exposure (around
100-200 ml of the pure formulation ingested) resulted
mainly in respiratory and hepatorenal damages [14]. In
intentional suicidal ingestions, up to 500 ml was ingested
[15]. Death was strongly associated with older age, larger
ingestions and high plasma G concentrations on admission
(>734 ppm) [16]. On the other hand, many farmers using G
have experienced an accidental intoxication [17]. G is not
the sole problem of R; differential effects between R and G
are observed in studies in various mammalian species
in vivo [18-20]. The toxicity of adjuvants seems to be a
real problem in toxicology [21]. Some of them have been
identified in GBH and are even more toxic than G on
human cells [19]. Residues of pesticide are found in tap
water, groundwater [22], food and feed and result from the
formulation (G plus adjuvants) commercially sold. The
ecosystem is always exposed to the formulations of R [23].
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Fig. 2 Farmer spraying of GBH. Seasonal spraying of GBH may put
farmers and their household at risk for intoxication since extremely
high concentrations are used (typically from 10,000 to 20,000 ppm).
Profession-related suicidal attempts in agro-alimentary personnel are
a further risk element

Pesticides have been demonstrated to also cause severe
circulatory failure in poisoned humans after acute intoxi-
cation [14], which is an important health problem arising
from pesticides in the countries of the developing world
[24]. Indeed, 131 cases of GBH intoxication were reviewed
at a local teaching hospital in Taiwan from 1988 to 1995
[25]. In 1973, the World Health Organization (WHO)
suggested that 500,000 cases of acute serious pesticide
poisoning occurred annually and 3 million cases hospital-
ized with 220,000 deaths in 1985 [26]. In the developed
countries, a small percentage of poisoning is related to
suicide [27]. It is estimated that there could be as many as
25 million agricultural workers in the developing world
suffering an episode of poisoning each year [27]. Notably,
after acute intoxication due to GBH ingestion, cardiac
arrhythmias are frequent and the common symptoms were
those of cardiovascular shock with conduction blocks [28].
However, few reports concentrated on rhythmic conse-
quences of GBH intoxication and the mechanisms whereby
arrhythmogenesis might be increased. We focus here on G
and R cardiovascular effects, especially addressing an
hypothesis pointing to increased arrhythmogenic potential
in mammals, knowing that their effects on different phys-
iological systems were addressed by others [23, 29].

Cardiovascular Investigations with Glyphosate-Based
Herbicides

An updated review of the literature presents scanty inves-
tigations performed in mammals to assess GBH cardio-
vascular effects. This contrasts with the severe impact of
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the reported GBH toxic consequences as alluded above.
Moreover, there is a relatively high probability that by the
agro-alimentary chain, including the rising market pene-
trance of GMO, by definition tolerating GBH used for food
and feed [7], high concentrations of GBH might affect
humans as the chain end-effectors. Finally, potentially
dangerous professional exposures (typically from 10,000 to
20,000 ppm of R during spraying; Fig. 2) or profession-
related suicidal attempts in agro-alimentary personnel [27]
may necessitate a closer scrutiny of these problems, aimed
at reducing risks and death rate. Nevertheless, case reports
and retrospective hospital reviews reporting cardiovascular
effects of GBH are quite rare (Table 1) and just a few
points to the presence of arrhythmias as a potential con-
sequence of GBH toxicity and as a cause of death.

Investigations in Animals
In Vitro Studies

Song et al. [30] have shown that in H9C2, an heart rat cell

line, the toxicity of an adjuvant called LN-10
(0.4-100 uM) is increased in the presence of G at low
doses (0.066—17 ppm) after 72 h of exposure. Kim et al.
[31] in the same cell line showed that TN-20 adjuvant
(0.4-0.85 ppm) in mixture with G (0.8-1.7 ppm), after
72 h, aggravated mitochondrial damage and induced
apoptosis and necrosis. These results were considered rel-
evant to explain the cardiovascular instability observed in
patients with acute GBH intoxication, including hypoten-
sion and arrhythmias [32].

Ex Vivo Studies

Chan et al. [33] continuously recorded for 20 min the
impact of various formulations of agricultural chemicals on
isolated rat aorta and heart. They showed a significant
negative inotropic action by G, whereas the adjuvants
completely inhibited contraction of the isolated hearts.
Chan et al. observed that this is in accordance with the
effects of acute oral pesticide BASTA™ (glufosinate as
declared active principle) poisoning in patients developing
various clinical signs, including consciousness disturbance,
convulsions, pyrexia, respiratory failure and, in severe
cases, dying of refractory circulatory failure [34].

In Vivo Studies

Daruich et al. [35] showed a disruption of isocitrate
dehydrogenase, glucose-6-phosphate dehydrogenase, and
malic dehydrogenase activity in heart of female Wistar rats
and fetuses after 21 days of G treatment (>2,000 ppm) in

water during gestation. On the other hand, Chan and
Malher [36] in B6C3F1 male mice pointed to heart weight
increase after 13 weeks of G treatment.

Investigations in Man
Case reports

In 1993, Marrs [37] was the first to discuss the structure of
the anticholinesterase organophosphates (OPs), which are
used predominantly as insecticides. OP poisoning can
occur in a variety of situations and can be accidental or
suicidal. The cholinergic syndrome caused by acetylcho-
linesterase inhibition and diagnosed based on the clinical
signs and symptoms as well as on measuring erythrocyte
acetylcholinesterase inhibition and/or plasma cholinester-
ase activity is a common consequence of OP poisoning.
GBH, fire retardants and industrial intermediates were
signaled as potential initiators of the cholinergic syndrome
whose antidote is atropine. Cardiac arrhythmias, including
torsade de pointes, were illustrated as being associated
with OP poisoning [38, 39], sometimes after recovery from
the acute syndrome. Histologic evidence of myocardial
damage was also documented in rats [40].

Two rapid lethal intoxication cases by GBH-trimesium
(Touchdown: now withdrawn from the market) were pre-
sented by Sorensen and Gregersen in 1999 [41]. A 6-year-
old boy who accidentally ingested a mouthful of GBH died
within minutes. The same happened to a 34-year-old
woman who intentionally ingested approximately 150 ml
of the same GBH formulation. Postmortem explorations
showed gastrointestinal, pulmonary and cerebral edemas,
and dilated right atrial and ventricular heart chambers. No
arrhythmias were documented. It was pointed that the
speed of which death occurred was much more rapid than
lethal intoxications with R, and it was submitted that GBH-
trimesium may have facilitated the absorption after oral
ingestion. On the other hand, the 52-year-old man, found
unconscious after intoxication with 300 ml GBH ingestion
(containing 41 % G as an isopropylamine salt, 15 %
polyoxyethyleneamine (POEA) surfactant, and water), had
a Glasgow coma scale score of 11 (E3, V4, M4), but was
discharged from the hospital after 1 week. In hospital,
heart rate was 44 beats/min with a normal chest radiograph,
and ECG showed junctional premature complexes [41].

Larger studies
Between 1980 and 1989, 93 cases of exposure to R were
treated in a Taiwanese hospital [42]. The average amount

of the 41 % solution of GBH ingested by non-survivors
was 184 + 70 ml (range 85-200 ml), but much larger
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amounts (500 ml) were reported to have been ingested by
some patients and only resulted in mild to moderate
symptoms. Accidental exposure was asymptomatic after
dermal contact with spray (6 cases), while mild oral dis-
comfort occurred after accidental ingestion (13 cases).
Intentional ingestion (80 cases) resulted in erosion of the
gastrointestinal tract (66 %), dysphagia (31 %) and gas-
trointestinal hemorrhage (8 %). Other organs were affected
less often (lung 23 %, liver 19 %, cardiovascular system
18 %, kidney 14 % and central nervous system 12 %).
There were seven deaths, all of which occurred within
hours of ingestion; two before the patient arrived at the
hospital. Deaths following R ingestion alone were due to a
syndrome that involved hypotension, unresponsive to
intravenous fluids or vasopressor drugs, and sometimes
pulmonary edema, in the presence of normal central venous
pressure. This was the first report where cardiovascular
symptoms were reported after R ingestion. However, ECG
was not performed, and arrhythmias were not documented
[42].

The potential correlation between pesticide exposure
and specific cardiovascular malformations was investigated
by Loffredo et al. [43] in 2001. They found an association
of transposition of the great arteries (TGA) in infants with
maternal exposures to herbicides and rodenticides. The
Baltimore-Washington Infant Study was a case—control
study of congenital heart defects in liveborn infants, which
interviewed parents about a wide range of environmental
exposures, including pesticides, that occurred during and
before pregnancy. An association of maternal exposure to
any pesticides during the first trimester with TGA in their
infants (n = 66) was observed, relative to 771 control
infants, with an odds ratio of 2.0. No other heart defects
were associated with pesticides. When analyzed by type of
pesticide and adjusted for covariates, there were associa-
tions of TGA with maternal exposures to herbicides (odds
ratio = 2.8) and to rodenticidal chemicals (odds
ratio = 4.7), but not to insecticides. Unfortunately, no data
were collected on specific chemicals or brand names. In
2013 [44], a review about the evaluation of G toxicity
studies in rats and rabbits concentrating on cardiovascular
development concluded that existing evidence in the lit-
erature does not support risks for increased cardiovascular
defects as a result of G exposure during pregnancy. Further
epidemiological investigations in humans are therefore
urgently needed. It should be essential to run longitudinal
studies and to evaluate specifically all chemicals involved
in pesticide actions.

The most important clinical retrospective study, con-
centrating on cardiovascular problems after acute GBH
ingestion, included 153 patients (19-93 years) and was
published by Kim et al. [45] initially in 2013 from South
Korea. Gastric lavage was performed on all subjects

observed within 2 h after ingestion. There were 122
patients (80 %) with at least 1 abnormal ECG rhythm in the
initial standard ECG. Prolonged QTc interval followed by
intraventricular conduction delay and first-degree atrio-
ventricular block was the most common changes. Non-
survivors had a significantly more prolonged QTc interval
when compared to survivors (542.0 £ 32.0 vs.
453.4 £+ 33.6 ms) but similar heart rates. There were 19
deaths (12.4 %): two late complications (one pneumonia
and sepsis and one multiple-organ failure) and 17 direct
cardiac causes including refractory shock (14 patients) and
ventricular tachycardia (three patients). Interestingly, more
recently, Kim et al. [46], noting that the occupation of
farming has been reported to be associated with a high
suicide rate, and suicidal ideation as an important risk
factor for suicide in farmers, explored the association
between occupational pesticide exposure or poisoning
history and suicidal ideation among male farmers in South
Korea. They concluded that risk of suicidal ideation was
related to occupational pesticide poisoning among male
farmers. Among all farmers, 4.7 % (n = 92) reported sui-
cidal ideation. After controlling for potential confounders,
lifetime hospitalization due to pesticide poisoning showed
a 2.48-fold increase in risk. Those with multiple poisonings
showed more significant associations with suicidal ideation
(odds ratios = 2.33 for once, 3.02 for more than once).
Moderate- or severe-symptom severity of acute pesticide
poisoning cases (odds ratio = 2.23) also showed increased
risks of suicidal ideation than the milder classes did.
However, no significant association was identified with
cumulative lifetime pesticide application and suicidal ide-
ation, and no relationship with cardiovascular risk factors
or signs and symptoms was looked for [46].

Glyphosate Metabolism and Plasma-Level
Determinations

G inhibits plant growth through interference with the pro-
duction of essential aromatic amino acids by inhibition of
the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
enzyme. This enzyme catalyzes the formation of 5-enol-
pyruvylshikimate-3-phosphate from phosphoenolpyruvate
(PEP) and shikimate-3-phosphate, which are responsible
for the biosynthesis of chorismate [47], an intermediate in
phenylalanine, tyrosine and tryptophan biosynthesis, the
absence of which in mammals may explain the relatively
low systemic toxicity of G [oral median lethal dose (LD50)
for rats 4,320 mg/kg, rabbits 3,800 mg/kg] [48]. In the
terrestrial environment, G is mainly biodegraded to ami-
nomethylphosphonic acid (AMPA) when metabolized by
bacterial in soils [49]. According to the animal study in
Sprague-Dawley rats, approximately 35-40 % of the
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administered dose was absorbed from the gastrointestinal
tract, and urine and feces were equally important routes of
elimination after one oral dose (10 mg/kg) [50]. Animal
studies indicated that virtually no toxic metabolites of G
were produced when it was administrated orally and that
there was little evidence of metabolic activity with essen-
tially 100 % of the body G burden related to the parent
compound [51].

The importance of measuring G plasma concentrations
has not been fully assessed. It obviously can confirm
exposure for forensic purposes, but it might also have a role
with quantifying or predicting the severity of poisoning
[52]. G is considered to be of low toxicity, so the rationale
for undertaking its plasma-level determinations is that it is
a reasonable surrogate measure of exposure to unmeasur-
able adjuvants, which are supposed to be more stable and
lipophilic. Concentrations between 734 and >1,000 pg/ml
(or ppm) were reported in patients with severe poisoning,
although death occurred with a concentration as low as
734 pg/ml [16]. In that investigation, Roberts et al. aimed
at describing the clinical outcomes, dose-response and G
kinetics following self-poisoning with GBH. This pro-
spective observational case series was conducted in two
hospitals in Sri Lanka between 2002 and 2007. They
included patients with a history of acute poisoning. Clinical
observations were recorded until discharge or death. Dur-
ing a specified time period admission (n = 216, including
five deaths) and serial (n = 26), blood samples were col-
lected. There were 601 patients identified; the majority
ingested a concentrated formulation (36 % w/v G): 27.6 %
were asymptomatic, 64 % had minor poisoning and 5.5 %
had moderate to severe poisoning. There were 19 deaths
(case fatality 3.2 %) with a median time to death of 20 h.
The apparent elimination half life of G was 3.1 h.

A method to determine G in human plasma by ion
chromatography was established in 2012 by Wang et al.
[53]. The protein in heart blood from a corpse was pre-
cipitated with acetonitrile. The large molecules and Cl™ in
the supernatant were removed by a Dionex OnGuard II RP
column and a Dionex OnGuard II Ag column, respectively.
The filtrate was separated on an IonPac AS-19 column with
KOH solution as eluent produced online by an eluent
generator (EG). A suppressor with external water mode and
a conductivity detector for the detection were used. The
linear range of this method was 10-100 mg/l with a cor-
relation coefficient (+%) of 0.9999. The limits of detection
(LOD, S/N = 3) and quantification (LOQ, S/N = 10) of G
in blood were 0.12 and 0.39 mg/l, respectively. The G
content in a heart blood sample from a corpse in an actual
case was 508 mg/l detected by this method. This was a
simple, sensitive, accurate method that can rapidly provide
reliable clues and evidences for G poisoning cases, meeting
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the needs of public security work although it is unclear
whether any large investigation was performed using it.

Zouaoui et al. [28] performed the first investigation
whereby plasma G concentrations and cardiovascular
symptoms or signs were co-reported in 2013 among 13
cases of acute GBH intoxication. Plasma G concentrations
were determined by another ion chromatographic method
inspired by Tomita and Okuyama with slight modifications
[54]. The method is based on a derivatization with Para-
Toluene Sulfonyl Chloride (PTSCI) followed by a liquid—
liquid extraction in acidic conditions in order to concen-
trate the derivative products. Dibutylphosphate is used as
internal standard. Prior to the serum analysis, 2 ml of
sample was deproteinized by adding 0.5 ml of acetonitrile.
Briefly, derivatization was performed in 2 ml of urine or in
2 ml deproteinized serum by adding 0.5 ml of PTSCI
(10 g/1 in acetonitrile) and 1 ml of phosphate buffer at pH
11 for 15 min in an ultrasonic water bath then for 15 min at
50 °C. PTSCI derivatives of G were extracted with 8 ml of
ethyl acetate after adding 1 ml of 6 M hydrochloric acid. In
total, 2 ml of the dry residue reconstituted with 80 ml of
20 mM formate buffer (pH 3.0) and methanol (90/10, v/v)
was injected into a high-performance liquid chromatogra-
phy coupled with tandem mass spectrometry system. The
chromatographic system consisted of a Perkin-Elmer Series
200LC pumping system and a Series 200 auto-sampler. An
API 2000 triple quadrupole mass spectrometer (AB Sciex,
Courtaboeuf France) was used for detection with negative
electrospray ionization mode. The intra-assay precision and
accuracy were assessed at low and high concentrations
relative to calibration range: analysis of five spiked hair
samples at each concentration. This method exhibits a LOD
of 20 mg/l for G. Intra-assay precision CVs and relative
bias are less than 20 % over the calibrating range. Due to
the very high concentration found in the real samples, high
dilution of samples in deionized water was used. Using this
method, G mean values varied between 61 mg/l (range
0.6-150 mg/l) and 4,146 mg/l (range 690-7,480 mg/l),
respectively, in mild—-moderate intoxication and fatal cases.
In the severe intoxication case for which blood has been
sampled, the blood G concentration was found at 838 mg/l1.
Death was in general associated with larger taken dose
(500 ml in one patient) and high blood G concentrations. In
fatalities, the common symptoms were cardiorespiratory
arrest, cardiovascular shock, hemodynamic disturbances,
intravascular disseminated coagulation and multiple-organ
failure. To predict clinical outcomes and to guide treatment
support in patients who ingested G, blood concentrations
were indeed useful, confirming that a large amount of GBH
ingested (>190 ml) and G blood levels > 734 mg/l were
predictors of the risk of dying as previously described
[16, 52].
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Fig. 3 Representative example of arrhythmias occurring in ventric-
ular tissues after Roundup superfusion. Rabbit experiments are
illustrated. a Control period; b Frequent premature ventricular beats
after 30 min of Roundup 50 ppm superfusion [2014, unpublished
observations]

Potential Mechanisms Relating GBH to Arrhythmias

It was recently shown in rat testis and Sertoli cells that R
disrupts male reproductive functions by triggering L-type
voltage-dependent Ca™ "-channel-mediated cell death [55].
In particular, it was shown that R at 360 ppm led to an
important decrease in “*Ca™ influx, whereas R at 36 ppm
induced an increase in *Ca*™* uptake, an effect ascribed to G
and partially prevented by the L-type voltage-dependent
Ca™*-channel antagonist nifedipine 10 pmol/l, thus indi-
cating that disruption in Ca™* homeostasis plays a critical
role in the toxic effects of GBH [55]. More than 20 years ago,
it was demonstrated that G increased mitochondrial mem-
brane permeability to protons and Ca™ ¥, suggesting early on
a mechanism for the toxic effect of GBH by a cationic che-
lator action [56]. We addressed specifically these hypotheses
to investigate the potential mechanism whereby R might be
arrhythmogenic in mammalian heart tissues.

In rat and rabbit ventricular tissues, we studied the
effects of R and G on in vitro electrophysiology [2014,
unpublished observations]. Moreover, a complementing
study was performed in rat ventricular tissues, using
pharmacological agents to increase L-type voltage-depen-
dent Ca™*-current by BAY K 8644 [57] or Cat™ intra-
cellular content by ouabain, a Nat/K™-ATPase inhibitor
[58], before R superfusion. Our results fit the hypothesis of
decreased Ca™™ uptake as the possible consequence of a
cationic chelator action [55, 56] to explain R cardiotoxic
effects, and we led some electrophysiological evidence to
further support it.

Indeed, conduction blocks, dose-dependent inexcitabil-
ity and proarrhythmia (Fig. 3) may all follow to Ic,
decrease, thus accounting for lower R effects when intra-
cellular Ca®™™ is increased by the pharmacological
approach tested. Interestingly, we have also observed that
APDy, (action potential duration at 90 % of repolarization)
prolongation (an experimental correlate of QTc prolonga-
tion at the level of ECG in humans, also seen after R
intoxication [45]) was prevented by the administration of a
L-type calcium-channel agonist, which stimulates the Ic,.
Moreover, considering the cationic chelator action of R
[55, 56], it is also possible that other direct electrophysi-
ological actions are involved, and among these, Iy, and Ik
blocking properties deserve special attention for they might
as well be implicated in QTc prolongation [45]. When the
exact chemical nature of the unknown adjuvant will be
disclosed [19], an investigation will be possible of its
electrophysiological effects in myocardial tissues, which
should be done to elucidate the toxic effects of R, relevant
for human poisoning [45].

Discussion

Whereas in developing countries GBH and pesticide intox-
ications are definitely a big health problem with millions of
workers suffering an episode of poisoning each year [17, 24,
27] and deaths in the order of hundreds of thousand each
year [26], developed countries either experience occupa-
tional exposures or relatives in the household are affected [9,
17], although the most frequent toxic consequence there is
around suicide attempts [46], anyway making GBH toxicity
a worldwide issue of concern. It is therefore essential that
widespread hospital facilities may exist for plasma deter-
mination of G, at least as a means of approaching the GBH
real concentrations [52], including their unmeasurable or
undetermined adjuvants contents that probably will never be
measured being proprietary formulations [21]. However,
comparative investigations to define the most accurate ion
chromatographic method were not performed, and limit of
detection varies from as low as 0.12 mg/l [53] to 20 mg/l
[28] with G content in a heart blood sample from a corpse of
508 mg/1 [53] to values between 0.6 and 7,480 mg/I in other
studies [16] [28]. That plasma determination is an essential
prerequisite for risk assessment in GBH intoxication is well
illustrated by the close relationship between the clinical case
presentation or severity of the intoxication. Indeed, severe
intoxications or death in cases where blood had been sam-
pled presented with plasma G concentration of a relatively
short range of 734-1,000 mg/1 [16, 18].

It is impressive that only when standard ECGs were
performed, at least one abnormal ECG was detected in
80 % of patients in a large retrospective series, and both
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QTc prolongation and arrhythmias along with first-degree
atrioventricular block were observed after GBH intoxica-
tion [45]. Moreover, non-survivors had a significantly more
prolonged QTc interval when compared to survivors [45].
In another study where ECG was not measured, deaths
following R ingestion were due to a syndrome that
involved hypotension [42], again pointing to cardiovascu-
lar involvement. On the other hand, GBH intoxication case
reports where cardiovascular signs and symptoms were
measured in due time were few [28, 38, 39, 42, 45]. In any
case, death rate was high after GBH intoxication (ranging
from 3.2 [52] to 12.4 % [45]) with a quite rapid median
time to death of 20 h [46] although the apparent elimina-
tion half life of G was relatively short (3.1 h. [52]). All this
critically points to the possibility that life-threatening
arrhythmias are the actual cause of death in GBH intoxi-
cation. Interestingly, in the context of both acute and
chronic ischemic heart disease, QTc prolongation was a
predictor of sudden death due to ventricular fibrillation
[59-61].

The general belief is that R is an inert component when
animals or humans are exposed acutely. However, we
observed in in vitro rat and rabbit ventricular tissues APDg
changes after short superfusion and a high incidence of
severe arrhythmias and of conduction blocks at the highest
concentrations [2014, unpublished observations]. These
arrhythmias and conduction blocks may follow to signifi-
cant Iy, and Ix blocking properties [62, 63], possibly
related to the cation chelator ability [56] of G and to
decreased **Ca™™ influx through L-type voltage-dependent
Ca**-channels shown by both R and G [55]. Thus, our
experimental observations, strongly suggesting that in rat
and rabbit ventricular myocardium electrophysiological
changes are seen, including conduction blocks and
arrhythmias among GBH-mediated effects, link animal and
human risks [45] after acute intoxication.

It is for further studies to ascertain whether cardiovas-
cular risk among agro-alimentary workers might be defined
by both plasma (and urine)-level determinations of G and
electrocardiographic Holter monitoring aimed at measuring
arrhythmia and heart block incidences along with at con-
sidering QTc changes over long periods or on discrete, but
comparative occasions around seasonal spreading of
product times or to control for potentially chronic or acute
intoxications. More data from biomonitoring studies
underscore the importance of exposure assessment in epi-
demiologic studies and indicate that studies should incor-
porate not only duration and frequency of pesticide use, but
also type of pesticide formulation [64].

Conflict of interest None of the Authors has any conflict to dis-
close. We thank CRIIGEN, in particular, for its financial and struc-
tural support to S.G.

@ Springer

References

1. Baynes, R. E., & Riviere, J. E. (1998). Influence of inert ingre-
dients in pesticide formulations on dermal absorption of carbaryl.
American Journal of Veterinary Research, 59(2), 168—175.

2. Marutani, M., & Edirveerasingam, V. (2006). Influence of irri-
gation methods and an adjuvant on the persistence of carbaryl on
pakchoi. Journal of Environmental Quality, 35(6), 1994—1998.
doi:10.2134/jeq2005.0484.

3. Konstantin Popov, H. R. (2002). Critical evaluation of stability
constants of phosphonic acids (IUPAC Technical Report). Pure and
Applied Chemistry, 74(11), 2227. doi:10.1351/pac200274112227.

4. Androutsopoulos, V. P., Hernandez, A. F., Liesivuori, J.,, &
Tsatsakis, A. M. (2013). A mechanistic overview of health
associated effects of low levels of organochlorine and organo-
phosphorous pesticides. Toxicology, 307, 89-94. doi:10.1016/j.
t0x.2012.09.011.

5. Colborn, T., vom Saal, F. S., & Soto A. M. (1993). Develop-
mental effects of endocrine-disrupting chemicals in wildlife and
humans. Environmental Health Perspectives, 101(5), 378-384.

6. Mrema, E. J., Rubino, F. M., Brambilla, G., Moretto, A.,
Tsatsakis, A. M., & Colosio, C. (2013). Persistent organochlori-
nated pesticides and mechanisms of their toxicity. Toxicology,
307, 74-88. doi:10.1016/j.tox.2012.11.015.

7. James, C. (s.d.). Global Status of Commercialized Biotech/GM
Crops: 2012. Chair, ISAAA Brief 44.

8. Bhat, R., & Gomez-Lopez, V. M. (2014). Practical food safety:
Contemporary issues and future directions. Chichester, UK: John
Wiley & Sons Ltd.

9. Mesnage, R., Moesch, C., Le Grand, R., Lauthier, G., Spiroux de
Vendomois, J., Gress, S., et al. (2012). Glyphosate exposure in a
farmer’s family. Journal of Environmental Protection, 03(09),
1001-1003. doi:10.4236/jep.2012.39115.

10. Acquavella, J. F., Alexander, B. H., Mandel, J. S., Gustin, C.,
Baker, B., Chapman, P., et al. (2004). Glyphosate biomonitoring
for farmers and their families: Results from the Farm Family
Exposure Study. Environmental Health Perspectives, 112(3),
321-326.

11. Curwin, B. D., Hein, M. J., Sanderson, W. T., Striley, C., Hee-
derik, D., Kromhout, H., et al. (2007). Urinary pesticide con-
centrations among children, mothers and fathers living in farm
and non-farm households in iowa. The Annals of Occupational
Hygiene, 51(1), 53-65. doi:10.1093/annhyg/mel062.

12. Curwin, B. D., Hein, M. J., Sanderson, W. T., Nishioka, M. G.,
Reynolds, S. J.,, Ward, E. M., et al. (2005). Pesticide contami-
nation inside farm and nonfarm homes. Journal of Occupational
and Environmental Hygiene, 2(7), 357-367. doi:10.1080/
15459620591001606.

13. Aris, A., & Leblanc, S. (2011). Maternal and fetal exposure to
pesticides associated to genetically modified foods in Eastern
Townships of Quebec, Canada. Reproductive Toxicology (Elms-
ford, N.Y.), 31(4), 528-533. doi:10.1016/j.reprotox.2011.02.004.

14. Bradberry, S. M., Proudfoot, A. T., & Vale, J. A. (2004). Gly-
phosate poisoning. Toxicological Reviews, 23(3), 159-167.

15. Potrebié, O., Jovi¢-Stosic, J., Vucini¢, S., Tadi¢, J., & Radulac, M.
(2009). Acute glyphosate-surfactant poisoning with neurological
sequels and fatal outcome. Vojnosanitetski pregled, 66(9), 758-762.

16. Roberts, D. M., Buckley, N. A., Mohamed, F., Eddleston, M.,
Goldstein, D. A., Mehrsheikh, A., et al. (2010). A prospective
observational study of the clinical toxicology of glyphosate-
containing herbicides in adults with acute self-poisoning. Clinical
Toxicology (Philadelphia, Pa.), 48(2), 129-136. doi:10.3109/
15563650903476491.

17. Faria, N. M. X,, da Rosa, J. A. R., & Facchini, L. A. (2009).
Poisoning by pesticides among family fruit farmers, Bento


http://dx.doi.org/10.2134/jeq2005.0484
http://dx.doi.org/10.1351/pac200274112227
http://dx.doi.org/10.1016/j.tox.2012.09.011
http://dx.doi.org/10.1016/j.tox.2012.09.011
http://dx.doi.org/10.1016/j.tox.2012.11.015
http://dx.doi.org/10.4236/jep.2012.39115
http://dx.doi.org/10.1093/annhyg/mel062
http://dx.doi.org/10.1080/15459620591001606
http://dx.doi.org/10.1080/15459620591001606
http://dx.doi.org/10.1016/j.reprotox.2011.02.004
http://dx.doi.org/10.3109/15563650903476491
http://dx.doi.org/10.3109/15563650903476491

Cardiovasc Toxicol (2015) 15:117-126

125

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gongalves, Southern Brazil. Revista de saiide piiblica, 43(2),
335-344.

Adam, A., Marzuki, A., Abdul Rahman, H., & Abdul Aziz, M.
(1997). The oral and intratracheal toxicities of ROUNDUP and its
components to rats. Veterinary and Human Toxicology, 39(3),
147-151.

Mesnage, R., Bernay, B., & Séralini, G.-E. (2013). Ethoxylated
adjuvants of glyphosate-based herbicides are active principles of
human cell toxicity. Toxicology, 313(2-3), 122—128. doi:10.1016/
j-t0x.2012.09.006.

Peixoto, F. (2005). Comparative effects of the Roundup and
glyphosate on mitochondrial oxidative phosphorylation. Chemo-
sphere, 61(8), 1115-1122. doi:10.1016/j.chemosphere.2005.03.
044.

Eddleston, M., Street, J. M., Self, 1., Thompson, A., King, T.,
Williams, N., et al. (2012). A role for solvents in the toxicity of
agricultural organophosphorus pesticides. Toxicology, 294(2-3),
94-103. doi:10.1016/j.tox.2012.02.005.

Krogh, K. A., Vejrup, K. V., Mogensen, B. B., & Halling-
Sgrensen, B. (2002). Liquid chromatography-mass spectrometry
method to determine alcohol ethoxylates and alkylamine eth-
oxylates in soil interstitial water, ground water and surface water
samples. Journal of Chromatography A, 957(1), 45-57.
Séralini, G.-E., Mesnage, R., Defarge, N., Gress, S., Hennequin,
D., Clair, E., et al. (2013). Answers to critics: Why there is a long
term toxicity due to a Roundup-tolerant genetically modified
maize and to a Roundup herbicide. Food and Chemical Toxi-
cology, 53, 476-483. doi:10.1016/j.fct.2012.11.007.

Jeyaratnam, J. (1985). Health problems of pesticide usage in the
Third World. British Journal of Industrial Medicine, 42(8),
505-506.

Lee, H. L., Chen, K. W., Chi, C. H., Huang, J. J., & Tsai, L. M.
(2000). Clinical presentations and prognostic factors of a gly-
phosate-surfactant herbicide intoxication: a review of 131 cases.
Academic Emergency Medicine, 7(8), 906-910.

Jeyaratnam, J. (1985). 1984 and occupational health in develop-
ing countries. Scandinavian Journal of Work, Environment &
Health, 11(3 Spec No), 229-234.

Jeyaratnam, J. (1990). Acute pesticide poisoning: a major global
health problem. World Health Statistics Quarterly, 43(3),
139-144.

Zouaoui, K., Dulaurent, S., Gaulier, J. M., Moesch, C., &
Lachatre, G. (2013). Determination of glyphosate and AMPA in
blood and urine from humans: about 13 cases of acute intoxica-
tion. Forensic Science International, 226(1-3), €20—e25. doi:10.
1016/j.forsciint.2012.12.010.

Kwiatkowska, M., Pawet, J., & Bukowska, B. (2013). Glyphosate
and its formulations—toxicity, occupational and environmental
exposure. Medycyna Pracy, 64(5), 717-729.

Song, H.-Y., Kim, Y.-H., Seok, S.-J., Gil, H.-W., & Hong, S.-Y.
(2012). In vitro cytotoxic effect of glyphosate mixture containing
surfactants. Journal of Korean Medical Science, 27(7), 711-715.
doi:10.3346/jkms.2012.27.7.711.

Kim, Y., Hong, J., Gil, H., Song, H., & Hong, S. (2013). Mixtures
of glyphosate and surfactant TN20 accelerate cell death via
mitochondrial damage-induced apoptosis and necrosis. Toxicol-
ogy in Vitro, 27(1), 191-197. doi:10.1016/j.tiv.2012.09.021.
Seok, S.-J., Park, J.-S., Hong, J.-R., Gil, H.-W., Yang, J.-O., Lee,
E.-Y., et al. (2011). Surfactant volume is an essential element in
human toxicity in acute glyphosate herbicide intoxication. Clin-
ical Toxicology (Philadelphia, Pa.), 49(10), 892-899. doi:10.
3109/15563650.2011.626422.

Chan, Y.-C., Chang, S.-C., Hsuan, S.-L., Chien, M.-S., Lee, W.-
C., Kang, J.-J., et al. (2007). Cardiovascular effects of herbicides
and formulated adjuvants on isolated rat aorta and heart. Toxi-
cology in Vitro, 21(4), 595-603. doi:10.1016/j.tiv.2006.12.007.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Koyama, K., Goto, K., & Yamashita, M. (1994). Circulatory
failure caused by a fungicide containing iminoctadine and a
surfactant: A pharmacological analysis in rats. Toxicology and
Applied Pharmacology, 126(2), 197-201. doi:10.1006/taap.1994.
1108.

Daruich, J., Zirulnik, F., & Gimenez, M. S. (2001). Effect of the
herbicide glyphosate on enzymatic activity in pregnant rats and
their fetuses. Environmental Research, 85(3), 226-231. doi:10.
1006/enrs.2000.4229.

Chan, P., & Mabhler, J. (1992). NTP technical report on the tox-
icity studies of Glyphosate (CAS No. 1071-83-6) Administered In
Dosed Feed To F344/N Rats And B6C3F1 Mice. Toxicity Report
Series, 16, 1-D3.

Marrs, T. C. (1993). Organophosphate poisoning. Pharmacology
& Therapeutics, 58(1), 51-66.

Ludomirsky, A., Klein, H. O., Sarelli, P., Becker, B., Hoffman,
S., Taitelman, U., et al. (1982). Q-T prolongation and polymor-
phous (« torsade de pointes ») ventricular arrhythmias associated
with organophosphorus insecticide poisoning. The American
Journal of Cardiology, 49(7), 1654—1658.

Carrington da Costa, R. B., Pimentel, J., Rebelo, A., Souto
Gongalves, J., & Janeiro da Costa, J. (1988). Acute poisoning
with organophosphorus compounds. Acta médica portuguesa,
1(4-6), 291-295.

Singer, A. W., Jaax, N. K., Graham, J. S., & McLeod, C. G, Jr.
(1987). Cardiomyopathy in Soman and Sarin intoxicated rats.
Toxicology Letters, 36(3), 243-249.

Sorensen, F. W., & Gregersen, M. (1999). Rapid lethal intoxi-
cation caused by the herbicide glyphosate-trimesium (touch-
down). Human and Experimental Toxicology, 18(12), 735-737.

Talbot, A. R., Shiaw, M. H., Huang, J. S., Yang, S. F., Goo, T. S.,
Wang, S. H., et al. (1991). Acute poisoning with a glyphosate-
surfactant herbicide ("Roundup’): a review of 93 cases. Human
and Experimental Toxicology, 10(1), 1-8.

Loffredo, C. A., Silbergeld, E. K., Ferencz, C., & Zhang, J.
(2001). Association of transposition of the great arteries in infants
with maternal exposures to herbicides and rodenticides. American
Journal of Epidemiology, 153(6), 529-536.

Kimmel, G. L., Kimmel, C. A., Williams, A. L., & DeSesso, J. M.
(2013). Evaluation of developmental toxicity studies of gly-
phosate with attention to cardiovascular development. Critical
Reviews in Toxicology, 43(2), 79-95. doi:10.3109/10408444.
2012.749834.

Kim, Y. H.,, Lee, J. H., Hong, C. K., Cho, K. W., Park, Y. H.,
Kim, Y. W, et al. (2014). Heart rate-corrected QT interval pre-
dicts mortality in glyphosate-surfactant herbicide-poisoned
patients. The American Journal of Emergency Medicine, 32,
203-207. doi:10.1016/j.ajem.2013.09.025.

Kim, J., Shin, D.-H., & Lee, W. J. (2014). Suicidal ideation and
occupational pesticide exposure among male farmers. Environ-
mental Research, 128, 52-56. doi:10.1016/j.envres.2013.10.007.
Boocock, M. R., & Coggins, J. R. (1983). Kinetics of 5-enol-
pyruvylshikimate-3-phosphate synthase inhibition by glyphosate.
FEBS Letters, 154(1), 127-133.

Smith, E. A., & Oechme, F. W. (1992). The biological activity of
glyphosate to plants and animals: A literature review. Veterinary
and Human Toxicology, 34(6), 531-543.

Rueppel, M. L., Brightwell, B. B., Schaefer, J., & Marvel, J. T.
(1977). Metabolism and degradation of glyphosphate in soil and
water. Journal of Agricultural and Food Chemistry, 25(3),
517-528.

Brewster, D. W., Warren, J., & Hopkins, W. E. (1991). Metab-
olism of glyphosate in Sprague-Dawley rats: tissue distribution,
identification, and quantitation of glyphosate-derived materials
following a single oral dose. Fundamental and Applied Toxicol-
ogy, 17(1), 43-51.

@ Springer


http://dx.doi.org/10.1016/j.tox.2012.09.006
http://dx.doi.org/10.1016/j.tox.2012.09.006
http://dx.doi.org/10.1016/j.chemosphere.2005.03.044
http://dx.doi.org/10.1016/j.chemosphere.2005.03.044
http://dx.doi.org/10.1016/j.tox.2012.02.005
http://dx.doi.org/10.1016/j.fct.2012.11.007
http://dx.doi.org/10.1016/j.forsciint.2012.12.010
http://dx.doi.org/10.1016/j.forsciint.2012.12.010
http://dx.doi.org/10.3346/jkms.2012.27.7.711
http://dx.doi.org/10.1016/j.tiv.2012.09.021
http://dx.doi.org/10.3109/15563650.2011.626422
http://dx.doi.org/10.3109/15563650.2011.626422
http://dx.doi.org/10.1016/j.tiv.2006.12.007
http://dx.doi.org/10.1006/taap.1994.1108
http://dx.doi.org/10.1006/taap.1994.1108
http://dx.doi.org/10.1006/enrs.2000.4229
http://dx.doi.org/10.1006/enrs.2000.4229
http://dx.doi.org/10.3109/10408444.2012.749834
http://dx.doi.org/10.3109/10408444.2012.749834
http://dx.doi.org/10.1016/j.ajem.2013.09.025
http://dx.doi.org/10.1016/j.envres.2013.10.007

126

Cardiovasc Toxicol (2015) 15:117-126

51.

52.

53.

54.

55.

56.

57.

Miiller, M. M., Rosenberg, C., Siltanen, H., & Wartiovaara, T.
(1981). Fate of glyphosate and its influence on nitrogen-cycling
in two Finnish agriculture soils. Bulletin of Environmental Con-
tamination and Toxicology, 27(5), 724-730.

Roberts, D. M., & Buckley, N. A. (2007). Pharmacokinetic
considerations in clinical toxicology: Clinical applications.
Clinical Pharmacokinetics, 46(11), 897-939. doi:10.2165/
00003088-200746110-00001.

Wang, Y., Wu, B., Lian, H., & Shi, C. (2012). [Determination of
glyphosate in heart blood of corpse by ion chromatography]. Se
pu =. Chinese Journal of Chromatography, 30(4), 419-422.
Tomita, M., Okuyama, T., Watanabe, S., Uno, B., & Kawali, S.
(1991). High-performance liquid chromatographic determination
of glyphosate and (aminomethyl)phosphonic acid in human
serum after conversion into p-toluenesulphonyl derivatives.
Journal of Chromatography, 566(1), 239-243.

De Liz Oliveira Cavalli, V. L., Cattani, D., Heinz Rieg, C. E.,
Pierozan, P., Zanatta, L., Benedetti Parisotto, E., et al. (2013).
Roundup disrupts male reproductive functions by triggering
calcium-mediated cell death in rat testis and Sertoli cells. Free
Radical Biology & Medicine, 65, 335-346. doi:10.1016/j.free
radbiomed.2013.06.043.

Olorunsogo, O. O. (1990). Modification of the transport of pro-
tons and Ca2 + ions across mitochondrial coupling membrane by
N-(phosphonomethyl)glycine. Toxicology, 61(2), 205-209.
Bechem, M., & Hoffmann, H. (1993). The molecular mode of
action of the Ca agonist (-) BAY K 8644 on the cardiac Ca
channel. Pfliigers Archiv, 424(3—4), 343-353.

@ Springer

58.

59.

60.

61.

62.

63.

64.

Pasdois, P., Quinlan, C. L., Rissa, A., Tariosse, L., Vinassa, B.,
Costa, A. D. T., et al. (2007). Ouabain protects rat hearts against
ischemia-reperfusion injury via pathway involving src kinase,
mitoKATP, and ROS. American Journal of Physiology. Heart
and Circulatory Physiology, 292(3), H1470-H1478. doi:10.1152/
ajpheart.00877.2006.

Puddu, P. E., Jouve, R., Torresani, J., & Jouve, A. (1981). QT
interval and primary ventricular fibrillation in acute myocardial
infarction. American Heart Journal, 101, 118-120.

Puddu, P. E., Bourassa, M. G., Lespérance, J., Hélias, J., Danchin,
N., & Goulet, C. (1983). Can the mode of death be predicted in
patients with angiographically documented coronary artery dis-
ease? Clinical Cardiology, 6(8), 384-395.

Puddu, P. E., & Bourassa, M. G. (1986). Prediction of sudden
death from QTc interval prolongation in patients with chronic
ischemic heart disease. Journal of Electrocardiology, 19(3),
203-211.

Hondeghem, L. M. (1978). Validity of Vmax as a measure of the
sodium current in cardiac and nervous tissues. Biophysical
Journal, 23(1), 147-152. doi:10.1016/S0006-3495(78)85439-3.
Osadchii, O. E. (2013). Procainamide and lidocaine produce
dissimilar changes in ventricular repolarization and arrhythmog-
enicity in guinea-pig. Fundamental & Clinical Pharmacology,.
doi:10.1111/fep.12046.

Mink, P. J., Mandel, J. S., Sceurman, B. K., & Lundin, J. L
(2012). Epidemiologic studies of glyphosate and cancer: a
review. Regulatory Toxicology and Pharmacology: RTP, 63(3),
440-452. doi:10.1016/j.yrtph.2012.05.012.


http://dx.doi.org/10.2165/00003088-200746110-00001
http://dx.doi.org/10.2165/00003088-200746110-00001
http://dx.doi.org/10.1016/j.freeradbiomed.2013.06.043
http://dx.doi.org/10.1016/j.freeradbiomed.2013.06.043
http://dx.doi.org/10.1152/ajpheart.00877.2006
http://dx.doi.org/10.1152/ajpheart.00877.2006
http://dx.doi.org/10.1016/S0006-3495(78)85439-3
http://dx.doi.org/10.1111/fcp.12046
http://dx.doi.org/10.1016/j.yrtph.2012.05.012

	Glyphosate-Based Herbicides Potently Affect Cardiovascular System in Mammals: Review of the Literature
	Abstract
	Introduction
	Cardiovascular Investigations with Glyphosate-Based Herbicides
	Investigations in Animals
	In Vitro Studies
	Ex Vivo Studies
	In Vivo Studies

	Investigations in Man
	Case reports
	Larger studies

	Glyphosate Metabolism and Plasma-Level Determinations
	Potential Mechanisms Relating GBH to Arrhythmias
	Discussion
	Conflict of interest
	References


