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Abstract Roundup (R), a glyphosate (G)-based herbicide
(GBH), containing unknown adjuvants is widely dispersed
around the world. Used principally by farmers, intoxica-
tions have increasingly been reported. We have studied R
effects (containing 36 % of G) on right ventricular tissues
(male Sprague—Dawley rats, up to 20,000 ppm and female
New Zealand rabbits, at 25 and 50 ppm), to investigate R
cardiac electrophysiological actions in vitro. We tested the
reduced Ca'™" intracellular uptake mechanism as one
potential cause of the electrical abnormalities after GBH
superfusion, using the Na*/K*-ATPase inhibitor ouabain
or the 1,4-dihydropyridine L-type calcium channel agonist
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BAY K 8644 which increases I-,. R concentrations were
selected based on human blood ranges found after acute
intoxication. The study showed dose-dependent V.,
APDs, and APDy, variations during 45 min of R super-
fusion. At the highest concentrations tested, there was a
high incidence of conduction blocks, and 30-min washout
with normal Tyrode solution did not restore excitability.
We also observed an increased incidence of arrhythmias at
different doses of R. Ouabain and BAY K 8644 prevented
Vmax decrease, APDgq increase and the cardiac inexcit-
ability induced by R 50 ppm. Glyphosate alone (18 and
180 ppm) had no significant electrophysiological effects.
Thus, the action potential prolonging effect of R pointing
to Ic, interference might explain both conduction blocks
and proarrhythmia in vitro. These mechanisms may well be
causative of QT prolongation, atrioventricular conduction
blocks and arrhythmias in man after GBH acute intoxica-
tions as reported in retrospective hospital records.

Keywords Roundup - Glyphosate - Action potential
duration - Conduction blocks - Pro-arrhythmia - Calcium

Introduction

Exposure of human and mammalian populations to
environmental and industrial contaminants represents a
growing concern due to the impact of these pollutants on
human health [1]. Roundup (R), a glyphosate (G)-based
herbicide (GBH), containing adjuvants such as polyoxy
ethyl amine (POEA) is the most used in the world.
Although several commercial formulations exist, only a
few specifically declare their adjuvant contents [2]. R
residues are found in tap water, food or feed as adjuvants
or other active ingredients are found in ground water, to
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the extent that where the study of health effects are
concerned, an exposure to diluted whole formulation may
be more representative of environmental pollution than
just G exposure [3-7].

In the developing world, the main health problems
arising from pesticides were described after accidental
intoxications or by ingestion in suicidal cases. In these
latter cases, pesticides were demonstrated to cause severe
circulatory failure in poisoned humans [§—12]. Death was
strongly associated with greater age, larger ingestion and
high plasma G concentrations on admission (>734 ppm).
Extreme exposure (around 100-200 ml of the pure for-
mulation ingested) resulted in respiratory, heart and hep-
ato-renal damage. In cases of suicide attempts, up to
500 ml were ingested [13]. In acute intoxication, G blood
concentrations were 61 and 4,146 mg/l, respectively, in
mild to moderate and fatal cases [14]. In 1973, the World
Health Organization (WHO) estimated that 500,000 cases
of serious acute pesticide poisoning occurred annually,
whereas in 1985, there were 3 million cases of hospital-
ization and 220,000 deaths [8, 9]. There could be as many
as 25 million agricultural workers in the developing world
who suffer an episode of poisoning each year [15]. QT
interval prolongation, a surface electrocardiographic index
of action potential duration dispersion, atrioventricular
conduction blocks and arrhythmias are very common after
GBH intoxication [10, 12, 14]. The adjuvants of herbicides
might have also contributed to cardiovascular disorders
[14, 16-18].

The present investigation was undertaken to assess R
cardiac electrophysiological effects in vitro, which repre-
sents the first ever attempt in mammals and a potential
suggestion for further research in humans aimed at
understanding the toxicological consequences on the heart.
Importantly, arrhythmia occurrence may be explained by
the effects of superfused agents and by analyzing action
potential characteristics [19]. Dose—effect relationships of
R on electrophysiological parameters and the occurrence of
arrhythmias and conduction blocks were studied after
carefully considering reports of human blood concentra-
tions of G after mild to moderate and fatal intoxications
[14]. We also tried to test whether a reduced Ca™™ intra-
cellular uptake mechanism might be a potential cause of
the electrical abnormalities after GBH superfusion [20], by
both indirect and direct increases of intracellular Ca*™
using the Na*/K*-ATPase inhibitor ouabain acting, among
other mechanisms, through Na increase [21] or the 1,4-
dihydropyridine L-type calcium channel agonist BAY K
8644 which stimulates the I, [22]. Moreover, we tested
the electrophysiological effects of G (18 and 180 ppm
contained as active principles in R 50 and 500 ppm,
respectively), in order to determine whether the adjuvant

itself or G was responsible for the overall cardiovascular
effects of R.

Materials and Methods
Ethics

Care of the animals complied with the recommendations of
the Helsinki Declaration, and the study was performed in
accordance with the regulations of the official edict of the
French Ministry of Agriculture (A14-118-004). Sprague—
Dawley male rats weighing 260-280 g, all 60 days old, and
New Zealand white female rabbits weighing 1.8-2.2 kg, all
around 70 days old were euthanized under anesthesia with
sodium pentobarbital 125 mg/kg i.p. Species were selected
based on the idea that rats are commonly used to investi-
gate toxicity effects [23], whereas rabbits may more closely
represent human electrophysiology in vitro [24, 25]. In this
study, fewer concentrations (yet similar species-depen-
dently) were studied in rabbits, than in rats in order to spare
the former species in accordance with the prevailing ethical
imperative for experimental research. As rabbits present
less arrhythmias than rats, we chose to use male rats and
female rabbits to maximize, species-specifically, the
respective incidences of arrhythmias [26, 27].

The hearts were quickly removed after thoracotomy and
placed in a cardioplegic solution at room temperature for
30 min. A thin standard longitudinal strip (10 x 5 mm for
rats and 16 x 8 mm for rabbits) of the right ventricular free
wall was pinned, endocardial surface upward, in a perfusion
chamber (volume of 3 ml). The ventricular strip was su-
perfused at the rate of 3 ml/min with cardioplegic and nor-
mal Tyrode solution. Temperature was controlled and
maintained at 36.5 & 0.5 °C by a circulating thermostat-
controlled bath (Polystat SHP, Bioblock, Illkirch, France).

Superfusion Solutions

Normal Tyrode solution was oxygenated with 95 % O, and
5 % CO, and kept at 36.5 &+ 0.5 °C. The composition of
the Tyrode solution was in mmol/l: Na™ 135, K* 4, Ca*™*
1.8, Mg™" 1, H,PO,~ 1.8, HCO;~ 25, CI~ 117.8 and
glucose 11. The pH was 7.39 &£ 0.05. The cardioplegic
solution used for dissection and stabilization differed from
normal Tyrode solution with higher glucose (from 11 to
55 mmol/l) in order to provide energy and hyperkalemia
(from 4 to 30 mmol/l) to depolarize cardiac cells.

The choice of the concentrations of ouabain and BAY K
8846 and the procedures used to dilute them were based
and/or followed those of previous studies of each agent
alone on rat heart, in vitro [21, 28].
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Chemicals

The herbicide R Ultra containing 36 % of acid G (R, ISO
9002, corresponding to 100 %) is a commercial formula-
tion freely sold in France. The R was diluted in Tyrode
solution at 2.5, 25, 50, 500, 5,000 and 20,000 ppm of R.

Other chemicals, glyphosate, ouabain and BAY K 8644
were purchased from Sigma-Aldrich (Saint Quentin Fal-
lavier, France). Carbogen O,/CO, 95 %/5 % was pur-
chased from Air Liquide Healthcare (France).

Data Acquisition and Analysis

The myocardial strips were stimulated at a frequency of
2 Hz for rats and 1 Hz for rabbits via a bipolar silicon-
coated steel wire electrode. Rectangular pulses of 2 ms in
duration and twice diastolic threshold intensity (around
2-2.5 V) were delivered by a programmable stimulator
(SMP 310, Biologic, Grenoble, France).

Transmembrane potentials were recorded by the use of
intracellular glass microelectrodes pulled from borosilicate
filament tubes (GC 200F-15; Phymep, France) on a single-
barreled microelectrode puller (Narashige, distributed by
OSI, France). Microelectrodes were filled with KCI 3 mol/l
(tip resistance ranging from 10 to 30 MQ) and coupled to
Ag/AgCl microelectrode holders leading to a home-built
double-input stage of a high-impedance capacitance-neu-
tralizing amplifier. The reference Ag/AgCl electrode was
positioned in the superfusion chamber, close to the prep-
aration. The recordings were displayed on a memory dual-
beam storage oscilloscope (Gould Instrument Systems Inc,

USA). The following cardiac action potential (AP) char-
acteristics were automatically stored and measured by a
system of cardiac AP automatic acquisition and processing
device (DATAPAC, Biologic, Grenoble, France): resting
membrane potential (RMP), AP amplitude (APA), AP
duration at 50 % of repolarization (APDsg), AP duration at
90 % of repolarization (APDgyy) and maximal upstroke
velocity (Vinax). During superfusion, conduction blocks and
arrhythmias were recorded. Whenever possible, the same
impalement was maintained throughout the experiment;
however, when it was lost, readjustment was attempted. If
the readjusted parameters deviated <10 % from the pre-
vious ones, experiments were continued; otherwise, they
were discarded. The data were acquired though PowerLab
System (4/26) controlled by LabChart (AD Instrument,
UK).

Experimental Protocol

A 30-min cardioplegic perfusion was followed by a
120-min stabilization period with Tyrode solution. In
separate groups, the preparations were superfused with a
range of R (0-20,000 ppm) during 45 min. At the end of R
superfusion, a 30-min washout superfusion period was
performed with normal Tyrode solution (Fig. 1). This
protocol was adopted for both rat and rabbit right ven-
tricular muscles. The R was diluted in normal Tyrode
solution. Each experiment was repeated (n = 8 for rats and
n = 6 for rabbits), for the selected concentrations of R.
Pharmacological studies with ouabain 25 pmol/l and BAY
K 8644 200 nmol/l were started 15 min before superfusing

Action Potential Recording

a Cardioplegic Tyrode solution Roundup/Glyphosate superfusions Washout
superfusion superfusion
-130 -120 0 15 60 90 min
Roundup
Roundup groups ——— | J

(n=8 each for rats and n=6 each for rabbit)

b Roundup + pharmacological agents groups
Roundup + ouabain group (n=6)

Roundup 50 ppm

Roundup + BAY K8846 group (n=6)

Ouabain 25 pmol/L

BAY K 8846 200 nmollL

C

Glyphosate

Glyphosate group (n=6)

Fig. 1 Protocol. a There were 4 Roundup groups in rat ventricular
tissues (n = 8 each), from 2.5 to 500 ppm, since at 5,000 and
20,000 ppm it was not possible to measure any electrical activity.
Roundup at O ppm served as control group (n = 4 in rat). There were
also two Roundup groups in rabbit ventricular tissue (n = 6 each), at
25 and 50 ppm. Roundup at O ppm served as control group (n = 10 in
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rabbit); b Roundup at 50 ppm was investigated concomitant with a
previous 15 min superfusion of ouabain 25 pmol/l or BAY K 8644
200 nmol/l (n = 6 each); ¢ Glyphosate 18 and 180 ppm were finally
tested (n = 6 each) as these concentrations were those present with,
respectively, Roundup 50 and 500 ppm
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Fig. 2 Time- and concentration-dependent changes of APDy, after
Roundup in rat ventricular tissues. Action potential duration at 90 of
repolarization (APDg) are presented at 15 (upper panel), 30 (middle
panel) and 45 (lower panel) min of Roundup superfusion at O
(control), 2.5, 25, 50 and 500 ppm. Values are mean £ SEM.
*p < 0.05 and **p < 0.01 according to the critical values of r,
Pearson product-moment correlation coefficient

R and were performed each on six rat preparations (Fig. 1).
Finally, G 18 and 180 ppm were tested (n = 6 each) as
these concentrations of G were those present in R 50 and
500 ppm, respectively (Fig. 1). There were time-related
controls for both rat (n = 4) and rabbit (n = 10) ventric-
ular tissues. In these experiments, electrophysiological
acquisitions were obtained at time periods calculated in
order to present adequate comparisons with respective
experimental groups.

Statistical Analysis

Results were expressed as mean =+ standard error of the
mean (SEM). Significance of differences was calculated in
absolute values. Statistical differences were determined by
a Student’s ¢ test and for the simple linear regression and
according to the critical values of Pearson Product-Moment

80y
N XX
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X
= 60 N
g
g3
)
2
= X
Z 40 -
3 §
7]
= % .
S 20
-] x
£ 4
= ¥ = -9.8540x + 79.718; 12 = 0.9673** %
0
0 25 25 50 500

Roundup (log ppm)

Fig. 3 Correlation between Roundup concentrations and inhibition of
excitability in rat ventricular tissues. Occurrence of cardiac inexcit-
ability (inexcitability occurs when stimulation was unable to obtain an
action potential in the preparation) during the evolution of rat
experiments. Crosses represent the experiments and indicate those
developing inexcitability (thus, they remain excitable until then to
stimulation) or remaining excitable until the end of the washout.
Under the dose of 2.5 ppm, a normal excitability was recorded during
all the experiments. **p < 0.01 according to the critical values of r,
Pearson product-moment correlation coefficient

Correlation Coefficient (r). A p value <0.05 was consid-
ered statistically significant.

Results

Effects of Roundup on the Occurrence of Spontaneous
Arrhythmias and Conduction Blocks

Rat tissues were, as expected, very sensitive to R [6, 29],
and at 5,000 and 20,000 ppm, no electrical activity could
be measured a few seconds after starting superfusions. We
tested and recorded electrical activity on rat ventricular
tissues from 0 to 500 ppm of R. Only 25 and 50 ppm were
used in rabbit ventricular tissues. Depending on R con-
centration and superfusion duration, there were, in rat tis-
sues, action potential lengthening (Fig. 2), a highly
significant, dose-dependent decrease in excitability (Fig. 3:
P> 0.96), and the decrease in excitability induced, in fine,
a high incidence of conduction blocks (Fig. 4; Table 1).
Concomitantly, both in rat and rabbit ventricular tissues,
there were salvos (spontaneous sustained arrhythmias,
superior to ten spontaneous AP) recorded during ischemia
and reperfusion periods and coded as present or absent with
R superfusion (Fig. 5).

Rat Tissue Experiments

Superfusing R at 2.5 and 25 ppm increased the incidence of
salvos, in comparison with the control group (Table 1). At
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higher concentrations (50 and 500 ppm), there was a
decreased incidence of arrhythmias although action
potential duration (APD) was even more prolonged
(Table 2). Exposure to R significantly increased APDgg:
4114 % after 30 min of R 50 ppm superfusion (from
344+ 4 to 73 £ 11 ms, p<0.01); and +65 % after
15 min of R 500 ppm superfusion (from 32 £ 2 to 53 + 8§,
p < 0.005), as compared to baseline values (Table 2).

Rabbit Tissue Experiments
Superfusing R at 25 and 50 ppm induced salvos and ven-

tricular tachycardia (Table 1; Fig. 5), and no conduction
blocks were seen. Salvos were seen in 83 % of experiments

@ Springer

at 25 and 50 ppm, whereas ventricular tachycardia was
recorded in 50 and 67 % of experiments. There was sub-
stantial agreement between the two mammalian species
investigated in the present study, apart from the conduction
block seen in rat tissues which was not seen in rabbit tis-
sues but arrhythmogenic effects were clearly shown in both
rat and rabbit ventricular myocardial tissues.

Electrophysiological Effects of Roundup

The intracellular studies provided means to potentially
explain the mechanisms whereby transmembrane ion con-
ductances might have influenced the occurrence of repeti-
tive responses or inhibition of excitability, in rat and rabbit
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Table 1 Arrhythmias and conduction blocks recorded during
Roundup superfusion in ventricular tissues

Doses of Roundup (ppm) 0 2.5 25 50 500

Rat
Salvos 1 5 7 2 2
Ventricular tachycardia 0 1 3 2 1
Blocks 0 o0 1 6 8

Rabbit
Salvos 0 notdone 5 5 not done
Ventricular tachycardia 0  not done not done
Blocks 0 notdone O 0 not done

Roundup at 0 ppm served as control group for both rat (n = 4) and
rabbit (n = 10) preparations. Both rat (n = 8 each concentration) and
rabbit (n = 6 each concentration) experiments are indicated. Note
that no experiment was performed in rabbit tissues at 2.5 and
500 ppm

ventricular tissues. In fact, V.., represents inward Na™
current (with consistent changes in RMP and APA),
whereas APDs, and APDyq reflect the balance of the
inward current with outward K™ [30].

Rat Tissue Experiments

Superfusing R at 50 and 500 ppm significantly modified
the action potential parameters. As illustrated in Fig. 4 and
Table 2: There was a significant depolarization (from
baseline —78 + 2 to —64 £4 mV after 30 min of R
50 ppm, p <0.01), a V.« decrease (from baseline
259 £ 18 to 55 £ 27 V/s after 30 min of R 50 ppm,
p < 0.005 and from baseline 277 + 15 to 169 &£ 46 V/s
after 15 min of R 500 ppm, p < 0.05), decrease of APA
(from baseline 103 + 3 to 66 £ 14 mV after 30 min of R
50 ppm, p <0.005 and from baseline 109 =5 to
66 £ 7 mV after 15 min of R 500 ppm, p < 0.005) and
lengthening of APDsq (from baseline 10 £ 1 to 21 £ 5 ms
after 30 min of R 50 ppm, p < 0.01) and APDgy (from
baseline 34 £ 4 to 73 + 11 ms after 30 min of R 50 ppm,
p <0.01 and from baseline 32 £ 2 to 53 £+ 8 ms after
15 min of R 500 ppm, p < 0.005). As illustrated in Figs. 3
and 4, inexcitability of rat ventricular tissue occurred in all
R experiments at 50 and 500 ppm and in three experiments
after 25 ppm of R superfusion. There was a highly sig-
nificant correlation between the R dose and the timing of
inexcitability occurrence (r2 > 0.96). Moreover, R washout
did not restore electrical activity. Superfusion of the lowest
R concentrations (2.5 and 25 ppm) induced significant
effects on action potential parameters which were very
similar but of lesser extent: RMP was significantly reduced,
becoming less negative, whereas both APDsy, and APDg

were significantly prolonged (Table 2). Again, washout of
R superfusion did not modify APDy, lengthening (Fig. 4).

Rabbit Tissue Experiments

The directional changes of R at 25 and 50 ppm investigated
in rabbit ventricular tissues were similar to those seen in rat
tissues. There were changes of RMP, V.., and APA
(although with some inconsistencies). However, the only
statistically significant changes were those of action
potential durations (both APDsy and APDgj), which were
significantly prolonged (Table 3) and whose starting
durations were expectedly much longer than those seen in
rats. In rabbit ventricular tissue, due to absent conduction
blocks, it was possible to fully obtain APD data at 45-min
superfusion and APDs, was 86 £ 3-112 + 16 ms of R
25 ppm, p < 0.01 and 95 £ 2-109 = 7 ms of R 50 ppm,
p < 0.05, whereas APDgg was 136 £+ 3—-164 & 9 ms of R
25 ppm, p <0.005 and 131 £2-153 £ 9ms of R
50 ppm, p < 0.005 (Table 3). Also in rabbit tissues, R
washout was not followed by APD restoration.

Effects of Ouabain and BAY K 8846 on Roundup
50 ppm Superfusion in Rat Ventricular Tissues

Only 50 ppm of R was considered for pharmacological
studies as that was the lowest concentration where evident
electrophysiological changes were seen in rat ventricular
tissues. Ouabain 25 pmol/l and BAY K 8644 200 nmol/l,
administered 15 min before and during R 50 ppm super-
fusion, prevented depolarization induced by 45 min of R
50 ppm superfusion (Fig. 6; Table 2). Compared with R
50 ppm superfusion alone, ouabain 25 pmol/l and BAY K
8644 200 nmol/l attenuated the V., decrease (p < 0.05
vs. R 50 ppm; Fig. 6; Table 2). Ouabain 25 pmol/l and
BAY K 8644 200 nmol/l prevented the reduction of APDs,
and APDg, observed in the presence of R 50 ppm super-
fusion (at least, p < 0.05; Fig. 6; Table 2). Finally, both
ouabain and BAY K 8644 prevented the occurrence of
conduction blocks observed in response to 45 min of R
50 ppm superfusion (Fig. 7; Table 2).

Effects of Glyphosate Superfusion
on Electrophysiological Parameters in Rat Ventricular
Tissues

Superfusion of G (at both 18 and 180 ppm) did not sub-
stantially modify RPM, V,,.x, APA and APDs, and APDg as
compared to baseline values (Table 2). With G 180 ppm,
there was a slight and significant reduction of APDg, at
30 min (p < 0.05). No dysrhythmia or conduction blocks
were observed in the presence of G (18 and 180 ppm).
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Table 2 Rat cardiac action potential parameters during Roundup (2.5 to 500 ppm), Glyphosate or pharmacological agents with Roundup

50 ppm superfusion

Controls ~ Roundup (R) groups Glyphosate (G) groups Roundup + pharmacological
(n=4) groups
R (25ppm) R R (50 ppm) R G G Oua (25 umol/l)  BayK
(n=29) (25 ppm) (n=28) (500 ppm) (18 ppm) (180 ppm) + R (50 ppm) (200 nmol/1)
(n=23) (n=8) (n=06) (n=06) (n=06) + R (50 ppm)
(n=0)

RMP (mV)

Initial —-78 £3 =79+ 1 -78 £ 1 -78 £1 —-78 £1 -83+1 -8 +1 -—-84=%1 -84 +1

15 783 -75+£2 =70 £ 4% 74+ 4 -72+3 —-81%£2 832 —82%3 —84 £ 2

30 -78+2 -T74+£2 =71 £ 2% —64 £ 4** CB —-83+1 -8 +1 —-84=£3 —81+£3

45 —80+1 -79+£2 —66 £ 4*%%* CB CB —82+1 -—-83+2 —83%2 —84+3
Vinax (V/s)

Initial 295 +9 298 £ 19 190 £ 21 259 £ 18 277 £15 246 £12 261 £30 263 +£20 265 £ 21

15 208 £ 28 254 £+ 48 168 £ 27 145 £ 21%* 169 £ 46* 261 48 264 £45 200 £ 28 197 £ 41

30 296 £33 330 £ 3,442 154 £ 31 55 £ 27¥** CB 268 & 47 283 £58 231 £ 26% 171 £ 33%*

45 290 £ 48 269 £ 79 193 £+ 64 CB CB 295 £53 263 £40 277 37 252 + 39
APA (mV)

Initial 98 £ 2 112 +£2 9% +3 103 £ 3 109 £ 5 98 £2 93+3 100 £ 2 95 +2

15 9 £ 2 108 £ 7 91 £10 84 £ TH* 66 £ 7¥*¥* 99 £ 4 93 +£5 82 4 3** 86 £ 3

30 98 £12 107 £7 89 + 10 66 £ 14*** CB 100 £ 5 9 +3 77 £ 5%* 85 £ 2%

45 98 £1 118 £ 6 89 £ 8 CB CB 100 + 4 98 + 4 91+£5 91+3
APDsq (ms)

Initial 11£2 12+1 10+1 10£1 10+ 1 10+1 11+1 9+1 10+1

15 9+1 10+1 13 £ 1* 17 £ 1#%% 12 £2 11 +1 11+1 8+1 10+1

30 9+1 9+£1 11 £ 1 21 £ 5%* CB 10£2 10£1 7+1 11+£1

45 9+1 8+ 1 13 £ 1% CB CB 9+1 9+1 7+1 11+£2
APDgq (ms)

Initial 31 £2 30+1 32+2 34+ 4 32+2 33+2 32+1 31+1 30+1

15 29+£3 302 38 &+ 4% 61 £ 7** 53 £ 8*** 32+1 32+1 302 33+2

30 32+3 37 £ 3% 44 £ 3F* 73 £ 11** CB 33+£1 29 £ 1* 27 £1 34 +1

45 32+3 40 £ 3*¥*¥* 50 £ 6%**  CB CB 33+£1 29 £ 1 28 £ 2 39 £ 3%*

Initial values were not significantly different. There were n = 6 or § experiments for each group. Values are mean + SEM

RMP: resting membrane potential; Vp,,x: maximal upstroke velocity; APA: action potential amplitude; APDsg: action potential duration at 50 %
of repolarization; APDy: action potential duration at 90 % of repolarization; CB: conduction block

* p <0.05; ** p <0.01; *** p < 0.005 versus baseline values

Discussion

GBH ingested after suicide attempts or accidents resulted
in a mortality rate of 2.6 and 1.8 %, respectively [12]. In
GBH-poisoned persons, a high incidence of QTc interval
prolongation and atrioventricular conduction blocks (from
minimal to high grade) were reported along with arrhyth-
mias, longer QTc and older age predicting mortality in
multiple logistic regression analyses with excellent accu-
racy [12]. However, the exact mechanism of death and
whether QT prolongation and heart blocks (with an inci-
dence ranging from 27 to 72 %) after G-surfactant herbi-
cide-poisoned intoxication [12] is still unknown. R Ultra
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used in the present investigation contains 36 % of G and
16 % of an unknown adjuvant [2]. Therefore, it was pos-
sible to test only R and G separately in the present study.
However, future studies might certainly consider also
POEA, especially POEA-15, although other adjuvants
should also be considered [2]. In myocardial tissues, the
concentrations to investigate might well be in the range up
to 500 ppm, based on the observation of the present study
that after 5,000 and 20,000 ppm, the tissues became
immediately inexcitable, at least in rat preparations.

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 [20].
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Table 3 Rabbit cardiac action potential parameters during Roundup
superfusion

Roundup (R) groups

Controls (n = 10) R (25 ppm) R (50 ppm)
(n=26) (n=06)
RMP (mV)
Initial —82 +1 —83 + 1 —82 + 1
15 —82 +1 —82+2 -84 +3
30 —82 +1 —-83+3 —80 2
45 —83+1 —81+2 —84 +2
Vinax (V/s)
Initial 285 + 23 256 + 18 289 4+ 22
15 243 + 24 205 + 33 228 + 41
30 269 £ 27 227 £23 210 £ 11
45 223 + 14 253 £ 56 252 £ 27
APA (mV)
Initial 103 £ 3 116 + 4 103 + 1
15 102 + 4 107 + 4 115+ 4
30 102 £ 3 109 £ 7 96 £ 2*
45 103 + 2 107 £ 6 105 + 2
APDsq (ms)
Initial 104 £ 3 86 + 3 95 +2
15 112 £7 100 + 12* 100 £ 12
30 113+ 6 119 £ 11%** 118 £ 5*
45 119 £ 8 123 £ 16%** 115 £ 5%*
APDgq (ms)
Initial 142 £ 3 136 £ 3 131 £ 2
15 147 £ 6 159 + 21* 154 + 13
30 151 £ 4 165 £ 9** 150 £ 11*
45 153 £ 7 171 £ 14%* 153 £ 9%

There were n = 10 for controls and n = 6 experiments for each
Roundup dose. Values are mean += SEM

RMP: resting membrane potential; V,,,: maximal upstroke velocity;
APA: action potential amplitude; APDs(: action potential duration at
50 % of repolarization; APDgy: action potential duration at 90 % of
repolarization. There is no significant difference between the different
groups for the baseline values of each electrophysiological parameter

* p <0.05; ** p <0.01; *** p < 0.005 versus baseline values

In particular, it was shown that R at 360 ppm led to an
important decrease in **Ca™*™ influx, whereas R at 36 ppm
increased **Ca™" uptake, an effect ascribed to G and
partially prevented by the L-type voltage-dependent Ca™™
-channel antagonist nifedipine 10 pmol/l, thus indicating
that disruption in Ca*™ homeostasis plays a critical role in
the toxic effects of GBH [20]. 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
chelator action [31]. These mechanistic hypotheses were
specifically tested in the present investigation.

For the first time, in rat and rabbit heart ventricular
tissues, we studied the effects of R on in vitro electro-
physiology. G alone (at 18 and 180 ppm to simulate the G
content of R at 50 and 500 ppm) was also investigated in
rat ventricular tissues. Finally, a complementary study was
performed in rat ventricular tissues, using pharmacological
agents to increase L-type voltage-dependent Ca™*-current
by BAY K 8644 [22] or Ca*™ intracellular content by
ouabain, a Na*/K*-ATPase inhibitor [21], before super-
fusing R at 50 ppm. Our results fit the hypothesis of
decreased Ca™ ™" uptake as the possible consequence of a
cationic chelator action [20, 31] to explain R toxic effects,
and we provide some electrophysiological evidence to
further support it. Indeed, APDy prolongation, conduction
blocks, dose-dependent inexcitability and proarrhythmia
may all follow an I, decrease, thus accounting for lower
effects of R 50 ppm when intracellular Ca™* is increased
by the pharmacological approach tested. However, it is
evident from the dose-dependent effects of G alone that the
mechanism of R toxicity changes around the critical
adjuvants concentration of the unknown surfactant and the
latter should help intracellular penetration [2] of an
otherwise hydrophilic G which is expected to show a much
lower effect in a superfused tissue in vitro. When the exact
chemical nature of the unknown adjuvant is disclosed [2],
an investigation will be possible of its electrophysiological
effects in myocardial tissues which should be done to
elucidate the toxic effects of R, relevant to human poi-
soning [12]. Indeed, it would be important to know the
exact nature of the adjuvant as also the mixture (of R plus
the unknown adjuvant at present) might have electro-
physiological effects, and these should be investigated.

Cardiac glycosides, such as ouabain, are useful clini-
cally to increase inotropy of the failing heart [32] and are
thought to act via inhibition of Na*/K*-ATPase activity,
resulting in Na; accumulation that favors cardiac Na't/
Ca** exchanger-mediated elevations in Ca" and
enhanced myocardial contractility [33]. Moreover, it was
suggested that ouabain may also induce late Iy, through
voltage-gated Nat channel phosphorylation by Ca**/cal-
modulin-dependent kinase II (CaMKII) [34]. Ouabain was
used here to increase Na;' and thereby enhance cardiac
Na*/Ca™ exchanger-mediated Ca; " accumulation. Our
present results show that ouabain prevented the inexcit-
ability of rat ventricular tissue induced by R 50 ppm
superfusion. This effect could be explained by R decrease
of the Na;” and an induced partial inhibition of cardiac
Na*/Ca™ exchanger with a decrease of Ca'*. Based on
the second hypothesis we have tested the effect of BAY K
8644 [22], an L-type calcium channel agonist, when it was
administered in the presence of R, our data show that, in
the same extent of ouabain, that BAY K 8644 prevented
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Fig. 5 Representative examples of serious arrhythmias (salvos) and
conduction blocks occurring in ventricular tissues after Roundup. Rat
(upper panels) and rabbit (lower panels) examples are illustrated.

At 30 min of superfusion
Vmax (V/s)

RMP (-mV)

100

APDy (ms)

*x

100

50

A

B Cc D E

Fig. 6 Pharmacological interactions with Roundup 50 ppm at 30 min
of superfusion. Both indirect (ouabain) and direct (BAY K 8644)
interference with /¢, induced less depolarization, less V,,.x decrease,

the inexcitability induced by R perfusion. It was previously
demonstrated that the BAY K 8644 induced direct stimu-
lation of I, [35]. We can then suppose that R decreased

@ Springer

Under each section, ppm are indicated and 0 ppm represent controls.
Note that in rabbit ventricular tissues, there was no conduction block
(see also Table 1)

E

A: Control

B: Roundup (50 ppm)

C: Roundup (50 ppm) + Ouabain (25 pmol/L)

D: Roundup (50 ppm) +BAY K 8644 (200 nmol/L)
E: Glyphosate (18 ppm)

less APA decrease and lower APDy, increase, pointing to a
mechanistic role of Ic, in the Roundup myocardial toxic effects
(see text for details)

Ca;"" directly via the inhibition of I, or indirectly via the
decrease of Nai+ . The V,.x reduction in rat ventricular
myocardium is in accordance with a reduction of N.ali+ [36]
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mV

.

Fig. 7 Representative examples of rat right ventricular myocardial
action potentials and the pharmacological interactions with Roundup
50 ppm at the end of 45 min superfusion: a = control, b = Gly-
phosate alone at 18 ppm, ¢ = Roundup 50 ppm + ouabain 25 pmol/
1, d = Roundup 50 ppm 4+ BAY K 8644 200 nmol/l, e = Roundup

and of inward-going Na™ current in the concentration range
explored. Outward-going current which have slow (Iks),
rapid (Ix,) and ultrarapid (Ik,,) components [37] might be
implicated in the lengthening of APDsy and APDy in both
rats and rabbits. However, from the present study, it is not
possible to define which is the actual outward K* current
inhibited by R (36 % of G) superfusion; thus, further
studies are needed as concerns K™ currents.

Our rat ventricular myocardial APs showed fast AP
responses to stimulation, and R seemed to affect largely
the Na'-dependent phase 0 of the AP (Figs. 4, 5;
Table 2). Where the resting potential had decreased suf-
ficiently, at higher R concentrations, the AP took on the
appearance of a Ca''-dependent slow-response fiber.
Moreover, a statistically significant decrease in dV/dr was
measured for V.« (Table 2), also lower but not signifi-
cantly so in rabbit ventricular myocardium (Table 3),
which overall corroborate the probable Na™-channel
interference in ventricular muscle after R. Therefore, a
further electrophysiological action that should be consid-
ered among the other discussed here clearly calls for
specifically oriented investigations to be performed in the
future, in order to confirm Na™-current interference of R
by single-channel studies.

Conduction blocks not recorded in control rat experi-
ments were increased by R dose-dependently up to
500 ppm, whereas at higher doses there was complete in-
excitability. This observation may be the myocardial tissue
counterpart of the cellular inhibition of inward-going
Na't-current (i.e., Viax reduction). On the other hand, there
was a significant arrhythmogenic effect of R in both rat and
rabbit ventricular tissues as regards severe arrhythmias like
salvos and tachycardia [24, 25]. Since the arrhythmogenic
effects were accompanied by APDs, and APDy, prolon-
gations, it is probable that these effects are of a toxic
nature. In view of these proarrhythmic and conduction

—_]b_wc

_\d e

alone at 50 ppm. Note that in ¢ and d minimal, electrophysiological
changes were observed as compared to e, whereas b was not different
from a, pointing to the reduced effects of Roundup in the presence of
both indirect (ouabain) and direct (BAY K 8644) interference with I,

35 ms

blocking effects, just the opposite of what is expected for a
safe drug from the cardiovascular point of view [38, 39], it
is hard to accept that G might be proposed as an anticancer
agent [40] before deeper investigations are performed:
In vitro studies of human atrial or ventricular tissues might
be the next step.

Limitations

First, the study was performed in rat and rabbit myocar-
dium, which although different from human myocardium
present, especially in case of rabbits, main ionic currents
qualitatively similar [24]: further in vitro studies of human
tissues are highly recommended. Second, we did not use
left ventricular myocardium because its excessive thick-
ness was not compatible with our experimental model due
to the risk of poor perfusion in the center of the tissue that
could cause ischemia. Third, we were unable, for ethical
reasons, to use in rabbit tissues the full range of doses used
in rat tissues and accordingly no dose-relation was obtained
in the former species. Overall, however, the evidence
presented shows a dose-related tendency and this opens to
future investigations to be performed in vivo. Fourth,
ouabain and BAY K 8644 were investigated only in rat
ventricular tissues. Finally, Ca‘* was not measured
directly which points to the need of further studies to be
undertaken to  confirm our electrophysiological
conclusions.

Conclusions
In contrast to the general belief that R may be considered

an inert component when animals or humans acutely ingest
large quantities, the present electrophysiological study in
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in vitro rat and rabbit heart ventricular tissues showed V.«
and APDsy and APDg, changes after short superfusion and
a high incidence of severe arrhythmias and of conduction
blocks at the highest concentrations. Moreover, a 30-min
washout with normal Tyrode solution did not enable
recovery of normal electrophysiological parameters. These
arrhythmias and conduction blocks may be explained by
the effects of R on action potential parameters; indeed, the
Vmax decrease and APDsq and APDyg lengthening promote
the occurrence of arrhythmias [35] and might represent
significant Iy, and Ik blocking properties [36, 38], possibly
related to the cation chelator ability [31] of G and to
decreased **Ca™ influx through L-type voltage-dependent
Cat*-channels shown by both R and G [20] that our
pharmacological studies support. Although further inves-
tigations are needed to also assess the exact nature of the
K™ current involved and Ca;"" changes and to scan a large
range of adjuvants [2], the evidence provided here strongly
suggests that in rat and rabbit ventricular myocardium there
are electrophysiological changes, conduction blocks and
arrhythmias among GBH-mediated effects linking animal
and human risks [12] after acute intoxications. In view of
the scanty reports in the literature and a high probability of
GBH toxic effects inducing death as the consequence of
increased arrhythmogeneity, the results of the present
study, the first ones assessing in vitro heart electrophysi-
ology in two mammal species, should incite future in depth
investigations aimed at detecting human risks [41].
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