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ABSTRACT

The aim: The toxicological-hygienic assessment of dermal absorption of diquat in terms of potential risk of its bioavailability in professional use.

Materials and methods: The object of the study was cutaneous exposure of diquat, determined in toxicological experiments of different duration (data of scientific literature)
and at the stage of state testing of pesticide preparations based on diquat dibromide (data of a full-scale hygiene experiment, prognostic model of risk assessment), the technical
concentrate of diquat dibromide (active substance content not less than 377 g/ kg) contains relevant supplements, the content of which is regulated by the Food and Agriculture
Organization.

Results and conclusions: Due to the high risk of the diquat adverse effects affecting the personnel, general public and environment, the European Union has introduced
administrative decisions to forbid plant protection products containing the diquat. Fulfillment of the conditions of the Association Agreement between Ukraine and the European

Union indicates the need to develop common regulations and risk assessment methods aimed at ensuring high level of protection of human health and the environment.
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INTRODUCTION

The research of dermal absorption (absorption through
the skin) using standard experimental procedures is a
mandatory step in testing of the active substance of the
pesticide for its subsequent registration and application
in the market of plant protection products [1-3].

Diquat is one of the pesticides with high risk of danger-
ous effects on health of workers, including dermal route
of entry into the body. Acceptable operator exposure level
(AOEL) was set at 0.0002 mg / kg bw by the European Food
Safety Authority (EFSA), which is an order of magnitude
lower than the acceptable daily intake (ADI) for the general
public [2].

The AOEL value was justified on the basis of “no ob-
served” NOEL level of 0.5 mg/ kg established in dog ex-
periments while assessing chronic (within 1 year) toxicity
of diquat, using an oral absorption factor of 0.04 and a
coeflicient of 100. This value is consistent with the results
obtained in the short-term inhalation experiment in rats,
based on the “No observed adverse effect concentration”
(NOAEC) of 0.1 pg / I (equivalent to 0.02 mg / kg body
weight) and the coefficient stock — 100 [2].

The high probability of negative effect of diquat on person-
nel penetrating the body through the skin is evidenced by a
special mark, which was introduced when approving max-
imum permissible concentration (MPC) of pesticide in the
working area air — 0.05 mg / m* as «dangerous for skin » [ 3].

Diquat was synthesized in the 1960s by Syngenta Crop
Protection AG (Switzerland). The preparative forms such
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as water-soluble concentrates based on diquat dibromide,
which are used for desiccation of crops of sunflower,
soybean, peas, cereals, rapeseed, potatoes are registered
in Ukraine [4].

Diquat is a non-selective contact herbicide and desic-
cant, belongs to the class of chemical compounds derived
from bipyridylium. It is absorbed by leaves of the plants,
spreads by the xylem and, due to its phytotoxic properties,
leads to rapid drying of all green parts of the plant, there-
by accelerating uniform maturation and early harvesting
time in all weather conditions [5]. By mechanism or site
of action on plants, bipyridylium derivatives are electron
acceptors in photosystem 1 (FS1) of chloroplasts, leading
to a significant increase in the content of super oxidant
radicals and hydrogen peroxide, which, when reacting with
each other, form a hydroxyl radical - a potential inducer
of peroxidation reaction, factor of damage to membranes
and destruction of photosynthetic apparatus [6].

Another representative of this class of chemical com-
pounds is paraquat, which is prohibited for use in Ukraine
and Europe due to its high toxicity (LD, for experimental
animals at oral admission is 30-50 mg / kg), environmental
resistance, ability to cause pulmonary sclerosis and acute
fatal poisoning in humans (lethal dose of paraquat for
humans is 3-5 g).

Diquat is less toxic than paraquat, but mortality from
poisoning can be as high as 50% [7]. Basically, poisoning
is observed in the inhalation and oral routes of penetrating
the body. The potential effect of diquat on personnel is
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Table I. Acute toxicity of diquat and diquat of dibromide for rats

Indicator value

Toxicometric parameter

diquation [10] diquat dibromide [11]

*

Acute oral toxicity, LD, ',

mg / kg

214 (d), 222 (Q)** 1009 (3), 1047 (Q)

>424(3;9) > 2000 (3;2)

Acute dermal toxicity, LD, mg /kg

50"

Acute inhalation toxicity, LC,,
mg/|

0,121 (3); 0,132 (?) 0,8 (3); 1,09 (?)

Note: * LD50 (LC50) — median lethal dose (concentration); ** &'/ @ — males / females, respectively

Table I1. In vitro dermal absorption of diquat in human and in rat

Dilution, Application rate, Dermal absorption rate, Absorbed dose,
mg / ml mg /cm’ mcg / cm?/ year % (in 24 h)
Human skin
1 0.1 0.06 1.44
5 0.5 0.18 0.86
50 5.0 0.98 0.47
Skin of rats
1 0.1 0.23 5.52
5 0.5 1.01 4.85
50 5.0 9.55 4.58

observed at inhalation of the aerosol during spraying of
plants. Irritation of the mucous membranes of the eyes,
nose, and upper respiratory tract is possible; acute poi-
soning can lead to serious lung disorders. However, due
to its low volatility (vapor pressure <10-8 kPa at 25 °C), its
flow into the working zone in dangerous concentrations
is restricted [2]. Oral poisoning is more common than
inhalation. The symptoms of intoxication are nausea, vom-
iting, chest pain, development of cardiogenic shock, toxic
effects on the liver and kidneys. The lethal dose of diquat
dibromide for humans is 6-12 g. Deaths after swallowing
20 ml and 50 ml of Reglon (diquat dibromide, 200 g / 1)
have been reported [8].

Diquat and its preparations have a mild irritant effect on
the skin and mucous membranes of the eyes. Prolonged
single or multiple exposures with concentrated solutions
of diquat led to severe skin and nail damage in personnel
[9]. The high prooxidant activity of diquat, which leads
to a cytotoxic effect, makes it potentially dangerous when
penetrating through the skin.

THE AIM

The toxicological-hygienic assessment of dermal absorp-
tion of diquat in terms of potential risk of its bioavailability
in professional use.

MATERIALS AND METHODS

The object of the study was cutaneous exposure of diquat,
determined in toxicological experiments of different dura-
tion (data of scientific literature) and at the stage of state
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testing of pesticide preparations based on diquat dibromide
(data of a full-scale hygiene experiment, prognostic model
of risk assessment).

The methods of expert-analytical study of scientific
information on the toxicological properties of diquat, its
bioavailability at transdermal admission to the body; and
the prognostic model of determination of dermal absorbed
dose of diquat for the assessment of the risk of adverse
effects on employees are used in the work.

The technical concentrate of diquat dibromide (active
substance content not less than 377 g/ kg) contains relevant
supplements, the content of which is regulated by the Food
and Agriculture Organization (FAO), namely: 2,2"-bipyridyl
(exhibits mutagenic and teratogenic activity) - not more
than 0.75 g / kg, ethylenedibromide (genotoxic action,
carcinogenic activity) — not more than 0.01 g / kg, total
terpyridine (high toxicity) - not more than 0.001 g / kg.

RESULTS AND DISCUSSION

The toxicological profile of diquat and diquat dibromide
is widely reported in the scientific literature [10,11]. The
parameters of acute toxicity to rats with different routes of
exposure are shown in table I.

As can be seen from the data table, the substance of toxici-
ty is diquat ion. Clinical pattern of laboratory animals acute
poisoning is characterized by decrease in motor activity,
impaired coordination of movements, with introduction
of lethal doses — hypersalivation, hemorrhagic discharge
from the eyes and nose, difficult breathing, death of ani-
mals occurs on the 3" -7" days associated with pulmonary
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insufficiency. The toxic effect is manifested in changes in
the redox enzymes activity, an increase in the number of
erythrocytes, leukocytes and reticulocytes, hemoglobin
content and sulthydryl groups of whole blood [10].

In the mode of short-term and long-term exposures,
hepatotoxic, nephrotoxic and cataractogenic effects are
the main ones in the toxic action of diquat.

The cumulative properties of the diquat are not ex-
pressed. The plasma half-life period is 4 hours; more than
90% of the absorbed dose is excreted in urine and bile
during 96 hours. The highest content of diquat is in the
kidneys, gastrointestinal tract, lungs, and liver, in small
amounts it is found in the lens [2].

The absorption of diquat at low concentrations penetra-
tion is negligible and it is: in the gastrointestinal tract — 4%,
through the skin - 1-2%. The effect of high concentrations,
which can exertlocal irritant effect, increases the degree of
absorption. Absorption of diquat from the lungs is more
effective (about 70% of the respiratory fraction of the aero-
sol particles), which results in its high inhalation toxicity.

The literature provides data on the study of penetration of
diquat through the skin in vitro using diffusion chambers
and isolated skin of rats and humans; and in vivo - studies
in rats and volunteers [2,10,12-14].

In studies conducted by Scott R.C. and Corrigan M.A.
(1990) using diffusion chambers, diquat was applied to
human and rat skin in a volume of 0.1 ml / cm? at various
concentrations: 1 mg/ ml, 5 mg/ ml and 50 mg / ml (skin
scraps were taken after death) from the abdomen and the
dorsal part of the rat body). A measured volume of 0.9%
saline was placed into the receptor chamber. Samples of 50
ul were taken from the receptor chamber at different time
intervals and the content of the diquat was also estimated.
The uptake period (delay time) was about two hours for
rat skin and 15 hours for human skin [12, 13]. A steady
state absorption rate was calculated for each dilution as
shown in Table II.

As can be seen from the data of table 2, penetration of
diquat through human skin is slower, and the percentage
of absorbed dose increases towards less concentrated
solutions. The total absorption of diquat through human
skin at 24 hours was (0.47-1.44)%, through the skin of
rats — (4.58-5.52)% of the exposure dose.

According to other data [2,10] dermal absorption of di-
quat through human skin (in vitro data) from concentrated
aqueous solutions of preparative forms (diquat content of
dibromide - 200 g / 1) was (0.2-0.5)%, from diluted solu-
tions (1 + 100 dilution; 1 + 200 and 1 + 250) — 0.5%, 2%
and 8%, respectively.

Dermal absorption of diquat in vivo was investigated
in rats with single application of 0.05% aqueous solutions
of skin; 0.5; and 5.0 mg of *C-diquat (skin exposure - 24
hours). After 24 hours, systemic absorption of diquat was
found to be 2.5%, 2.1%, and 3.4% of the applied dose,
respectively [10].

In studies conducted by Feldmann R.J. and Maibach H.L.
(1974) on human volunteers, single diquat was applied to
the forearm area in the amount of 4 mg / cm? [14]. Urine

specimens were collected for 5 days (at 4 and 12 hour
intervals on the first day and every 24 hours in the fol-
lowing days) and analyzed for the content of diquat. The
total excretion of diquat with urine was 0.3 £ 0.1% of the
applied dose, which indicates the bioavailability of diquat
when it gets on the skin. When assessing the parameters
that affect absorption, it was noted that occlusion increases
absorption 3.5 times (up to 1.4%), and damaged skin - 9.5
times (up to 3.8%).

Diquat penetrates cell membranes, mainly due to dif-
fusion, which is known to be facilitated with the ability
of the substance to dissolve in lipid and aqueous phases.
Diquat, as a highly charged cation, is practically insoluble
in the lipid phase (partition coefficient in the n-octanol /
water system: log K, =-3.45at 22 ° C) [2], and therefore
it penetrates slowly through membranes. Binding to the
anionic sites of different substrates also limits its systemic
bioavailability. However, the ability of diquat to activate
free radical lipid peroxidation (LPO) causes damage to
biological membranes and cell death, which form a barrier
to the entry of toxicants into the body (alveoli, mucous
membrane of the gastrointestinal tract).

The bioavailability and systemic toxicity of diquat at its
long cutaneous exposures is confirmed by the results of
toxicological studies obtained in the subacute studies of
rats and rabbits [13].

When the authors applied to the skin of Sprague-Dawley
rats (12 animals in each group) diquat dibromide (20.64%
diquat-ion) at doses of 5, 20, 40, 80 mg-ion / kg bw for 21
days, systemic toxic effects included mortality in groups of
animals treated with 20, 40, and 80 mg-ion / kg bw (1/12,
5/12, and 11/12) starting at 18, 8, and 6 days, respectively.
Changes in hematological and biochemical parameters
associated with dehydration and malnutrition, impaired
renal, hepatic and cardiac function have been found in the
maximum dose surviving animal. Local manifestations of
diarrhea occurred in all experimental groups and included
skin irritation (erythema, edema, atony, desquamation) and
tissue destruction (necrosis, scab). The frequency and sever-
ity of these effects were directly proportional to the dose ap-
plied. NOEL for systemic effects made up 5 mg-ion / kg bw,
NOEL for local effects hasn't been not established.

In experiments with rabbits (10 animals in each group),
when we applied to the skin diquat dibromide at doses
of 3.1; 6.3; 12.5 and 25 mg / kg bw, animal mortality was
observed in all experimental groups within 20 days: at the
highest dose, mortality was 100% (first death was recorded
on day 4), at a dose of 12.5 mg / kg - 90% (first death on
day 3), dose of 6.3 mg / kg - 20% (first death at day 7),
dose of 3.1 mg / kg - 10% (death reported at day 10). The
manifestations of systemic effects, the intensity of which
depended on the dose applied to the skin, were ulcers of
the gastric mucosa, degenerative changes in the convoluted
tubules of the kidneys, bleeding in the thymus, plethora of
the lungs. The locally marked redness and swelling of the
skin were noted as well as with the highest dose introduced
- large areas of epidermis necrosis. No invalid level was
found during the exploratory study of diquat.
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Table Il Estimation of dermal exposure by diquat

Indicator Value
Production cycle: mixing / filling (preparation of working solutions)
Container size / neck tube diameter, | / mm 10/45
The contamination level of the skin (of the hands) during work, ml 0.1
The consumption rate of the drug, | / ha 25
The maximum cultivated area, ha 50ra
Number of work operations per shift 13
The contamination level of the skin (of the hands) per shift, ml / day 13
Use of personal protective equipment gloves
Transfer to skin,% 5
Dermal exposure to the drug, ml / day 0.065
Production cycle: Desiccation with a barrel sprayer with hydraulic nozzles
The flow rate of working fluid, | / ha 300
The level of contamination by the working solution, ml/ h 10
Distribution of pollution by localization (%) D, .. (65) D,oq, (10) D,.(25)
Use of personal protective equipment gloves uniform wsc:cljier;g
Transfer to skin,% 10 5 15
Dermal exposure to working solution, ml / h 0.65 0.05 0.375
Total dermal exposure to working solution, ml / day 6.45
Table IV. Assessment of skin-absorbed dose of diquat
e Production cycle
Mixing / filling Desiccation
Dermal exposure to the drug and working solution, ml / day 0.065 6.45
The concentration of S(I,?Et?:): rt:g;e/pr:qelparation and working 200 1667
Dermal exposure to diquat, mg / day 13 10.75
Dermal absorption of diquat,% 0.5 8
Skin absorbed dose, mg / day 0.065 0.86

Total absorbed dose, mg / kg bw / day

0.0154

Thus, the results of the study of subacute dermal toxicity of
diquat confirm its ability to exhibit a cytotoxic effect, thereby
increasing the bioavailability and skin-resorptive toxicity.

Simple calculations using the oral absorption factor of
0.04 [2] for diquat give reason to claim that the dose of
the toxicant that entered the bloodstream and caused the
death of 50% of laboratory animals is 8.56 mg / kg (4% of
a single dose of 214 mg / kg administered to rats). When
applied on the skin of rats in the subcutaneous experiment
mode, a dose of 40 mg / kg, starting from the 8th day of
the experiment, resulted in the death of almost half of the
experimental animals (42%) that is the total dose of diquat
absorbed through the skin under these experimental con-
ditions was 7 mg / kg.

To sum up, it is especially important to emphasize the
repeated impact. Despite the moderate risk of single skin
application, repeated and prolonged, low-dose cutaneous
exposures occurring under real pesticide conditions can
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impair skin barrier function and increase the risk of skin
resorption.

The confirmation of this conclusion was expressed in
the working studies under the real agricultural modeled
situations [15]. To predict and quantify the occupational
risk of dermal exposure to diquat, which the operator may
experience during mixing / filling (preparation of working
solutions) and plant spraying phases, we determined cuta-
neous exposure doses and dermal absorption values using
the main predictive exposure provisions [16].

The calculation was performed for a typical formulation on
the basis of diquat dibromide: soluble concentrate, the content
of diquat dibromide in the formulation - 200 g / , the con-
sumption rate of the drug — 2.51/ ha, the size of the container
- 101, the diameter of the neck of the container — 45 mm.

According to [2], the AOEL of diquat is 0.0002 mg / kg,
dermal absorption from concentrated formulation solutions
- 0.5%, from dilute aqueous solutions — 8% (dilution 1 + 250).
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Estimated values of dermal exposure to diquat at different
stages of production of the pesticide are shown in table III.

The calculations showed that if personal protective equip-
ment is used, the predicted cutaneous exposure dose of
diquat for a shift (6 hours) will be: 0.065 ml at the mixing
/ filling stage (preparation of working solutions), 6.45 at
the spraying (desiccation) stage of the plants, ml.

The data of the absorbed dose of diquat are shown in table IV.

As can be seen from Table 4 data, the total dose of diquat
absorbed through the skin, including all production cycles,
is 0.0154 mg / kg bw / day, exceeding the allowable level
(AOEL) by 77 times.

The results suggest that the risk of adverse effects of
diquat exerted on personnel is considered to be extremely
high, even without an inhalation component, which re-
quires appropriate management decisions to be taken to
ensure high level of the human health and environment
protection.

In this regard, it should be noted that such a decision
has already been taken in the European Union. Thus, in
accordance with the EU Regulation No 2018/1532 of 12
October 2018, the marketing authorization for an active
substance of diquat has not been renewed and amendments
are made to Regulation (EU) No 541/2011 on the condi-
tions for the approval of diquat and the forbidding use of
plant protective products (PPPs) with it [17].

The rationale for this decision is confirmed high risk of
diquat for operators, observers and residents, which was
calculated using validated risk assessment models for all
pesticide use conditions. In addition, a high risk of diquat
for birds was identified.

In accordance with the Art. 46 of Regulation (EU) No
1107/2009 of the European Parliament and of the Coun-
cil, the Member States have time period until 4 February
2020 to cancel authorizations for plant protection products
containing diquat.

In Ukraine, the decision on the registration of PPPs is
made by the relevant state bodies, in compliance with
the basic principles of protection against toxic effects of
pesticides. The EU-Ukraine Association Agreement re-
quires adoption of common rules and methods for risk
assessment in order to preserve human health and protect
the environment.

CONCLUSIONS

1. Diquat is a non-selective contact herbicide and desiccant,
it belongs to the class of chemical compounds derived
from bipyridylium with high pro-oxidant activity and
cytotoxic effect.

2. According to the results of empirical and theoretical
research of scientific information, the value of dermal
absorption of diquat was estimated in various toxico-
logical experiments. Repeated and prolonged, low-dose
cutaneous exposures occurring in the actual pesticide
application can impair skin barrier function, increase
bioavailability and potential occupational risk of skin
and resorptive action of diquat.

3. Due to the high risk of adverse effects of diquat on the
personnel, general public and environment in the Euro-
pean Union, management decisions have been introduced
to forbid the use of plant protection products based on
it. The fulfillment of the conditions of the Association
Agreement between Ukraine and the European Union
indicates the need to develop common regulations and
risk assessment methods aimed at ensuring high level of
the human health and environment protection.
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