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Allyl nitrile: Toxicity and health effects
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Abstract: Objectives: Allyl nitrile (3-butenenitrile) oc-
curs naturally in the environment, in particular, in cru-
ciferous vegetables, indicating a possible daily intake of
the compound. There is no report on actual health ef-
fects of allyl nitrile in humans, although it is possible that
individuals in the environment are at a risk of exposure to
allyl nitrile. However, little is known about its quantitative
assessment for the environment and bioactivity in the
body. This study provides a review of previous accumu-
lated studies on allyl nitrile. Methods: Published litera-
ture on allyl nitrile was examined for findings on toxicity,
metabolism, risk of various cancers, generation, intake
estimates, and low-dose effects in the body. Results:
High doses of allyl nitrile produce toxicity characterized
by behavioral abnormalities, which are considered to be
produced by an active metabolite, 3,4-epoxybutyronitrile.
Cruciferous vegetables have been shown to have a po-
tential role in reducing various cancers. Hydrolysis of the
glucosinolate sinigrin, rich in cruciferous vegetables, re-
sults in the generation of allyl nitrile. An intake of allyl ni-
trile is estimated at 0.12 pmol/kg body weight in Japan.
Repeated exposure to low doses of allyl nitrile upregu-
lates antioxidant/phase Il enzymes in various tissues;
this may contribute to a reduction in neurotoxicity and
skin inflammation. These high and low doses are far
more than the intake estimate. Conclusion: Allyl nitrile
in the environment is a compound with diverse bioactivi-
ties in the body, characterized by inducing behavioral ab-
normalities at high doses and some antioxidant/phase I
enzymes at low doses.
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Introduction

Allyl nitrile (3-butenenitrile) is an organic compound
that occurs naturally in the environment. It is one of the
nitriles widely used in the manufacture of plastics, sol-
vents, and synthetic intermediates. Thermal degradation
of acrylonitrile-based plastics leads to the emission of a
large variety of nitriles, including allyl nitrile". Allyl ni-
trile is a surgical constituent of smoke generated by surgi-
cal lasers and electro-surgical units”. These reports only
showed an allyl nitrile detection in the environment with
no quantitative data. Furthermore, there is no literature re-
porting actual health effects in humans to date, although it
is possible that individuals in these occupational environ-
ment are at a risk of exposure to allyl nitrile. This nitrile
is also generated by cruciferous plants™, indicating a pos-
sible exposure from the consumption of these plants.

To date, numerous epidemiological studies have shown
an inverse association between the consumption of cru-
ciferous vegetables and the risk of various cancers. Little
is known about the bioactivity of allyl nitrile in the body.
This study summarizes what is known about allyl nitrile,
including its metabolic transformation and neurotoxic ef-
fects. A discussion of cruciferous vegetable consumption
and risk of cancers, intake estimate of glucosinolates,
degradation of sinigrin, and cascade effects in the body is
also included.

Toxicity

Exposure to nitriles by humans and experimental ani-
mals can result in neurologic, hepatic, cardiovascular, re-
nal, and gastrointestinal disorders®’. The toxicity results
largely from the release of cyanide in the body®. Acute
toxicity has been shown to vary with nitriles”. A signifi-
cant correlation has been shown between acute toxicity
and the octanol/water partition coefficient for nitriles, in-
cluding allyl nitrile”. Rodents administered allyl nitrile at
high doses exhibited behavioral abnormalities”; this is not
known to occur with other mononitriles, with the excep-
tion of crotononitrile and 2-pentenenitrile’'”. The dinitrile
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Table 1.

Studies of allyl nitrile-induced behavioral abnormalities.
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Objective of the study

Animal model

Findings

Balbuena and Lorens, 2001'”  Sensory pathology in behav-

ior disturbances

Tanii et al., 2000'® Fos induction in the brain of
mice after allyl nitrile admin-

istration
Tanii et al., 2000' Neurotransmitters in the brain
of mice after allyl nitrile ad-
ministration

Rats treated with allyl nitrile
(0-60 mg/kg/day, for 3 days)
Mice treated with allyl nitrile
(84 mg/kg, 1-2 days postdos-
ing)

Mice treated with allyl nitrile
(84 mg/kg, 0-14 days post-
dosing)

Allyl nitrile induced loss of
hair cells

The Fos-positive structures
observed were identical to
some Fos-positive structures
after unilabyrinthectomy
Allyl nitrile induced changes
in GABAergic systems

3,3’-iminodipropionitrile is also known to induce behav-
ioral abnormalities'™".

The behavioral abnormalities observed are similar to
that of the ECC syndrome (excitement, choreoathetosis,
and circling) described by Selye'.

As a review of previous studies on the mechanism un-
derlying allyl nitrile-induced behavioral abnormalities is
available in 1999'”’, this study focuses on studies that
have appeared since then (Table 1). Balbuena and Llorens
(2001) conducted studies on the neurotoxicity and under-
lying mechanism of allyl nitrile in rats'”. Changes below
are statistically significant p<0.05, as compared with con-
trol. They noted pathological changes, such as corneal
opacity (40 and 60 mg/kg/day, for 3 days), increased con-
centrations of glial fibrillary acidic protein in the retina
(60 mg/kg/day, for 3 days) and olfactory bulbs (40 and 60
mg/kg/day, for 3 days), and loss of hair cells in the ves-
tibular sensory epithelia (2-4 and 4-5 vestibular ratings as
compared with control (0 ratings) for 40 and 60 mg/kg/
day, for 3 days), which resulted in a decreased rearing ac-
tivity (60 mg/kg/day, for 3 days) and an increased ves-
tibular rating score (40 and 60 mg/kg/day, for 3 days).
The vestibular ratings are as follows: 0, no differences
from literature descriptions of control adult tissue; 1,
presence of hair bundles with abnormal configuration of
stereocilia or lack of few hair bundles in the central part
of the receptor; 2, loss of hair bundles clearly evident at
low magnifications but only in the central region of the
receptor; 3, widespread loss of hair bundles, usually com-
plete in the central part of the receptor and evident in
more peripheral areas; 4, complete or almost complete
loss of hair bundles; 5, complete loss of hair bundles and
evident loss of supporting cells. These behavioral changes
correlated well with the loss of hair cells, leading to the
conclusion that allyl nitrile can induce behavioral abnor-
malities by the loss of hair cells. In the same manner,
Tanii et al. (2000) demonstrated a change in the vestibu-
lar system'¥. Mice administered a single dose of allyl ni-
trile (84 mg/kg) exhibited a persistent behavioral abnor-
mality 1 to 2 days after dosing. Analysis of the Fos pro-
tein in brain structures, an indicator of neuronal activity,

showed that Fos-positive structures observed were identi-
cal to some Fos-positive structures observed after unil-
abyrinthectomy. This finding implies that allyl nitrile in-
duces Fos expression by causing a change in the periph-
eral vestibular system, resulting in behavioral abnormali-
ties. Although changes in the vestibule, such as hair cell
loss, appear to contribute to the observed behavioral ab-
normalities, the full mechanism underlying the abnor-
malities is not known.

To better understand the mechanism, we examined
changes in the neuronal expression of y-aminobutyric
acid (GABA), noradrenaline, dopamine, serotonin, and
acetylcholine in the mouse brain following a single dose
of allyl nitrile (84 mg/kg)". In this study, allyl nitrile in-
duced changes in the level of GABA in the medial habe-
nula, interpeduncular nucleus, substantia nigra, dorsal ra-
phe nucleus, and median raphe nucleus. Levels of GABA
decreased in all of these brain structures except the me-
dial habenula at 2 days post-dosing, and increased in all
of these structures at 14 days post-dosing. Changes in the
other neurotransmitters had no apparent bearing on be-
havioral abnormalities. The GABAergic systems in the
medial habenula-interpeduncular nucleus-ascending raphe
nuclei relay and in the substantia nigra seem to be in-
volved in the mechanism underlying the abnormalities.

Llorens group advanced their studies with crotononi-
trile, 2-pentenenitrile, and 3,3’ -iminodipropionitrile. The
two isomers of crotononitrile have different actions in ro-
dents. While cis-crotononitrile caused behavioral effects
and vestibular hair cell loss (1-3, 2-4, and 3-5 vestibular
ratings as compared with control (0-1 ratings) in both
rats'"” (80, 100, and 120 mg/kg/day, for 3 days) and
mice”, trans-crotononitrile (250 mg/kg/day, for 3 days)
caused rearing deficits with no vestibular dysfunction or
hair cell loss'”, but caused the same behavioral syndrome
and hair cell loss in mice™. Rats receiving 1.5, 1.75, and
2.0 mmol/kg of cis-2-pentenenitrile displayed reduced
rearing activity in the open field and increased rating
scores on the vestibular dysfunction test battery as well as
hair cell loss (1-3, 1-4, and 3-4 vestibular ratings as com-
pared with control (0-1)"”. Dose-response studies on allyl
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Fig. 1. Proposed metabolic pathways for allyl nitrile.

nitrile (0, 1.0, 1.25, and 1.50 mmol/kg) and cis-
crotononitrile (0, 1.75, 2.25, 2.75, and 3.25 mmol/kg)
showed the match between behavioral effects and hair
cell loss in mice®”. In addition, it is reported that behav-
ioral effects, observed in animals administered 3,3’ -
iminodipropionitrile (400, 600, and 1000 mg/kg) or cro-
tononitrile (250 mg/kg), are identical to those observed in
mutant mice lacking vestibular function and in rodents
with bilateral labyrinthectomy'*'. Taken together, these
data demonstrate that allyl nitrile-induced behavioral ab-
normalities are caused by vestibular toxicity. Whether the
changes caused by allyl nitrile in the medial habenula and
substantia nigra are involved in the behavioral abnormali-
ties could be supported by investigating if similar changes
are observed in rodents exposed to other nitriles causing
the same behavioral effects.

Dose levels for the behavioral abnormalities and ves-
tibular toxicity are summarized as follows: 40 and more
mg/kg (0.6 and more mmol/kg) for 3 days in rats for allyl
nitrile, 80 and more mg/kg(1.2 and more mmol/kg) for 3
days in rats for cis-crotononitrile, and 1.5 and more
mmol/kg in rats for cis-2-pentenenitrile. The level of 0.6
mmol/kg allyl nitrile is far more than an intake level of
0.12 pmol/kg body weight in Japan, as discussed later.

Metabolism

The biological activities of allyl nitrile may be related
to its fate in the body (Fig. 1). Allyl nitrile (a) is consid-
ered to undergo the alcohol/acetone-inducible isoform of
the cytochrome P450 (CYP)2E1-mediated a-carbon hy-
droxylation to generate an unstable cyanohydrin (¢)**",
which spontaneously decomposes to 2-propenal (acrolein)
and hydrogen cyanide (f). The hydrogen cyanide formed
is responsible for the nitrile’s acute toxicity*’. On the
other hand, it is considered that allyl nitrile undergoes the
epoxidation of the B-y double bond to form 3,4-
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epoxybutyronitrile (b). This reaction is mediated in mice
by CYP2AS5, the ortholog of human CYP2A6™. The
epoxide (b) is further converted to 3,4-dihydroxy-
butyronitrile (d) by epoxide hydrolase activity or to a glu-
tathione conjugate (e) by a reaction with glutathione
(GSH). The epoxide is reportedly responsible for the ves-
tibulotoxicity of allyl nitrile®”. Further studies are needed
to explore which metabolite is responsible for bioactivi-
ties exhibited by allyl nitrile.

Cruciferous Vegetable Consumption and Risk of Vari-
ous Cancers

Allyl nitrile generation from cruciferous vegetables™
raises the question of the relationship between vegetable
consumption and disease. Prospective studies on some
cancers have revealed no association for total vegetable
consumption, but a significant inverse association with
cruciferous vegetable consumption”*’. Hence, crucifer-
ous vegetables, such as Brussels sprouts, broccoli, cab-
bage, cauliflower, and turnip, have been studied with ref-
erence to their potential to reduce the risk of cancer. Cru-
ciferous vegetable intake has been observed to be in-
versely associated with the risk of gastric®’, prostate™’,
bladder®’, renal™’, colon**’, ovarian™, pancreatic*”’,
breast™, and lung™ cancers, and is associated with a re-
duced risk of total mortality, as well as mortality from
cardiovascular disease*'’. Based on these findings, it
would seem that cruciferous vegetables are beneficial to
human health. The vegetables contain glucosinolates and
it is considered that glucosinolates are responsible for the
putative cancer chemoprevention mentioned above™. Al-
Iyl nitrile generation from cruciferous vegetables raises
the possibility that confers protection, but it is not specific
enough to pinpoint allyl nitrile.

Glucosinolate Intake Estimates

The large variety of organic chemicals in cruciferous
vegetables makes it difficult to estimate the daily human
intake of glucosinolates. However, some studies have re-
ported measuring total glucosinolate intake. Sones et al.
(1984) estimated a total glucosinolate intake of 29.4 mg/
day from cooked and 46.1 mg/day from fresh vegetables
in the United Kingdom, although these quantities possibly
vary among regions and seasons"”. Steinbrecher and Lin-
seisen (2009) estimated a total intake of glucosinolates
from vegetables as 14.2 mg/day for males and 14.8 mg/
day for females in Germany®’, while studies in Spain,
Czechoslovakia, and Japan estimated 6.2 to 6.8 mg/day,
4.7 mg/day, and 37.2 umol/day, respectively”*”. Epide-
miological studies have yet to answer how relevant total
glucosinolate intake is to health and disease.
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Allyl Nitrile Generation from Glucosinolate Sinigrin

Each cruciferous plant contains a mixture of glucosino-
lates that varies by species and strain*. Sinigrin is report-
edly the predominant glucosinolate in Brussels sprouts,
mustard, horseradish, cabbage, cauliflower, and kale**’.
Hydrolysis of sinigrin results in the generation of allyl ni-
trile as follows. Chewing fresh vegetables or tissue dam-
age produced by bruising during cultivation, harvest,
shipping, or handling releases myrosinase, a glycoprotein
that coexists with, but is physically separated from, its
glucosinolate substrates. In damaged vegetable tissue
containing released myrosinase, the glycosinolate sinigrin
is converted to hydrolysis products in a manner that de-
pends on the reaction conditions. In addition, myrosinase
activity may be present in human colonic microflora,
leading to the possibility that sinigrin is hydrolyzed in the
gastrointestinal tract during digestion™*”.

Fig. 2 depicts the hydrolysis of sinigrin. In the presence
of myrosinase, sinigrin is converted to thiohydroximate-
O-sulfate that then undergoes a Lossen rearrangement,
with the elimination of sulfate, to generate multiple prod-
ucts’. Hydrolysis of sinigrin gives rise to allyl isothiocy-
anate at pH 7, allyl nitrile at pH 4, and allyl thiocyanate at
pH >8. At low pH (4-6), the thiohydroximate-O-sulfate

may, in the presence of an epithiospecifier protein and
ferrous ions, give rise to 1-cyano-2,3-epithiopropane; in
this scenario, epithiospecifier protein is known to interact
with myrosinase to promote sulfur transfer from the S-
glycosyl unit to the alkenyl chain from the aglycon™. To
date, several studies on isothiocyanates, such as allyl iso-
thiocyanate, have looked at their biological activity and
role in health and disease®’, whereas relatively little is
known about nitriles, including allyl nitrile.

Formation of allyl nitrile has been measured quantita-
tively in Brussels sprouts. Tanii et al. (2004) reported
1.25 pmol/g tissue for homogenized tissues incubated at
25°C for 8 h”, while Cisca et al. (2015) reported 0.16
pmol/g tissue for boiled tissues treated at 100°C for 30
min™’. An intake of 0.12 umol/kg body weight is esti-
mated”’, based on daily dietary consumption data in Ja-

pan™

Effects of Low-dose Allyl Nitrile in the Body

Allyl nitrile at subtoxic levels has been demonstrated to
affect redox balance in the body™*: Exposure to allyl ni-
trile (up to 700 pmol/kg/day, for 5-8 days) enhanced the
activities of glutathione S-transferase, quinone reductase,
glutathione, thioredoxin reductase, glutathione peroxi-
dase, and superoxide dismutase, and reduced those of
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Table 2. Effects on antioxidant and phase II detoxification enzymes.

Antioxidant/phase Il enzymes Enhancement/reduction

Tissues

Stomach, rectum, kidneys, lungs, cortex, hippocampus, striatum and

medulla oblongata/pons

Stomach, small intestine, urinary bladder, kidneys, lungs, cortex,

hippocampus, and medulla oblongata/pons

Glutathione S-transferase®’- % Enhancement

Quinone reductase®’- > Enhancement
Glutathione’”->? Enhancement

Thioredoxin reductase>® Enhancement

Glutathione peroxidase®® % Enhancement

Superoxide dismutase®” Enhancement Skin
Catalase’® o0 Reduction

Glutathione reductase® Reduction Colon

Stomach, rectum, urinary bladder, and medulla oblongata/pons
Liver, rectum, and kidneys
Small intestine, kidneys, and skin

Colon, and skin

catalase and glutathione reductase in mice (Table 2). The
enhancement was observed in the gastrointestinal tract,
kidneys, lungs, urinary bladder, and brain, although su-
peroxide dismutase has only been tested in the skin, while
the reduction was seen in the colon and skin. Of the tis-
sues that displayed enhanced activities, the gastrointesti-
nal tract, lungs, kidneys, and urinary bladder are associ-
ated with a reduced risk of cancer related to the consump-
tion of cruciferous vegetables™'**”. The significance of
the reductions in catalase and glutathione reductase ac-
tivities is unknown. The mechanism by which allyl nitrile
exerts the enhancement or reduction of antioxidant/phase
II enzyme levels is unknown, but the enhancement activi-
ties could be mediated through an activation of nuclear
factor erythroid 2-related factor-2 (Nrf2)®”. Nrf2 can be
activated with electrophilic compounds®’. As shown in
Fig. 1, allyl nitrile is converted to electrophilic metabo-
lites, such as 3,4-epoxybutyronitrile.

The effects of allyl nitrile in the body have been re-
ported in two studies. The first, Tanii et al. (2010), looked
at protection against neurotoxicity™’. In mice pretreated
with allyl nitrile (up to 400 pmol/kg/day, for 5-8 days),
elevated activities of antioxidant and phase II enzymes
were observed in the brain structures (Table 2). The brain
structures in Table 2 were the striatum and hippocampus
(dose levels required for upregulation: 100, 200, and 400
umol/kg/day), medulla oblongata plus pons (400 pmol/
kg/day), and cortex (200 and 400 umol/kg/day) for glu-
tathione S-transferase, the medulla oblongata plus pons
(200 and 400 pmol/kg/day), hippocampus (100, 200, and
400 umol/kg/day), and cortex (400 pmol/kg/day) for qui-
none reductase, and the medulla oblongata plus pons
(100, 200, and 400 pumol/kg/day) for glutathione. Follow-
ing pretreatment with allyl nitrile, mice were administered
a high dose of allyl nitrile (1.2 mmol/kg), leading to a dis-
play of behavioral abnormalities. As compared with the
group that was not pretreated, animals in the 200 and 400
umol/kg/day pretreatment groups displayed decreased be-
havioral abnormalities, and those in the 100, 200, and 400
umol/kg/day groups displayed elevated GABA-positive

cell counts in the substantia nigra pars reticulate and the
interpeduncular nucleus. Elevated levels of antioxidant
and phase II enzymes in the brain owing to repeated ex-
posure to subtoxic levels of allyl nitrile, together with the
elevation in other tissues, may contribute to protection
against allyl nitrile neurotoxicity.

The other study, Tanii et al. (2016), looked at inflam-
mation ®’. Skin sensitizers induce allergic reactions
(edema) through the induction of reactive oxygen spe-
cies™. Mice were treated with allyl nitrile (0-200 pmol/
kg/day, for 8 days). On days 6, 7, and 8, the animals re-
ceived a dermal application of one of three sensitizers
(formaldehyde, glutaraldehyde, and 2,4-dinitrochloro-
benzene) and were examined the following day. Repeated
exposure to allyl nitrile reduced edema induced by glu-
taraldehyde at the level of 50 pymol/kg/day and by 2,4-
dinitrochlorobenzene at 100 umol/kg/day, but not by for-
maldehyde. Repeated exposure at 50, 100, and 200 umol/
kg/day decreased levels of thiobarbituric acid reactive
substances, a marker of oxidative stress, induced by glu-
taraldehyde and 2,4-dinitrochlorobenzene, but not by for-
maldehyde. Allyl nitrile enhanced superoxide dismutase
levels for the three sensitizers at 200 umol/kg/day, cata-
lase levels for formaldehyde at 200 umol/kg/day, and for
2,4-dinitrochlorobenzene at 100 umol/kg/day, but not for
glutaraldehyde. Allyl nitrile increased glutathione peroxi-
dase levels for formaldehyde at 200 pmol/kg/day and for
2,4-dinitrochlorobenzene at 100 pmol/kg/day and de-
creased for glutaraldehyde at 50 umol/kg/day. The edema
reduction seemed to be associated with oxidative stress
and antioxidant enzyme activities”. However, why such a
complex dose-response relationship is observed is not
clear, and unknown processes or factors could be in-
volved in the dose-response.

Repeated exposure to allyl nitrile appears to decrease
the neurotoxicity of allyl nitrile at the levels of 100 to 400
umol/kg/day and dermal sensitization at 50 to 100 umol/
kg /day probably through upregulation of antioxidant and
phase II enzymes. The dose levels of allyl nitrile from
animal data are far more than an intake estimate of 0.12
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umol/kg body weight in Japan as mentioned before.
Therefore, further studies focusing on a lower dose level
of allyl nitrile are needed to evaluate whether it exerts
protective effects against occupational chemicals, such as
carcinogens, sensitizers, and reproductive toxicants.

Conclusion

Allyl nitrile occurs naturally in the environment, in-
cluding smoke generated by surgical lasers and electro-
surgical units, but no reports are available on quantitative
assessment. There is no literature reporting actual health
effects in humans, although it is possible that individuals
in the environment are at a risk of exposure to allyl nitrile.
High doses of allyl nitrile (40-60 mg (0.6-0.9 mmol)/kg
for 3 days or 84 mg (1.25 mmol)/kg) in rodents induce
behavioral abnormalities, which are probably mediated by
changes in the vestibule, medial habenula, and substantia
nigra. Loss of hair cells in the vestibule is produced by an
active metabolite, 3,4-epoxybutyronitrile. Cruciferous
plants may potentially reduce the risk of various cancers,
perhaps through glucosinolates acting as chemopreven-
tion agents, although the direct relevance of cruciferous
vegetables to allyl nitrile is unknown. Cruciferous vegeta-
bles are rich in glucosinolate sinigrin from which allyl ni-
trile is derived. Low-dose exposure to allyl nitrile (up to
700 umol/kg/day, for 5-8 days) enhanced the activities of
antioxidant/phase II enzymes, including the glutathione
S-transferase, quinone reductase, glutathione, thioredoxin
reductase, glutathione peroxidase, and superoxide dismu-
tase, and reduced those, including the catalase and glu-
tathione reductase in various tissues. Repeated exposure
to low doses of allyl nitrile appears to reduce its inherent
neurotoxicity at the level of up to 400 pmol/kg/day for 5
days, as well as mitigating skin inflammations induced by
glutaraldehyde and by 2,4-dinitrochlorobenzene at the
levels of 50 and 100 umol/kg/day for 8 days, probably
through the enhancement of some antioxidant/phase II en-
zymes. Both the toxic exposure levels and low-dose re-
peated exposure levels are far more than an intake of 0.12
pumol allyl nitrile/kg body weight in Japan. Further studies
are needed to investigate whether allyl nitrile at about
0.12 pmol/kg has an effect in the body.
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