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Abstract

Inhalant misuse is a growing public health concern, particularly
among adolescents and females of childbearing age. Toluene
is avolatile organic solvent that is used in many industries
and is prevalent in consumer products. Due to the lipophilic
nature of toluene, it can readily diffuse across the placenta,
which lends to its potential as a teratogen when inhaled by
pregnant individuals. Toluene inhalation can occur through
incidental occupational exposure and intentional misuse by
inhalation of vapors from toluene-containing products done
to achieve intoxication. This literature review was conducted
using PubMed, EbscoHOST, and Google Scholar databases to
summarize the neurological and physical effects of prenatal
toluene exposure on fetal development evaluated at several
stages of life. The teratogenic effects of toluene exposure to
fetuses have been documented in animal models, rodents,
and rabbits, as well as in humans. Experiments performed

on rodents have determined a wide range of physical and
neurological defects due to toluene exposure. Some physical
defects include growth restrictions, premature delivery,

and congenital malformations. Neurological defects include
but are not limited to demyelination and dysfunction of the

cerebellum, cerebral cortex, and subcortical regions of the brain.

These defects lead to problems with growth and neurological
disorders in the form of delayed motor skill development, poor
memory, and poor cognitive function. Rodent studies have also
established the neuroprotective effects of phytochemicals,
melatonin, and omega-3 fatty acids. Rabbits have also been
used to model toxicologic endpoints that would be seen

in larger animals and humans. Rabbit models revealed the
importance of administering toluene in concentrations at a
level that mirrored human binging to understand the potential
fetal impacts. Rabbits injected with high concentrations of
toluene had structural damages to several brain regions and
decreased levels of several important central nervous system
(CNS) factors. Toluene’s neurological effects on the human brain
are similar to those seen in rodents and rabbits. Our review
highlights the importance of public health intervention to curb
the detrimental effects of intentional and unintentional toluene
exposure.

Introduction

Toluene is an organic solvent that is prevalent in many
industries. It is used in gasoline, adhesives, inks, fabric dyes, and
as an extraction solvent for some pharmaceutical and cosmetics
as well as many other consumer products (1-4). Toluene is a
clear, colorless, volatile aromatic hydrocarbon with a half-life of
3.4 hours in human blood (1, 5). One of the dangers of toluene
is brought about by its chemical structure, shown in Figure

1, which makes it lipophilic. This allows it to enter the blood

after inhalation and in pregnant women, toluene can cross the
placenta to enter fetal blood circulation (6). Due to the ubiquity
of toluene usage in making consumer products, many individuals
could be exposed to the vapors during their daily work. The
prevalence of toluene and ease of accessibility makes it a target
for inhalant misuse.

Inhalant abuse is common among adolescents and young adults
aged 18-25 as an easily accessed and relatively inexpensive
means for achieving intoxication. This age group falls within
prime childbearing years for women (3, 7). The percentage

of high school-aged girls who reported they had “ever used
inhalants' was 10%, which surpassed males at 7.9% (6, 8). With
increasing exposure of females to toluene and other volatile
substances through inhalant abuse while in childbearing

ages, it is important to understand the potential effects on

fetal neurodevelopment. The focus of this review was on the
neurodevelopmental effects of toluene on fetuses whose
mothers are exposed to toluene while pregnant.

Methods

Three databases were used to retrieve articles for use in this
literature review: PubMed, EbscoHOST, and Google Scholar.
The following key terms were used to find relevant articles:
prenatal, toluene, teratogen, and neurological. No date range or
journal exclusion was applied. The chemical structure was made
in ChemDraw version 19.0.0.

Discussion

Toluene exposure in rats
Physical defects of toluene exposure

Several case studies using rodents, rats and mice, show that
exposure to toluene through inhalation can negatively affect
maternal health and fetal development (3, 9-11). These
investigations have helped foster a better understanding of the
toxic effects of toluene exposure alone versus its synergistic

Figure 1. Toluene Chemical
Structure. Molecular Formula:
C6H5CH3, PubChemCID:
1140, IUPAC name:
methylbenzene (5)
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effects with other factors like stress (12). Toluene and stress
during pregnancy lead to a reduction in dams’ body weight

gain (12). Additionally, their pups showed decreased appetite
and physical defects such as musculoskeletal malformations
including missing digits and craniofacial abnormalities (13-14).
The appetite suppressing effect of toluene leading to failure to
thrive over a prolonged time has been demonstrated in many rat
studies (15-18). Adverse effects pertaining to affected animal
fetuses include growth restriction, premature delivery, and
congenital malformations (3, 7, 19-21).

Neurological and neurobehavioral effects of toluene
exposure

Physical defects due to toluene exposure led to poor cognitive
and motor skill development (3,7, 19-21). Neuronal damage
with resultant cognitive and learning disabilities were key
findings in dam studies with toluene exposure. Toluene toxicity
leads to detrimental effects in postnatal development (22-23).
This can be partly explained by the observed neuronal cell death
in neonatal rats (22). Neuropathological studies using methods
such as TUNEL staining, DNA-laddering, and caspase-3 activity
have led to a greater understanding of the histological effects
of toluene (22). Findings include decreased apoptotic activity
occurring in the cerebellum and hippocampus (22). Toluene
embryopathy could occur due to the arrested neurogenesis
process (24) and its negative impact on the somatosensory
cortex (7, 24-25). Toluene causes changes in brain synaptic
formation (26) leading to poor visual perception and disorders
of learning processes (27-28). Toluene also leads to a reduction
in the density of synapsin and densin, two novel proteins
abundant in the forebrain and cerebellum. This result could
explain toluene’s suppressive effect on glutamatergic synapses
in hippocampal neurons (24).

The Morris water maze was mainly used in rat studies as a
behavioral procedure to observe spatial learning and memory
skills (29). The maze was designed with four different starting
points from which the time it took to find a hidden platform
was measured (29). The learning process included training the
rats through the maze consecutively for a few days until their
performance was stable. The memory phase occurred five
weeks later, when the rats were tested again for their ability
to complete the maze. In each trial, there were four imaginary
starting points arranged in a pseudorandom sequence; north,
south, east, and west. The rats were directed into one of the
starting points to complete the trial by reaching the hidden
platform.

Rats prenatally exposed to toluene showed signs of impaired
cognitive function based on their ability to complete the

Morris water maze (29, 30). Additionally, male offspring had
mid-frequency hearing loss within the range of 8-20 kHz (30).
The Morris water maze was used in another investigation
completed in 2017 to evaluate if prenatal toluene exposure
impaired maze performance in adolescent rats (6). Rats exposed
prenatally to 12,000 ppm toluene struggled to find the platform
during reversal learning. An explanation for this finding is

that toluene exposure damaged long-term spatial memory

(6). A contradictory study, however, determined that prenatal
6,000 ppm toluene exposure for 30 minutes twice daily from
gestation day 8 through gestation day 20 impaired short-term
memory which was evaluated by using an object recognition
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test (31). Rats in this report also did not appear to have physical
malformations (31).

Neuroprotective and regenerative effects of phytochemicals,
melatonin, and omega-3 fatty acids

While several experiments have shown the detrimental
neurological effects of toluene exposure in rats, specific
studies have shed some light on possible treatments for
toluene neurotoxicity. Findings from multiple studies highlight
the neuroprotective and possible regenerative properties of
Nigella sativa (NG), derived thymoquinone (TQ), melatonin, and
omega-3 fatty acids following toluene exposure (32-37). NG is
a black seed which comes from the plant family Ranunculaceae
and contains fixed oils and volatile oils such as TQ. Studies

have identified some healing properties of the extract of

NG which can aid in bronchodilation, immune modulation,
hepatoprotection, antihistamine effects, and neuroprotection
(32). TQis an active ingredient from the volatile oil in NG which
has also proved to reduce cellular damage and toxicity in vital
organs (32).

Specifically, there are several beneficial effects of NG and
derived TQ on neurodegeneration affecting the hippocampus
of rats exposed to toluene. One study demonstrated the
beneficial effects of TQ and NG used rats that inhaled 3,000
ppm toluene over 12 weeks (32). The control group was not
treated with NG and TQ. The treated group received TQ and
NG orally through gastric intubation at a dosage of 400 mg/

kg per body weight and 50 mg/kg, respectively (32). Tissue
sampling showed distorted nerve cells in the untreated

group versus no significant distortion in the treated group.
Additionally, the control group showed destroyed endoplasmic
reticulum, swollen mitochondria, and chromatin disorganization
in the hippocampal neurons. Treatment with NS and TQ was
able to reduce the immunoreactivity of degenerating neurons
from exposure to toluene (32, 33). TQ can also help neuronal
injury and leads to remarkable morphological improvement on
neurodegeneration of the frontal cortex (34). Histopathological
findings showed that in the TQ treated group, there were

still irregular chromatin clumps and swollen mitochondria

in neurons, but there was an improvement in degenerative
changes in the cytoplasm and nuclei of neuronal cells affected
by toluene exposure (34). The control group had an increased
number of apoptotic neurons in frontal cortex tissues compared
to the rats that were treated with TQ.

Another possible treatment examined the effectiveness of
omega-3 fatty acids in preventing toluene-induced neurotoxicity
in the prefrontal cortex. Adult male Wistar rats were divided
into three groups. The first group was the control group that
did not receive toluene or treatment. The second group was
the untreated group which was intraperitoneally injected with
adose of 500 mg/kg per day of toluene. The third group being
the treated group received the same amount of toluene as the
second group and was additionally treated with a dosage of

0.4 g/kg per day of omega 3 fatty acids via intragastric gavage
(35). Omega-3 fatty acids are known for their antioxidant
properties and important role in improving the function of the
brain. The second group, the untreated toluene-exposed rats,
had shrinkage of neuron bodies, detachments in pia mater, and
increased hemorrhage. In the omega-3 fatty acid treated group,
overall morphologic structure improved from the detrimental

71



SCRIP

72

exposure of toluene, with no detachments in pia mater or
bleeding. Antioxidant enzyme glutathione peroxidase (GSH-Px)
was reported to be high in the omega-3 fatty acid treated group,
which is a possible explanation for the prevention of toluene-
induced neurotoxicity (35).

Melatonin is another treatment that has been shown to prevent
neuronal damage, including dendritic impairment, from toluene
exposure (36). To model these effects, rats were put under
deep ether anesthesia in which their brains were dissected

out and stained using the Golgi-Cox-Sholl procedure (36).
Golgi-Cox staining is an essential method used for visualizing
dendritic branching patterns which help to identify morphologic
changes to neurons. Results showed that the rats exposed to
5,000-6,000 ppm toluene vapors had decreased dendritic

size and branching. For the treated group of rats that received
intraperitoneal administration of 0.5-10 mg/kg melatonin after
exposure to toluene, dendritic impairment was prevented.
Another finding from this group was that frontal neurons had a
33%-40% increase in dendritic size and branching compared to
the untreated group (36). This same pattern was also identified
for dendritic size and branching in the parietal and occipital
neurons. The ability of melatonin to prevent neuronal damage,
specifically dendritic impairment, due to toluene exposure was
significant. Melatonin also can protect the CNS by reducing
reactive gliosis (37). Reactive gliosis is a reaction of damaged
astrocytes and neurons from exposure to harmful chemicals
such as toluene (37-38). Collectively, data has shown that
melatonin provides antioxidant protection against neurotoxic
chemicals by enhancing the activity of glial cells that protect and
provide support to neurons (37).

Toluene exposure in rabbits

To strengthen the predictive potential of exposing animal
models to toluene prenatally, it is important to compare

rodent (mouse or rat) and non-rodent (rabbit) species (39-40).
Rabbits have an added advantage in that they are the smallest,
least expensive animal model that still allows for measuring
toxicologic endpoints that would be evaluated in larger animals
or humans (40). Prenatal toxicity of toluene was studied in
artificially inseminated female Himalayan rabbits which are
known to be sensitive to teratogenic substances (39). Rabbits
were exposed to either O, 30, 100, or 500 ppm of toluene for 6
hours per day from days 6 to 18 post-insemination. Although
differences between the toluene-exposed and control groups
were not found, maternal toxicity was not observed which

is a potential limitation of this study. Teratology studies on
several animals, including rabbits, were reviewed to understand
the relationship between embryo-fetal mortality and fetal
malformations with maternal toxicity (41). Fetal malformations
in rabbits were associated with maternal toxicity and those
malformations were rare or absent when maternal toxicity

did not occur. Additionally, there is potential that the rabbit
experiment published in 1992 did not adequately represent the
concentrations of toluene human fetuses experience when their
mother inhales toluene recreationally (39). Women who abuse
toluene caninhale up to 15,000 ppm in one binge episode (3).

In 2017 rabbits were again used as a model to determine the
detrimental effects of toluene on different regions of the brain
(42). A single dose of 876 mg/kg (99.9%) toluene solution was
intraperitoneally administered. The specific regions of focus
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were the prefrontal cortex, hippocampus, hypothalamus,
substantia nigra, and entorhinal cortex. A significantly
increased level of tumor necrosis factor-alpha (TNF-a) was
identified when comparing the toluene-exposed and control
groups in each of the brain structures. Additionally, levels of
several factors were significantly decreased in the toluene-
exposed group versus the control group: dopamine serum
levels from the substantia nigra, nerve growth factor (NGF)
from hippocampal neurons, and glial fibrillary acidic protein
(GFAP) from astrocytes. The brain tissue of rabbits exposed to
toluene also had distinct damage that differed from a normal
structure. There were areas of abscess formation, gliosis, and
perivascular demyelination in the brain cortex. The nuclei of
oligodendrocytes were also malformed and cells with dispersed
borders were identified. Structural damage was also identified
in the sequential neurons of the hippocampus for toluene-
exposed rabbits.

Effects of toluene on humans
Fetal developmental effects

In humans, many effects have been documented for fetuses
exposed to toluene during gestation. Toluene “abuse”

by pregnant women has been documented to result in
embryopathy and malformations as well as perinatal death

(2). More specifically, toluene-exposed infants presented with
craniofacial abnormalities and dysmorphology of the body
(2,43). Craniofacial abnormalities can include deep-set eyes,
low set ears, a small face, and micrognathia (3, 44-45). The
craniofacial abnormalities are thought to occur due to either
abnormal differentiation and migration of neural crest cells

or increased embryonic cell death (43-44). Similar to rodents
and rabbits (7, 42), toluene exposure in humans can cause
microcephaly, demyelination, and dysfunction of many brain
areas like the cerebellum and cerebral cortex (43, 45). Preterm
delivery was also related to toluene and benzene exposure
during gestation (2, 43, 46). Postnatally, children whose
mothers abused toluene during their gestation exhibited growth
retardation and developmental delays (44-45).

Neurobehavioral effects

Many detrimental neurobehavioral effects arise as a result of
toluene exposure. Toluene is known to cause neurotoxicity,
which can negatively affect the liver, renal system, and nervous
system (47-50). When high levels of toluene around 10,000 -
30,000 ppm were introduced into the body, consequences such
as ataxia, a lack of coordination, and unconsciousness occurred
(47,49). There are many case reports that highlight toluene’s
destructive effects (48, 50). The CNS of 20 patients was found
to have toxicity, in all cases following the misuse of toluene

(48). Each of these individuals suffered indelible effects such as
acute encephalopathy, personality impairment, and cerebellar
ataxia as a consequence of their misuse (50). In another

report, a 33-year-old man who was documented to have been
exposed to toluene inhalation over 14 years while working in an
aircraft-manufacturing company was shown to have cerebellar
degeneration and permanent damage to his CNS (50). Both of
these studies are consistent with evidence that validates that
toluene affects white matter, periventricular, and subcortical
regions of the brain (47, 49). These long-lasting neurological
effects result in numerous deficits that include but are not
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limited to memory loss, attention deficiency, lack of speed,
executive functioning, and language impairments (47, 49).

Public health policies and educational programs

In Japan, pregnant women who hold occupations in house
renovation and decoration are regularly exposed to harmful
paints and dyes. These chemicals increased the risk of their
offspring having congenital heart disease (CHD), limb defects,
cleft lip/palate, and even gastrointestinal obstructions (41,
51-53). Likewise, women who work in cosmetology, such as
nail technicians and hairdressers, were found to have increased
birth defects, specifically CHD and oral clefts (41, 51-52). With
proper handling precautions and ventilation in the workplace,
risks of inhaling an amount of toluene that would be harmful
can be minimized (2-3). However, organic solvents like toluene,
benzene, and xylene are typically abused through inhalation.
This repeated, intentional binging on high concentrations of
toluene can lead to very high concentrations in the blood (2-3).

Education regarding toluene exposure, use, and toxicity can
aid in the development of public health awareness (11, 49).
Currently, the Occupational Safety and Health Administration
(OSHA) has recommendations on how to reduce exposure.
When handling this chemical, they advise individuals to

follow instructions and safety precautions provided by the
manufacturer (52, 54-55). They also suggest that when
adequate ventilation cannot be ensured, usage of this chemical
should be avoided entirely. These limits have been set by OSHA
to prevent any detrimental long-term effects on the nervous
system that may occur as a result of exposure. Likewise, the
importance of risk assessment is taken into consideration for
safety.

The German Commission for the Investigation of Health
Hazards of Chemical Compounds evaluated toluene in work-
related areas to assess reproductive and developmental
toxicity (56). By conducting their evaluations, they were able

to provide a maximum workplace concentration (MAK) value
that determined the rate at which prenatal toxic effects are

not to be expected, despite its use (56). The MAK value was
determined as 50 ml toluene/m3 and therefore was classified as
Pregnancy Risk Group C where no prenatal toxic effects were
to be expected. There have also been alternative policies such as
propositions implemented for consumer education. States such
as California are required by proposition 65 to include warnings
to their consumers, workers, and other personnel regarding
significant exposure to chemicals that have the possibility of
being carcinogenic, increasing the risk of birth defects, or other
reproductive harm (54, 57). Toluene is one of these chemicals
which must be listed on supplies containing it since significant
exposure while pregnant may lead to developmental delays.

Among the few initiatives targeting toluene misuse, there is

a 12-step program and outpatient dependency treatment
strategy which were implemented for public education (57).
These programs include diverse techniques to help individuals
continue abstinence and maintain healthy long-term recovery
(57). The purpose is to provide education regarding neurological
damages associated with misuse and to also supply health

care providers with enhanced screening measurements that

are centered around reproductive health (57). More states

and organizations should be required by law to implement
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these practices to ensure proper education is being delivered

to both consumers and patients. They should also be held
accountable for maintaining a safe work environment by
preventing incidental inhalation of dangerous volatile chemicals.
By providing reliable resources and giving recommendations,
departments can implement long-term protocols that prioritize
the health and safety of their workers, especially for pregnant
females.

Conclusion

Misuse of volatile organic solvents like toluene is a growing
public health concern specifically among adolescents and
females of childbearing age. This is due to its detrimental
physical and neurological effects on a fetus in utero. In addition
to intentional misuse, toluene inhalation can occur through
incidental occupational exposure, making it even more urgent
to document toluene’s teratogenic effects. Animal studies have
shown negative effects from in utero exposure that extend
through adolescence. In studies on both rodents and rabbits,
structural damage was indicated in several brain areas such

as the cerebellum, cerebral cortex, and subcortical regions.
However, phytochemicals, melatonin, and omega-3 fatty acids
have shown promise for protecting against and reversing the
damaging neurological effects of toluene. A strategic prevention
framework should be built on the following: public health
education to promote awareness, policies to prevent or limit
workplace exposures, and tailored interventions directed at
current misusers to protect both pregnant women and their
children. Longitudinal studies in humans looking at exposure in
utero through adulthood will help fill the knowledge gap and aid
in designing a tailored approach to decrease the prevalence of
birth defects due to fetal toluene exposure.

Acknowledgments

We would like to express our gratitude to our faculty member,
Dr. Brian Piper. We would also like to express our gratitude to
the library staff at Geisinger Commonwealth School of Medicine
for all of their assistance in accessing primary resources.

References

1. Roberts LG, Bevans AC, Schreiner CA. Developmental and
reproductive toxicity evaluation of toluene vapor in the rat:
I. Reproductive toxicity. Reprod Toxicol. 2003;17(6):649-58.

2. Hannigan JH, Bowen SE. Reproductive toxicology and
teratology of abused toluene. Syst Biol Reprod Med.
2010;56(2):184-200.

3. Bowen SE, Hannigan JH. Developmental toxicity of
prenatal exposure to toluene. AAPS J. 2006:;8(2):19-24.

4. CruzSL, Rivera-Garcia MT, Woodward JJ. Review of
toluene action: Clinical evidence, animal studies and
molecular targets. J Drug Alcohol Res. 2014;3:8.

5. Compound Summary Toluene [Internet]. [cited January 25,
2022]. Available from: https://pubchem.ncbi.nim.nih.gov/
compound/toluene.

6. Callan SP,Hannigan JH, Bowen SE. Prenatal toluene
exposure impairs performance in the Morris Water Maze in
adolescent rats. Neuroscience. 2017;342:180-7.

73



SCRIP

74

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gospe SM, Zhou SS. Prenatal exposure to toluene results in
abnormal neurogenesis and migration in rat somatosensory
cortex. Pediatr Res. 2000;47(3):362-8.

Results from the 2013 National Survey on Drug Use and
Health: Summary of national findings. NSDUH Series H-48,
HHS Publication No(SMA) 14-4863.2014:1-143.

Chang M, Lee D, Park H, Ha M, Hong Y-C, Kim Y, et

al. Prenatal TVOCs exposure negatively influences
postnatal neurobehavioral development. Sci Total Environ.
2018;618:977-81.

Bowen SE, Batis JC, Mohammadi MH, Hannigan JH. Abuse
pattern of gestational toluene exposure and early postnatal
development in rats. Neurotoxicol Teratol. 2005;27(1):105-
16.

Tin-Tin-Win-Shwe, Yamamoto S, Nakajima D, Furuyama A,
Fukushima A, Ahmed S, et al. Modulation of neurological
related allergic reactionin mice exposed to low-level
toluene. Toxicol Appl Pharmacol. 2007:222(1):17-24.

Soberanes-Chévez P, Lopez-Rubalcava C, Gortari Pd,
Cruz SL. Exposure to toluene and stress during pregnancy
impairs pups' growth and dams' lactation. Neurotoxicol
Teratol. 2013;40:9-16.

Warner R, Ritchie HE, Woodman P, Oakes D, Pourghasem
M. The effect of prenatal exposure to a repeat high dose of
toluene in the fetal rat. Reprod Toxicol. 2008;26(3-4):267-
72.

Roberts LG, Nicolich MJ, Schreiner CA. Developmental and
reproductive toxicity evaluation of toluene vapor in the rat:
I1. Developmental toxicity. Reprod Toxicol. 2007;23(4):521-
31.

Jarosz PA, Fata E, Bowen SE, Jen K-LC, Coscina DV. Effects
of abuse pattern of gestational toluene exposure on
metabolism, feeding and body composition. Physiol Behav.
2007;93(4-5):984-93.

Sidney M. Gospe J, Saeed DB, Zhou SS, Zeman FJ. The
effects of high-dose toluene on embryonic development in
the rat. Pediatr Res.1994;36(6):811-5.

Jr.SMG, Zhou SS, Saeed DB, Zeman FJ. Development of
arat model of toluene-abuse embryopathy. Pediatr Res.
1996;40:82-7.

Tyl R, Neeper-Bradley T, Fisher L, Dodd D, Pritts |, Losco
P et al. Two-generation reproductive toxicity study of
inhaled toluene diisocyanate vapor in CD rats. Toxicol Sci.
1999;52(2):258-68.

Sosedova LM, Vokina VA, Kapustina EA. Contribution

of fetal programming in the formation of cognitive
impairments induced by lead poisoning in white rats. Bull
Exp Biol Med. 2019;166(5):617-21.

Jones HE, Balster RL. Neurobehavioral consequences of
intermittent prenatal exposure to high concentrations of
toluene. Neurotoxicol Teratol. 1997:19(4):305-13.

Hudak A, Ungvary G. Embryotoxic effects of benzene
and its methyl derivatives: toluene, xylene. Toxicology.
1978;11:55-63.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Effects of Prenatal Toluene Exposure on Fetal Development: A Review

Ladefoged O, Hougaard KS, Hass U, Sorensen IK, Lund SP,
Svendsen GW, et al. Effects of combined prenatal stress
and toluene exposure on apoptotic neurodegeneration in
cerebellum and hippocampus of rats. Basic Clin Pharmacol
Toxicol. 2004;94(4):169-76.

Edelfors S, Hass U, Hougaard KS. Changes in markers of
oxidative stress and membrane properties in synaptosomes
from rats exposed prenatally to toluene. Pharmacol Toxicol.
2002;90(1):26-31.

Lin H-M, Liu C-Y, Jow G-M, Tang C-Y. Toluene disrupts
synaptogenesis in cultured hippocampal neurons. Toxicol
Lett. 2009;184(2):90-6.

Jr SMG, Zhou SS. Toluene abuse embryopathy:
Longitudinal neurodevelopmental effects of prenatal
exposure to toluene in rats. Reprod Toxicol. 1998;12(2):119-
26.

Museridze DP, Tsaishvili TS, Svanidze IK, Gedevanishvli
NS, Didimova EV, Gvinadze NN, et al. Effect of toluene
intoxication on spatial behavior and learning of rats within
early stages of postnatal development. Neurophysiology.
2010;42:118-23.

Nylen P, Larsby B, Johnson A-C, Eriksson B, Héglund

G, Tham R. Vestibular -oculomotor, opto-oculomotor
and visual function in the rat after long-term inhalation
exposure to toluene. Acta Oto-Laryngol. 1990;111(1):36-
43.

Malloul H, Mahdani FM, Bennis M, Ba-M’hamed S. Prenatal
exposure to paint thinner alters postnatal development and
behavior in mice. Front Behav Neurosci. 2017;11.

Hougaard KS, Andersen MB, Hansen AM, Hass U, Werge T,
Lund SP. Effects of prenatal exposure to chronic mild stress
and toluene in rats. Neurotoxicol Teratol. 2005;27(1):153-
67.

Hougaard KS, Hass U, Lunda SP, Simonsen L. Effects of
prenatal exposure to toluene on postnatal development
and behavior in rats. Neurotoxicol Teratol. 1999;21(3):241-
50.

Lopez-Rubalcava C, Chavez-Alvarez K, Huerta-Rivas
AG, Paez-Martinez N, Bowen SE, Cruz SL. Long-term
behavioral consequences of prenatal binge toluene
exposure in adolescent rats. J Drug Alcohol Res. 2014;3:9.

Kanter M. Nigella sativa and derived thymogquinone
prevents hippocampal neurodegeneration after chronic
toluene exposure in rats. Neurochem Res. 2007;33:579-88.

Kanter M. Protective effects of Nigella sativa on the
neuronal injury in frontal cortex and brain stem after
chronic toluene exposure. Neurochem Res. 2008;33:2241-
9.

34. Kanter M. Protective effects of thymoqguinone on
the neuronal injury in frontal cortex after chronic toluene
exposure. J Mol Histol. 2011;42:39-46.

Meydan S, Altas M, Nacar A, Ozturk OH, Tas U, Zarasiz |,
et al. The protective effects of omega-3 fatty acid against
toluene-induced neurotoxicity in prefrontal cortex of rats.
Hum Exp Toxicol. 2012;31(11):1179-85.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Effects of Prenatal Toluene Exposure on Fetal Development: A Review

Pascual R, Zamora-Ledn SP, Pérez N, Rojas T, Rojo A,
Salinas MJ, et al. Melatonin ameliorates neocortical
neuronal dendritic impairment induced by toluene
inhalation in the rat. Exp Toxicol Pathol. 2011;63(5):467-71.

Baydas G, Reiter RJ, Nedzvetskii VS, AbdullahYasar,
Tuzcu M, Ozveren F, et al. Melatonin protects the central
nervous system of rats against toluene-containing thinner
intoxication by reducing reactive gliosis. Toxicol Lett.
2003;137(3):169-74.

Kanter M. Protective effects of quercetine on the neuronal
injury in frontal cortex after chronic toluene exposure.
Toxicol Ind Health. 2012;29(7):643-51.

Klimisch HJ, Hellwig J, Hofmann A. Studies on the prenatal
toxicity of toluene in rabbits following inhalation exposure
and proposal of a pregnancy guidance value. Arch Toxicol.
1992:66(6):373-81.

Foote R, Carney E. The rabbit as a model for reproductive
and developmental toxicity studies. Reprod Toxicol.
2000;14(6):477-93.

Khera KS. Maternal toxicity: A possible etiological factor
in embryo-fetal deaths and fetal malformations of rodent-
rabbit species. Teratology. 1985;31(1):129-53.

Demir M, Cicek M, Eser N, Yoldas A, Sisman T. Effects of
acute toluene toxicity on different regions of rabbit brain.
Anal Cell Pathol. 2017;2017.

Pearson MA, Rimsza ME, Hoyme HE, Seaver LH.
Toluene embryopathy: Delineation of the phenotype
and comparison with fetal alcohol syndrome. Pediatrics.
1994:93(2):211-5.

Hersh JH. Toluene embryopathy: two new cases. J Med
Genet. 1989;26(5):333-7.

Christopher M. Filley M, William Halliday M, B. K.
Kleinschmidt-Demasters M. The effects of toluene on
the central nervous system. J Neuropathol Exp Neurol.
2004;63(1):1-12.

Santos DAAD, Nascimento LFC. Maternal exposure to
benzene and toluene and preterm birth. A longitudinal
study. Sao Paulo Med J. 2019;137(6):486-90.

Benignus VA. Neurobehavioral effects of toluene: A review.
Neurobehav Toxicol Teratol. 1981;3(4):407-15.

King MD. Neurological sequelae of toluene abuse.
Hum Toxicol. 1982;1(3):281-7.

Yicel M, Takagi M, Walterfang M, Lubman DI. Toluene
misuse and long-term harms: A systematic review of the
neuropsychological and neuroimaging literature. Neurosci
Biobehav Rev. 2008;32(5):910-26.

Knox JW, Nelson JR. Permanent encephalopathy from
toluene inhalation. N Engl J Med. 1966;275(26):1494-6.

Motoki N, Inaba Y, Shibazaki T, Misawa Y, Ohira S, Kanai

M, et al. Maternal exposure to housing renovation

during pregnancy and risk of offspring with congenital
malformation: The Japan environment and children’s study.
Sci Rep.2019;9:1-8.

52.

53.

54.

55.

56.

57.

SCRIP

Siegel MR, Rocheleau CM, Broadwater K, Santiago-Colén
A, Johnson CY, Herdt ML, et al. Maternal occupation as a

nail technician or hairdresser during pregnancy and birth

defects, National Birth Defects Prevention Study, 1997-

2011. Occup Environ Med. 2021;79(1):17-23.

A.Bukowski J. Review of the epidemiological evidence
relating toluene to reproductive outcomes. Regul Toxicol
Pharmacol. 2001;33(2):147-56.

Assessment OoEHH. Toluene 2022 [Available from:
https://www.pé5warnings.ca.gov/fact-sheets/toluene.]

Administration OSH. Toluene [Available from: https://
www.osha.gov/toluene].

Weistenhofer W, Schriever-Schwemmer G, Drexler
H, Hartwig A, Commission M. The MAK Collection for
Occupational Health and Safety 2021: Wiley-VCH; 2021.

Clark CTM, Richards EMP, MD, Antoine DGIM, Chisolm
MSM. Perinatal toluene use associated risks and
considerations. Addict Disord Their Treat. 2011;10(1):1-5.

75



