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toluene, causes several neuropsychiatric disorders. Little is known about the mechanisms
of neurotoxicity of the solvents. n-Octanal, nonanal, and 2-ethyl-1-hexanol, which are used

ﬁ‘gj Ygtrg;colo catalyzers or intermediates of chemical reactions, are released into the environment. Essen-
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Volatile organic compounds . . . s A

Cell culture volatile organic compounds enter the body, there is the possibility that they will pass

through the blood-brain barrier (BBB) and affect the central nervous system (CNS). How-
ever, the direct effects of volatile organic compounds on neural function and their toxicities
are still unclear. We compared the toxicities of n-octanal, nonanal and 2-ethyl-1-hexanol
with those of five naturally derived fragrant organic compounds (FOCs), linalool, cis-3-
hexen-1-ol,isoamyl alcohol, n-propyl alcohol and n-phenethyl alcohol. MTT assay of human
neuroblastoma SK-N-SH cells showed that the ICsg values of linalool, cis-3-hexen-1-ol,
isoamyl alcohol, n-propyl alcohol and phenethyl alcohol were 1.33, 2.3, >5,>5, and 2.39 mM,
respectively, and the ICso values of toluene, n-octanal, nonanal and 2-ethyl-1-hexanol were
850,37.2,8.31 and 15.1 uM, respectively. FOCs showed lower toxicities than those of VOCs.
These results indicate that FOCs are safer than other compounds.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Fragrant compounds

1. Introduction

There are now many synthetic and petroleum-derived

volatile organic compounds (VOCs). VOCs are known to

- ) show the neurotoxicity with long-term exposure [1,2].

_* Corresponding author at: Department of Biotechnology and Chem- For example, toluene in glues, paints and cleaning sol-
istry, Faculty of Engineering, Kinki University, Higashi-Hiroshima, . ) .

Hiroshima 739-2116, Japan. Tel.: +81 082 434 7000. vents is known to cause sick building syndromes and to

E-mail address: y-yamada@hiro.kindai.ac.jp (Y. Yamada). show high toxicity in the nervous system. Several clinical

http://dx.doi.org/10.1016/j.toxrep.2015.05.002
2214-7500/©2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CCBY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).


dx.doi.org/10.1016/j.toxrep.2015.05.002
http://www.sciencedirect.com/science/journal/22147500
http://www.elsevier.com/locate/toxrep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxrep.2015.05.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:y-yamada@hiro.kindai.ac.jp
dx.doi.org/10.1016/j.toxrep.2015.05.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

730 Y. Yamada et al. / Toxicology Reports 2 (2015) 729-736

and pathological studies have shown that chronic abuse
of VOCs, mainly toluene, causes several neuropsychiatric
disorders including distractibility, hallucinations, loss of
impulse control, dementia and respiratory effects [3-6]. n-
Octanal, nonanal and 2-ethyl-1-hexanol are including in
various chemicals and pollutants in river, ambient air or
aircraft [7-9]. However, little is known about their effects
on neural cells. Some studies have suggested that the
neurotoxicity of some solvents is due to oxidative stress
[10-15]. Neural toxicity of n-octanal, nonanal and 2-ethyl-
1-hexanol has not been examined in detail. Some VOCs are
highly lipophilic, leading to their storage in cerebral tissues.
If the neuronal toxicity and safety of VOCs could be accu-
rately evaluated, the compounds could be used industrial
chemistry without any concerns. We compared the neural
toxicities of these VOCs with that of toluene.

Essential oils extracted from various parts of plants
contain 200-300 aromatic chemical substances [16,17].
Essential oils have the functions of self-defense, steriliza-
tion, and incentive antibacterial insect in plant. Human
beings have used these compounds as perfume and aro-
matherapy for a long time. When aromatic compounds
enter the body, there is the possibility that they pass
through blood-brain barrier (BBB) and affect the central
nervous system (CNS) [18-20]. We compared the toxi-
cities of n-octanal, nonanal and 2-ethyl-1-hexanol with
five naturally derived fragrant organic compounds (FOCs),
linalool, cis-3-hexen-1-o0l, isoamyl alcohol, n-propyl alco-
hol and n-phenethyl alcohol. FOCs showed lower toxicity
than those of VOCs. Linalool, one of the primary compo-
nents of lavender oil, is known to decrease anxiety and
have a anti-nociceptive effects [19]. Green odor, a mix-
ture of cis-3-hexen-1-ol and trans-2-hexanal has been
shown to attenuate stress response and anxiety to psy-
chological stress in rodents [21]. Isoamyl alcohol is a
fragrance ingredient used in decorative cosmetics, fine fra-
grances, shampoos, toilet soaps, and other toiletries as
well as in non-cosmetic products such as household clean-
ers and detergents. Its use worldwide is in the range of
0.1-1.0 metric tons/annum [22]. Phenethyl alcohol was
found to be major constituent of rose absolute and was
reported to have antibacterial activity [23,24]. n-Propyl
alcohol is contained in fruits and fermented products and
is used as a food additive. Many volatile organic com-
pounds are used in daily life, and it is therefore important
to elucidate to the toxicities of FOCs and VOCs on human
neural cells. We examined the effects VOCs and FOCs on
human neuroblastoma SK-N-SH cells and primary cultured
rat neurons.

2. Materials and methods
2.1. Chemicals

Toluene, linalool, cis-3-hexen-1-ol, isoamyl alcohol,
n-propyl alcohol, and phenethyl alcohol were obtained
from Wako Pure Chemical Industries (Japan). n-Octanal,
nonanal, and 2-ethyl-1-hexanol were obtained from Tokyo
Chemical Industry Co., Ltd. (Japan). These substances
were dissolved in dimethyl sulfoxide (DMSO) and ster-
ilized by filtering through a 0.22 wm membrane just

before the experiment. Rotenone 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT), glutamine,
ethylenediaminetetraacetic acid (EDTA), and trypsin were
purchased from Sigma-Aldrich (St. Louis, MO). Dulbecco’s
modified Eagle’s medium (DMEM) and high-glucose
DMEM (HG-DMEM) were purchased from GIBCO. Fetal calf
serum (FCS) was purchased from SAFC Biosciences SIGMA.

2.2. Cell culture

SK-N-SH neuroblastoma cells were purchased from
Institute of Physical and Chemical Research (Japan) (IPCR,
RIKEN). Cells were grown in DMEM medium supplemented
with 2 mM glutamine and 10% heat-inactivated FCS. Cells
were maintained at 37 °C under 5% CO,/95% humidity, and
the medium was changed three times a week.

2.3. MTT assay

Cell viability was analyzed using the conventional
MTT reduction assay [25]. Briefly, cells were seeded in
96-multiwell plates at 3 x 103 cells/well and incubated
for 24h. After pre-incubation, toluene (10-5000 wM),
n-octanal (1-000 wM), nonanal (0.1-100 nM), 2-ethyl-
1-hexanol, linalool (0.1-3.0mM), cis-3-hexen-1-ol
(0.1-10mM), isoamyl alcohol (1-30mM), n-propyl
alcohol (1-30mM), and phenethyl alcohol (1-30mM),
were added. Twenty-four hours later, cells were incubated
with MTT (5 mg/ml) at 37°C for 4 h. After incubation, the
medium was removed, and the cells were dissolved in
an acid dissolving solution in which 5% sodium dodecyl
sulfate (SDS) in 0.01M HCI and 0.02M HCl-isopropanol
were mixed in equal amounts. Absorbance of the formazan
reduction product was measured at 570nm in a plate
reader.

2.4. Primary neuronal cultures

All experimental and surgical procedures were
approved by the Institutional Animal Care and Use Com-
mittee at Kinki University. Time-mated pregnant rats
(Crlj:Wistar) were purchased from Charles River Laborato-
ries International Inc. Neurons were prepared from brain
cortices of E17/18 rats embryos. The tissue was dissected
in Hanks’ balanced salt solution (HBSS; 0.137M Nadl,
54mM KCl, 0.25mM NayHPOy4, 0.1% glucose, 0.44 mM
KH,PO4, 1.3 mM CaCl, 1.0mM MgS0,, 4.2 mM NaHCO3)
and incubated with 2.5 mg/ml trypsin in the presence of
1 mg/ml DNase I (SIGMA) for 30 min at 37 °C. Subsequently,
the cells were triturated in a plating medium contain-
ing HG-DMEM/10% FCS using 1ml and 200ml pipette
chips. To remove the untriturated cells, the cells were
passed through a cell strainer (mesh sizes: 70 mm) and
centrifuged at 1000 rpm for 2 min. Cells (1 x 106 cell/ml)
were plated in wells of a 4-well culture plate coated with
poly D-lysine (Nunc, Thermo Fisher Scientific Inc., MA).
After 3 days, 1M cytosine arabinoside C (AraC) was
added to the culture to inhibit glial cell proliferation in the
neuronal layer. The medium was changed every 3 days for
3 weeks.



Y. Yamada et al. / Toxicology Reports 2 (2015) 729-736 731

CHs NP PN
n-Octanal
/\/\/\/\70
Toluene Nonanal
OH = OH
I cis-3-Hexen-1-ol
|
/\/OH
Linalool

n-Propyl alcohol

OH

2-Ethyl-1-hexanol

Isoamyl alcohol

Phenethyl alcohol

Fig. 1. Structures of VOCs and FOCs.

2.5. Staining of live and dead cells

The Live-Dead Cell Staining kit (BioVision Inc., Mil-
pitas, CA) provides ready-to-use reagents for convenient
discrimination between live and dead cells. The kit
utilizes Live-Dye™, a cell-permeable green fluorescent
dye (Ex/Em=488/518 nm), to stain live cells. Dead cells
can be easily stained by propidium iodide (PI), a cell
non-permeable red fluorescent dye (Ex/Em =488/615nm).
Stained live and dead cells can be visualized by a fluores-
cence microscope (Olympus, Japan) using a band-pass filter
(for detection of FITC and rhodamine). The amounts of liv-
ing cells and dead cells were evaluated by live and dead
cell staining. Based on MTT assay data, primary neuronal
cultures were incubated with 0.1 and 0.5 mM of n-octanal,
nonanal, and 2-ethyl-1-hexanol. And the cultures were
incubated with linalool (0.1, 0.5, 1.0, and 2.5 mM), cis-3-
hexen-1-ol (1, 2.5, and 5.0mM), isoamyl alcohol (1, 2.5,
and 5.0 mM), n-propyl alcohol (1, 2.5, and 5.0 mM), and
phenethyl alcohol (1, 2.5, and 5.0 mM) for 24 h, and stained

Table 1
Names, chemical classes, and log Pow values of compounds.

with the staining solution. The areas of living cells and
dead cells were measured using cellSens digital imaging
software (Olympus, Japan)

3. Results
3.1. Characteristics of FOCs and VOCs

Basic chemical structures of FOCs and VOCs used in the
experiments are shown in Fig. 1. Linalool, cis-3-hexen-1-
ol, isoamyl alcohol, n-propyl alcohol, phenethyl alcohol
and 2-ethyl-1-hexanol have alcohol residues. Octanal and
nonanal are aldehydes. Toluene is a hydrocarbon and does
not have aldehyde and alcohol residues. The partition coef-
ficient between octanol and water (log Pow) was used as
a measure for lipophilicity of the compounds (Table 1).
Toluene, octanal, nonanal and 2-ethyl-1-hexanol showed
relatively high values of log Pow. Linalool also showed a
relatively high log Pow. Other FOCs show the lower values
of log Pow than those of VOCs.

Compound Molecular formula Chemical group log Pow? LDs rat (mg/kg)" (intraperitoneal)
Toluene C7Hg 2.73 1332

n-Octanal CgHi60 Aldehyde 2.78

Nonanal CoHy50 Aldehyde 3.27

2-Ethyl-1-hexanol CgHq30 Alcohol 2.73 500

Linalool C1oH180 Alcohol 2.97 307

cis-3-Hexen-1-ol CsH120 Alcohol 1.61 600

Isoamyl alcohol CsHq2,0 Alcohol 1.42 813

n-Propyl alcohol C3HgO Alcohol 0.25 164

Phenethyl alcohol CgHi100 Alcohol 1.36

2 Log Pow is the partition coefficient between octanol and water.
b Hazardous Substances Data Bank (HSDB).
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Fig. 2. Inhibitory dose-response curves for VOCs and FOCs in the human neuroblastoma cell line SK-N-SH. Various concentrations of VOCs (A: toluene, B:
n-octanal, C: nonanal, D: 2-ethyl-1-hexanol) and FOCs (E: linalool, F: cis-3-hexen-1-ol, G: n-phenethyl alcohol) were applied, and death of SK-N-SH cells
was determined by the MTT assay. Each value is the mean +S.E. of cell viability obtained for three experiments. Theoretical curves were drawn according
to the equation V=V /(1 +1Cs0/A)". V, A, and n represent cell viability, concentrations of VOCs and FOCs, and Hill coefficients, respectively.

Table 2
Summary of ICsg values and Hill coefficients of VOCs.

VOCs 1Cs50 (M) Hill coefficient
Toluene 850 2.2

n-Octanal 37.2 2

Nonanal 8.31 1.6
2-Ethyl-1-hexanol 15.1 1.7

3.2. Exposure of SK-N-SH cells to FOCs and VOCs causes
truncated life span

With the addition of different concentrations of linalool,
cis-3-hexen-1-ol, isoamyl alcohol, n-propyl alcohol, n-
phenethyl alcohol n-octanal, nonanal and 2-ethyl-1-
hexanol to the culture of SK-N-SH cells, all cell viabilities
decreased in a concentration-dependent manner and the
ICs5q values were calculated as shown in Fig. 2. The ICsq
values are summarized in Tables 2 and 3. The ICsy val-
ues of linalool, cis-3-hexen-1-ol, isoamyl alcohol, n-propyl
alcohol and phenethyl alcohol were 1.33, 2.3, >5, >5, and
2.39mM, respectively, and the ICsy values of toluene, n-
octanal, nonanal and 2-ethyl-1-hexanol were 850, 37.2,
8.31 and 15.1 pM, respectively. n-Octanal, nonanal, and
2-ethyl-1-hexanol showed higher toxicity than that of
toluene, which is known to have severe neuronal toxicity.
FOCs contained abundantly in essential oils show 10-100
times lower sensitivity than that of VOCs.

Table 3
Summary of ICsq values and Hill coefficients of FOCs.

FOCs ICsp (MM) Hill coefficient
Linalool 1.33 4.2
cis-Hexen-1-ol 23 0.97

Isoamyl alcohol >5

n-Propyl alcohol >5

Phenethyl alcohol 2.39 3.41

3.3. Exposure of rat primary cortical neurons cells to
FOCs and VOCs causes truncated life span

Living cells and dead rat primary cultured neurons were
determined by Live and Dead Staining. With the addition
of different concentrations of VOCs and FOCs, all cell via-
bilities decreased in a concentration-dependent manner.
The dead cell area and living cell are clearly distinguish-
able. Immunohistochemical staining with an antibody
against neuronal marker MAP-2 indicated that neuronal
cells were concentrated in the dead cell area (data not
shown).

As shown in Fig. 3, almost all of the primary cultured
neurons died when exposed to 0.5 mM of octanal, nonanal,
or 2-ethyl-1-hexanol. The toxicity of toluene has been
reported to cause the death of all primary cultured cells
at concentration of 2mM [26]. At 1 mM of isoamyl alco-
hol, phenethyl alcohol and n-propyl alcohol, almost all of
the cells in culture dishes survived. However, at the same
concentration of linalool or cis-3-hexen-1-ol, almost all of
the cells in culture dishes died as shown in Figs. 4 and 5.
Isoamyl alcohol and n-propyl alcohol show lower toxi-
cities than those of linalool, cis-3-hexen-1-ol and phenethyl
alcohol, as was observed for SK-N-SH cells. In the experi-
ment using primary cultured neurons, toxicities of FOCs
were lower than that of VOCs, as was observed for SK-N-SK
cells.

3.4. Relationship between log Pow and ICsg

The partition coefficient between octanol and water
(Pow) was used as a measure for the lipophilicity of the
solvents (Fig. 6). Correlation coefficient between IC5y and
logPow was calculated. As logPow increased, the ICsq
decreased for the solvents except toluene and linalool.
When plotted with a logarithmic scale on the ordinate axis,
there was a linear relationship between ICsq values of the
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Fig. 3. Effects of VOCs on primary rat cortical neurons. 0.1 mM and 0.5 mM of VOCs (n-octanal, nonanal, and 2-ethyl-1-hexanol) applied the primary rat
cortical neurons. After 24 h of incubation with volatile compounds, the cells were stained by using Live and Dead Staining kit (A) and the dead cell area was
determined. The areas of dead cells that had been exposed to 0.1 mM and 0.5 mM of VOCs (control, n-octanal, nonanal, 2-ethyl-1-hexanol) were measured
and are summarized in (B) and (C), respectively.
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Fig. 4. Effects of FOCs on primary rat cortical neurons. Various amounts of FOCs (A: linalool, B: cis-3-hexen-1-ol, C: isoamyl alcohol, C: n-propyl alcohol, D:
n-phenethyl alcohol) applied the primary rat cortical neurons. After 24 h of incubation with volatile compounds, the cells were stained by using Live and

Dead Staining kit.

VOCs and FOCs and log Pow values except for toluene and
linalool.

4. Discussion

Chemical compounds from plants have been used as
food additives, medicines and aromatherapy. Naturally
derived biogenic volatile compounds are emitted consti-
tutively, and emission can be observed throughout the life
cycle of the plant or, more often, at specific developmen-
tal stages. Synthesis of other compounds is induced after
wounding and herbivore feeding or after environmental
stresses. About 1700 substances have been found to be
emitted from plants [27]. However, their toxicity against
neurons is not clear. In this study, we compared the neu-
ronal toxicities of synthetic volatile organic compounds

and naturally derived volatile organic compounds used as
fragrances and flavors.

Many synthetic and petroleum-derived VOCs are cur-
rently being used. Toluene, benzene and o-xylene are
potentially harmful substances commonly found in occu-
pational and non-occupational environments [28]. Acute
exposure to toluene leads to central nervous system
disorders [29]. Sarma et al. [30] reported that toluene,
benzene and o-xylene induced apoptosis in vitro in the
human HL-60 promyelocytic luekemia cell line, human
erythromyeloblastoid leukemia K562 cell line, and human
leukemic monocyte lymphoma U937 and the values of ICsq
were 2.74, 4.4 and 3.79mM, 8.75, 12.73 and 9.43 mM, and
0.84, 1.17 and 1.35mM, respectively. They also reported
that pretreatment with an ROS scavenger before expo-
sure to these compounds decreased apoptosis. Toluene
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(IC50: 0.85mM) showed higher toxicity in SK-N-SH cells
than in leukemia cell lines, indicating that SK-N-SH cells
are more sensitive than leukemia cell lines and that
toluene toxicity has tissue specificity. In this paper, we

described severe effects of other compounds on neural
cells. LogPows of n-octanal, nonanal, and 2-ethyl-1-
hexanol were almost the same or higher than that toluene
as shown in Table 1. n-Octanal, nonanal, and 2-ethyl-1-
hexanol showed higher toxicities than that of toluene in
SK-N-SH cells. These compounds used as the catalyzers
or intermediates of chemical reactions are released into
the environment. Hexanal, heptanal, octanal, decanal, and
6-metyl-5-hepten-2-one produced by ozone have been
detected in an aircraft cabin [9]. The basal toxicities of
these compounds have already been determined as shown
in Table 1. We reported here for the first time that the
neural toxicity of these compounds is higher than that of
toluene. There are many other chemical compounds for
which the neurotoxicities are not known. Further stud-
ies on the neurotoxicities of chemical volatile compounds
are needed. FOCs showed much lower neural toxicities
than VOCs. Dreiem et al. [10] reported that aromatic sol-
vents with C>7, and aliphatic and alicyclic compound C>7
induced the production ROS in rat cerebellar granule cells
in vitro. Linalool (C10) and phenethyl alcohol (C8) showed
lower toxicities than those VOCs despite contain the higher
numbers of carbons. Further detailed studies on ROS pro-
duction needed. Even FOCs have neural toxicity, and FOCs
must therefore be used carefully. Further studies of FOCs
with flavors are needed. It is necessary to confirm the
neurotoxicities of more volatile compounds in vitro and
in vivo.
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