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Abstract:

Background: Ethylene glycol ethers (EGEs) are widely used as mixtures in various industrial processes and in many household prod-
ucts. 2-Methoxyethanol and 2-ethoxyethanol primarily exert gonadotoxic effect, while 2-butoxyethanol and 2-isopropoxyethanol have
potent hemolytic activity. EGEs can cross the blood-brain barrier, but their potential neurodegenerative action in vivo has not been in-
vestigated, yet. In the present work, we examined potential adverse effects of EGEs on some selected brain structures.
Methods: A mixture of two compounds: one with stronger hydrophilic properties (2-methoxyethanol or 2-ethoxyethanol) and the
second more lipophilic (2-butoxyethanol or 2-isopropoxyethanol) were administered sc for 4 weeks. Total antioxidant capacity, lipid
peroxidation and caspase-3 activity were determined in the frontal cortex and hippocampus.
Results: It has been found that 4-week administration of a mixture of two EGEs, with various intensity, decreased total antioxidant
capacity, enhanced lipid peroxidation and increased caspase-3 activity in the frontal cortex and hippocampus of Wistar rat.
Conclusion: The obtained results suggested that EGEs exerted adverse effects on the CNS cells and may contribute in pathogenesis
of neurodegenerative disorders.
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Introduction

Ethylene glycol ethers (EGEs) are used in many in-
dustrial processes and in various household products.
Since these compounds exhibit both hydrophilic and
lipophilic properties, they are widely used as solvents
of paints, inks and varnishes, components of cooling
liquids, preparations of household cleaners and cos-

metics, including many everyday products. The most
well-known EGE compounds are: 2-methoxyethanol
(ME), 2-ethoxyethanol (EE), 2-butoxyethanol (BE),
2-propoxyethanol, 2-isopropoxyethanol (IPE) and
2-phenoxyethanol. EGEs are absorbed through the
skin, the respiratory system and the digestive tract and
are more toxic than propylene glycol ethers [4].
A number of epidemiological and experimental stud-
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ies have shown that EGEs may cause undesired repro-
ductive, developmental, immunological and hemato-
logical effects. Short-chain EGEs (ME and EE) ex-
erted the most potent toxic effect on testicular
function causing degeneration of spermatocytes and
reduction of the number of spermatocytes and sper-
matides in male experimental animals [1]. In females,
disturbance in the corpus luteum function and inhibi-
tion of the ovulation have been shown [6]. In clinical
studies, the reduction in sperm count in men and the
disturbance of the menstrual cycle in women have
been observed [8, 16]. Contrary to the reproductive
system, the most potent hemolytic activity in experi-
mental animals are exerted by BE and IPE [14].

Hematologic and reproductive toxicity of EGEs is
relatively well known, whereas potential neurotoxic
effects of these compounds have not been investi-
gated, yet. It is only known that EGEs cross the
blood-brain barrier and acute intoxication with these
compounds evoked disturbances of motor coordina-
tion, headaches, permanent cognitive dysfunction,
central nervous system (CNS) depression and occa-
sionally convulsions in humans [10]. Previously, we
found that BE, 2-phenoxyethanol and IPE, more
strongly than ME and EE, damage the human neuro-
blastoma (SH-SY5Y) cells [12]. These data suggested
that EGEs with a stronger lipophilic property more
potently damaged neurons than hydrophilic EGEs.
The aim of the present study was to examine if re-
peated administration of EGEs exacerbates oxidative
stress or apoptotic process in some brain regions.
Since in industrial and household products EGEs
most often occur not singly but as mixtures, we exam-
ined the effect of combined administration of two
compounds: one with stronger hydrophilic properties
(ME and EE) and the second more lipophilic (BE and
IPE). The potential adverse effects of EGEs on brain
function were evaluated by determining oxidative
stress markers (total antioxidant capacity and lipid
peroxidation) and caspase-3 activity, an executive en-
zyme in apoptotic process. We chose for this study de-
termination of oxidative stress, since this process
seems to play an important role in pathomechanism of
neurodegenerative diseases and on the other hand, the
attenuation of antioxidant defense system and an in-
crease in lipid peroxidation is considered to be the
mechanism of EGE action on testicular function [1].
Caspase-3 activity was measured because it is known
that in neurodegenerative diseases neurons die mainly
due to apoptotic process and ME was observed to in-

crease activity of this enzyme in spermatocytes [2].
The oxidative stress and apoptosis were evaluated in
the hippocampus and frontal cortex since these brain
region are more susceptible to damage.

Materials and Methods

Experimental animals

The experiments were performed on male Wistar rats
(250–330 g). The animals were kept under natural
day-night cycle, at 22 ± 2°C with food and water avail-
able at libitum. All procedures were conducted accord-
ing to the NIH Guide for the Care and Use of Labora-
tory Animals and were approved by the Local Ethics
Committee. The rats were randomly divided into four
groups of five animals each. Animals were treated with
the mixture of ME (2.5 mM/kg) and BE (1.25 mM/kg);
EE (2.5 mM/kg) and BE (1.25 mM/ kg); and ME (2.5
mM/kg) and IPE (1.25 mM/kg). The drugs were ad-
ministered sc once a day, 5 days per week, for 4 weeks.
The applied dose and route of administration were cho-
sen based on previous work in which hematotoxic ef-
fect of these compounds was determined [14, 15]. Con-
trol rats were treated with saline. The rats were treated
with the examined mixtures of EGEs 5 days per week
in order to model workers’ exposure.

The animals were decapitated 24 h after the last in-
jection and their brains were quickly removed from
the skull. The frontal cortex and hippocampus were
isolated at low temperature (on ice) and immediately
frozen on dry ice and stored at –80°C until they were
used for biochemical assays. Tissues were dissected
out according to The Rat Brain Atlas (G. Paxinos, C.
Watson, The Rat Brain in Stereotaxic Coordinates,
fourth edn., Academic Press, San Diego, 1998). Fro-
zen brain tissues were homogenized in a phosphate
buffer solution (pH = 7.4).

Total antioxidant capacity (TAC)

TAC was analyzed in homogenates of the brain struc-
tures according to the modified method of Benzie and
Strain [3] adapted to specific tissue and microplate as-
say. The tissue antioxidant ability was evaluated by
reduction of ferric ions. Fe(III)-tripyridyltriazine
(Fe(III)-TPTZ) complex is reduced to blue Fe(II)-tri-
pyridyltriazine (FE(II)-TPTZ), the level of which was
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determined spectrophotometrically at 573 nm [3]. The
absorbance was measured using a multiwell plate
reader TECAN Infinite M200.

Lipid peroxidation

Colorimetric assay for lipid peroxidation was per-
formed using the LPO-586 test (Bioxytech S.A., Port-
land, OR, USA). The assay is based on the reaction of
the chromogenic reagent, N-methyl-2-phenylindole,
with one of the main products of the lipid peroxida-
tion – malondialdehyde (MDA) at 45°C. The reagent
produces a violet 586 nm absorbing pigment with
a trimethine structure from MDA in hydrochloric
acid. In this reaction, a stable chromophore, with
maximal absorbance at 586 nm, is formed. This type
of assay is more reliable than the reaction with tiobar-
bituric acid, in which heating up to 100°C is per-
formed, what can induce de novo production of MDA
and other products of lipid peroxidation. The absor-
bance was measured using a multiwell plate reader
TECAN Infinite M200.

Caspase-3 activity

Capase-3 activity was measured by the assay de-
scribed by Nicholson et al. [11]. In this assay tissue
homogenates were centrifuged at 15,000 × g for
10 min at 4°C. The activity of caspase-3 was meas-
ured by fluorometric Caspase-3 activity assay kit
(Sigma Aldrich, St. Louis, MO, USA). This kit is
based on the production of fluorochrome 7-amino-4-
methylcoumarin (AMC) which is released from the
substrate (Ac-DEVD-AMC) due to the enzymatic ac-
tivity of capase-3. Tissue lysate is incubated with the
substrate for 4 h and then specific caspase-3 activity is
measured as a yellow-green fluorescence in a time-
dependent manner. The fluorescence was monitored
by a plate reader (Fluoroscan Ascent, Thermo) at
Ex/Em = 360/460 nm and the results were calculated
on the basis of standard curve and presented as nmol
AMC/min/mg protein. Data from each tissue were av-
eraged from three repetitions.

Protein concentration

Protein concentration was determined in the brain
structure homogenates using bicinchoninic acid [13].
This method combines the well-known reduction of
Cu2+ to Cu1+ by protein in an alkaline medium (the

biuret reaction) with the colorimetric detection of the
cuprous cation (Cu1+) using the bicinchoninic acid.
The purple-colored reaction product of this assay is
formed by the chelation of two molecules of BCA
with one cuprous ion. This water-soluble complex ex-
hibits a strong absorbance at 562 nm, which is linear
with increasing protein concentrations. The absor-
bance was measured by a multiwell plate reader
TECAN Infinite M200. Values obtained in the assays
for total antioxidant capacity, lipid peroxidation and
caspase-3 activity were translated into a constant level
of protein in the sample.

Statistical analyses

All data were expressed as the means (± SEM). Statis-
tical analyses were performed with one-way analysis
of variance (ANOVA) and next differences between
groups were evaluated by the Dunnet’s post-hoc test;
p < 0.05 was considered as statistically significant.

Results

Total antioxidant capacity

Four-week administration of ME with BE caused the
strongest reduction of total antioxidant capacity in the
frontal cortex (Fig. 1). Similarly, ME with IPE co-
administration resulted in depletion of antioxidant ca-
pacity in the frontal cortex. Also significant reduction,
but not so strong, was observed in the frontal cortex
after EE with BE co-administration. In the hippocam-
pus, a stronger decrease in the antioxidant capacity
was observed after injections of ME + BE and EE +
BE than after ME + IPE administration. However,
co-administration of any combination of EGEs sig-
nificantly reduced the ability of the examined brain
structures to quench oxidative stress.

Lipid peroxidation

In the frontal cortex, EE + BE co-administration
caused the most powerful increase in lipid peroxidation
(Fig. 2). Administration of ME with BE and ME with
IPE resulted in a similar rise in the lipid peroxidation
marker in this structure. In the hippocampus, all tested
combinations of EGEs produced a strong, statistically
significant rise in malondialdehyde concentration.
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Caspase-3 activity

In the frontal cortex, administration of EE with BE
and ME with IPE resulted in a significant increase in
the caspase-3 activity (Fig. 3). After treatment with
ME and BE, the activity of these enzyme tended to in-
crease, but the difference did not reach statistical sig-
nificance. In the hippocampus, the ME and IPE co-
administration most powerfully stimulated caspase-3.
For combinations of ME with BE and EE with BE,

the induction of caspase-3 activity was almost equal
and statistically significant.

Discussion

The present study demonstrated that four-week ad-
ministration of a mixture of two EGEs decreased the
total antioxidant capacity, enhanced lipid peroxidation
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Fig. 2. The effect of particular EGEs on the lipid peroxidation. The results are shown as themean± SEM from 5 tissue samples run in three repetitions.
SAL � saline; ME � 2-methoxyethanol; EE � 2-ethoxyethanol; BE � 2-butoxyethanol; IPE � 2-isopropoxyethanol. The significance of differences be-
tween the means was evaluated by Dunnett�s test following a one way analyses of variance (ANOVA); * p < 0.01, ** p < 0.001 vs. SAL group

TAC - Frontal cortex

SA
L

M
E

+
BE

EE
+
BE

M
E

+
IP

E

0.0

0.2

0.4

0.6

0.8

***

*
**

F
e

2
+

[
µM

/l
]

A TAC - Hippocampus

SA
L

M
E

+
BE

EE
+

BE

M
E

+
IP

E

0.0

0.2

0.4

0.6

0.8

***
**

F
e

2
+

[ µ
M

/l
]

***

B

Fig. 1. The effect of EGE mixtures on the total antioxidant capacity (TAC) in the frontal cortex (A) and hippocampus (B). The results are shown
as the mean ± SEM from 5 tissue samples run in three repetitions. SAL � saline; ME � 2-methoxyethanol; EE � 2-ethoxyethanol; BE �
2-butoxyethanol; IPE � 2-isopropoxyethanol. The significance of differences between the means was evaluated by Dunnett�s test following
a one way analyses of variance (ANOVA); * p < 0.05; ** p < 0.01; *** p < 0.001 vs. SAL group



and increased caspase-3 activity in the frontal cortex
and hippocampus of Wistar rat. Previously, we found
that some EGEs, depending on their lipophilicity, ex-
erted cytotoxic effect on neurons in in vitro conditions
[12]. Currently, we have shown that also under in vivo

condition these compounds have an adverse impact
on brain tissue. It is commonly accepted that oxida-
tive stress is the main factor responsible for the neuro-
toxic effect of various xenobiotics [9, 17]. The re-
duced total antioxidant capacity and enhanced lipid
peroxidation observed in both studied brain tissues in
the present study indicates that also administration of
EGE mixtures induced oxidative stress. The total anti-
oxidant capacity is a useful indicator of the body’s an-
tioxidant status, which reflects the ability of antioxi-
dants present in the studied tissue to scavenge harmful
free radicals. In turn, lipid peroxidation is one of the
primary effects induced by oxidative stress and can be
estimated by measuring MDA, a low molecular
weight aldehyde produced as a result of free radical
action on polyunsaturated fatty acids in biological
membranes.

So far, hematologic and reproductive toxicity of
EGEs has been well documented. Particularly a lot of
data relate to the action of EGEs on gonads, espe-
cially on the testes. The mechanism of EGE action
has not been identified but sporadic pieces of evi-
dence suggested that testicular toxicity induced by
these compounds could result from oxidative stress. It

has been found that EE decreased glutathione level,
superoxide dismutase and catalase activity but in-
creased glutathione S-transferase and malondialde-
hyde levels in the rat testes [1]. Moreover, the second
of these compounds with a strong gonadotoxic effect,
i.e., ME activates mitochondrial pathway of apoptosis
[2]. The present study suggests that also the brain can
be considered as another target for the EGE toxicity,
especially because the brain is a structure particularly
susceptible to ROS-induced damage. This tissue con-
sumes a large amount of oxygen and additionally me-
tabolism of some neurotransmitters, particularly do-
pamine, nitrogen oxide and microglial activation
leads to the formation of free oxygen and nitrogen
radicals. On the other hand, the brain has a relatively
weak antioxidant protection because glutathione lev-
els and average activity of catalase, superoxide dis-
mutase and glutathione peroxidase are low.

We did not observe significant differences in the
action of particular mixture of EGEs on total antioxi-
dant capacity and lipid peroxidation in the frontal cor-
tex and hippocampus. In the present study, only the
action of mixtures of two compounds, not a single
substance, was determined and therefore, comparison
of the potency of particular EGEs is not possible. In
fact, in household products EGEs occur as a mixture
and also paint and lacquer industry workers are ex-
posed mainly to mixtures of EGEs. Few studies, in
which the mixtures of EGEs were administered, indi-
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Fig. 3. The effect of particular EGEs on the activity of caspase-3. The results are shown as the mean ± SEM from 5 tissue samples run in three
repetitions. SAL � saline; ME � 2-methoxyethanol; EE � 2-ethoxyethanol; BE � 2-butoxyethanol; IPE � 2-isopropoxyethanol. The significance of
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cate that these compounds could modify each other’s
effects. For example, a short term administration of
ME attenuated hematotoxic effect of IPE, whereas af-
ter 4-weeks of co-administration, ME enhanced IPE
action [15]. This is the first in vivo study investigating
the potential adverse effects of EGEs on the CNS and
despite the fact that on the basis of the obtained re-
sults it is not possible to determine the potency of par-
ticular EGEs, it can be assumed that occupational or
household exposure to preparations containing these
compounds would have an adverse effect on the CNS.

Apart from reduction of the total antioxidant capac-
ity and enhancement of lipid peroxidation by EGE
mixtures, we also showed that they increased cas-
pase-3 activity. Caspase-3 is the executive enzyme in
apoptotic process and it is activated in the cell both by
intrinsic (mitochondrial) and extrinsic (death ligand)
pathways. In the present experiment, only one of the
apoptosis markers (caspase-3) was determined, there-
fore, only further studies in which other apoptotic
markers are assayed will allow for concluding that
EGEs are able to induce apoptotic process. In line
with our suggestion, it was shown that ME induced
mitochondrial pathway of apoptosis in rat spermato-
cytes, by increasing the expression of pro-apoptotic
proteins Bax and Bak, induction of cytochrome c re-
lease and activation of caspase-9 and caspase-3 [2].

An increasing body of evidence shows that oxida-
tive stress and apoptotic process play a key role in
pathogenesis of neurodegenerative disorders, such as
Parkinson’s disease or Alzheimer’s diseases [5]. Also
environmental toxins seem to be important in patho-
genesis of these diseases, because they, like the age,
could weaken some intracellular protective mecha-
nisms and promote damage of CNS cells. The doses
of EGEs used in the current experiments were se-
lected on the basis of other studies and are probably
higher than those absorbed during occupational or
household exposure to preparations containing EGEs.
However, in neurodegenerative diseases, apoptotic
changes in brain cells appear many years before clini-
cal symptoms of these diseases, so the exposure to
toxins, which even in a short time do not cause sig-
nificant changes in the CNS in a long term run inter-
fere with any of the major mechanisms of neuropro-
tection and in turn gradually initiate or potentiate
apoptotic process. It should be also taken into account
that because the gonadotoxic effect of ME and EE is
well known, their production was limited, but the pro-
duction of BE, which is regarded as safer from a toxi-

cological point of view, increased [7]. Currently, more
than a half of household preparations contains BE. In
the present study, the administration of both BE with
ME and BE with EE exerted adverse effects in the
frontal cortex and hippocampus. Moreover, previ-
ously in in vitro experiments we found that BE and
IPE more strongly than ME and EE impaired or exac-
erbated oxidative stress-induced damage of SH-SY5Y
cells [12]. Thus, the adverse effects of EGEs on brain
structures proved in the present study, if confirmed by
subsequent studies, will indicate the need to limit
their use (e.g., by greater substitution of propylene
glycol ethers).

In summary, the obtained data showed that 4-week
administration of mixtures of ME with BE, EE with
BE and ME with IPE decreased the total antioxidant
capacity, enhanced lipid peroxidation and increased
caspase-3 activity in the frontal cortex and hippocam-
pus of Wistar rats. Occupational exposure to these
compounds and excessive use of preparations con-
taining EGEs can cause adverse effects on the CNS
cells and may contribute to pathogenesis of neurode-
generative disorders.
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