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KEYWORDSABSTRACT
Circadian regulatory factors are the molecular components of biological
clock, which play an important role in the regulation of most physiological
and metabolic processes in the organism. We studied the effect of methyl
tert-butyl etheron the expression level of PER1, ARNTL, CLOCK, and
CSNK1E mRNA, which are the most important factors of the circadian
clock, as well as protein kinase NUAK2. It was shown that the expression
level of all these genes is significantly increased in lung and liver of rats,
treated for the period of one month with the maximum permissible dose of
methyl tert-butyl ether. Results of this investigation demonstrate that low
dose of methyl tert-butyl ether affects the expression level of
NUAK2,CSNK1E, PER1, BMAL1, and CLOCKgenes. This could be im-
portant sensitive markers oftoxic action on the organism of methyl tert-
butyl ether and possibly otherecologically dangerous chemical compounds.
! 2014 Trade Science Inc. - INDIA

INTRODUCTION

Methyl tert-butyl ether (2-methoxy-2-methyl-pro-
pane, MTBE) is environmentallydangerous chemical
compound that is used to produce leaded gasoline. It
was found that the methyl tert-butyl ether is one of the
most dangerous global chemical pollutants in the envi-
ronment due to its high stability, the ability to accumu-
late in the soil and underground water sources and a
pronounced negative impact on human health[1-3]. Con-
tamination of the environment by this compound can

poison people and initiate the development of a num-
ber of pathological conditions: chronic kidneydisease,
liverhypertrophy,allergicand respiratorydiseases, neu-
rotoxic manifestations, includingthe occurrence of ma-
lignant tumors in the kidney, liver and testes as well as
initiate development of leukemia[1,4,5]. Thus, the intro-
duction ofmethyl tert-butyl ether intogasoline provides
strong and unquestionable evidence that gasoline con-
tainingmethyl tert-butyl ether is associatedwith human
illnesses[6]. Recent studies have confirmed the carcino-
genic effectsof this agent andhave identified additional
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sites of tumor induction (i.e., brain)[7].
In experiments on two species of fish it was shown

that short-term exposure of fish in water with methyl
tert-butyl ether or tert-butanol leads to deformations of
the eyes and mouth and to increased mortality of lar-
vae[8]. MTBE altering the expression of vascular en-
dothelial growth factor-A (VEGFA) and VEGFC
mRNA as well as transcript levels of genes required for
general development[9,10]. The major methyl tert-butyl
ether metabolites in the blood are methanol and tret-
butyl alcohol, whereas in the liver MTBE transforms by
cytochrome P-450 2A6 to formaldehyde and tret-bu-
tanol, but the main place of accumulation of methyl tert-
butyl ether is adipose tissue and to a lesser extent, blood
and brain[1,5,11-13]. Recently has been shown that expo-
sure of Wistar rats to MTBE in the drinking water re-
sulted in renal changes and in an exacerbation of chronic
progressive nephropathy at the end of 1 year of expo-
sure[14]. However, the detailed mechanisms of toxicity
of methyl tert-butyl ether that initiate the development
of various diseases, including cancer, are not under-
stood yet.

We have previously found that intra-gastric admin-
istration of different doses of methyl tert-butyl ether to
rats within 1-2 months leads to significant disturbances
in the expression of circadian genes, protein kinases
and 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (PFKFB). Furthermore, it affects al-
ternative splicing of PFKFB3, PFKFB4 and vascular
endothelial growth factor-A (VEGFA). There is a clear
indication of high sensitivity of the protein kinase
SNARK, casein kinase-1epsilon and circadian gene
expressions to the toxic action of this chemical com-
pound[15-17]. An urgent question arose about the possi-
bility of what might be the repercussions, that have pre-
viously gone unnoticed, of exposure tothe maximum
permissible dose of methyl tert-butyl ether (100 mg in
1 cubic meter), which is accepted in Ukraine and mostly
relates to workers of plants that produce MTBE.

In this context, we studied the effects of MTBE
existing in the air on the expression of genes which en-
code for key circadian factors and protein kinases,
which were previously affected by intra-gastric admin-
istration MTBE in different doses. Circadian rhythms
govern fundamental physiological functions in almost all
organisms and are closely related to metabolic homeo-
stasis at both the behavioral and molecular levels[18�24].

Circadian factors ARNTL and CLOCK are tran-

scription factors that form transcriptionally active com-
plex by heterodimerization, which is able to bind to cis-
acting element in the promoter of various target genes,
including PER1, PER2, PER3, CRY1 and CRY2, as
well as enhance transcription of ARNTL gene, generat-
ing positive loop of the biological clock. On the other
hand, complex CRY-PER creates a negative loop in-
teractions clock by inhibiting transcriptional activity of
the heterodimer complex CLOCK/BMAL1. Another
negative loop interaction of circadian clock factors gen-
erates REV-ERBA that inhibits the activity of the tran-
scriptional complex CLOCK/BMAL in the nucleus[25�

27]. Thus, the feedback mechanisms in the regulation of
circadian factors in mammalian are essential for accu-
rate and precise work of circadian clock[28�30]. More-
over, a disruption of the regulation of circadian genes
and processes in the body is one of the causes of a
number of pathological processes, including malignant
tumors[31�33].

The expression and function of most circadian fac-
tors are under the control of protein kinases, particu-
larly casein kinase-1epsilon (CSNK1E) and casein ki-
nase-1delta (CSNK1D); these kinases also participate
in the regulation of several other extremely important
processes[34�39]. Thus, CSNK1 regulates each com-
ponent of the circadian negative-feedback loop, espe-
cially PER proteins, because phosphorylation of PER1
and PER3 proteins results in their rapid degradation.
Moreover, CSNKIE and CSNK1D are able to induce
nuclear translocation of PER3 as well as affect the in-
hibitory effect of PER proteins on the transcriptional
activity of ARNTL-CLOCK[37].

The sucrose-non-fermenting protein kinase (SNF1)/
AMP-activated protein kinase-related kinase (SNF1/
AMP-activated protein kinase; SNARK) is a member
of AMPK kinases (NUAK family SNF1-like kinase 2;
NUAK2). It is related to serine/threonine protein ki-
nases[40]. This protein kinase is a molecular component
of the cellular stress response and is commonly acti-
vated in response to cellular and environmental stresses
and is an important regulator of whole-body metabo-
lism[41]. Moreover, protein kinase NUAK2 is consis-
tently localized in the nuclei and itsdeficiency contrib-
uted to the early phase of tumorigenesis via obesity-
dependent and -independent mechanisms[42,43].

The aim of this study was to learn the possible ef-
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fect of maximum permissible dose of environmentally
hazardous chemical compound of methyl tert-butyl ether
on living organisms through investigation of the expres-
sion of protein kinase NUAK2 andCSNK1E as well
askey circadian genes in rat lung and liver after pro-
longed (a month) treatment of rats by this chemical com-
pound existing in air.

MATERIALS AND METHODS

Animals and treatment

Experiments were performed on male Wistar rats,
body weight 230 - 250 g. The animals were fed a stan-
dard rat chow diet and had ad libitum access to water.
Eight animals were divided into two equal groups: 4
control rats and 4 rats treated with methyl tert-butyl
ether. For treatment by MTBE the rats were kept in a
chamber with accepted in Ukraine the maximum per-
missible dose of this chemical compound (100 mg in 1
cubic meter) for 4 hours a day, five times a week for
four weeks.

The experiments were performed in accordance with
regulations specified by The Guiding Principles in the
Care and Use of Animals (DHEW Publication, NIH
80-23) and the Palladin Institute of Biochemistry Pro-
tocol for Animal Studies.

Isolation of RNA

Total RNAs were isolated from rat liver and lung
using Trizol reagent (Invitrogen, USA) as described pre-
viously[44] and precipitated from aqueous phase by equal
volume of 2-propanol. RNA pellets washed twice with
75% ethanol, dissolved in ribonuclease free water, re-
precipitated with ethanol, dissolved again in ribonu-
clease free water and used for the synthesis of comple-
mentary DNA (cDNA).

Gene expressions

The expression of NUAK2, CSNK1E, PER1,
BMAL1 and CLOCK mRNA in rat liver and lung was
investigated by polymerase chain reaction (PCR) as well
as by quantitative PCR. Synthesis of cDNA was per-
formed using QuaniTect Reverse Transcription Kit
(QIAGEN, Germany) according to manufacturer�s pro-

tocol, using total RNA from rat lung and liver. For am-
plification of NUAK2, CSNK1E, PER1, ARNTL, and
CLOCK cDNA used HotStarTaq Master Mix Kit

(QIAGEN, Germany) and specific for these genes prim-
ers. Quantitative polymerase chain reaction was per-
formed using �Mx 3000P QPCR�(Stratagene, USA)

and ABsolute qPCR SYBR Green Mix (Thermo Sci-
entific, UK). The expression of beta-actin mRNA was
used as control of analyzed RNA. The primers were
received from the Sigma-Aldrich, USA.

Amplification of protein kinase NUAK2 (SNF1/
AMP-activated protein kinase; SNARK) cDNA was
performed using the following primers: direct - 5'-
AAGTCTCGGCAGCGTGAATC -3 �and reverse 5�-

CAGGATGCTGTCCTCACTCA -3'. The nucleotide
sequences of these primers correspond to sequences
of nucleotides 1544 � 1564 and 1737 � 1718, respec-

tively, of rat NUAK2 mRNA (GenBank number
NM_001007617). For amplification of casein kinase-
1epsilon (CSNK1E) cDNA were used next primers:
forward (5'-GACATCTACCTGGGTGCCAAC -3')
and reverse (5'-TGATCATCTGGTCGGCCAGC -3').
Nucleotide residues of these primers correspond to
nucleotide sequences 64 � 84 and 340 � 321 of the rat

CSNK1E mRNA (GenBank number NM_031617).
Amplification of cDNA circadian factor PER1 was per-
formed using the following primers: forward - 5'-
TCTCTTCTCAGAACTGGATG -3' and reverse 5'-
GGAAGCCTCTCATTAGACTGC -3', nucleotide
sequences which correspond to residues of nucleotides
3699 � 3718 and 3983 � 3963, respectively, of rat

PER1 mRNA (GenBank number NM_001034125).
For amplification of brain and muscle ARNT-like pro-
tein (ARNTL or BMAL1) cDNA were used forward
(5'-TGACCCTCATGGAAGGTTAG -3 �) and re-

verse (5�-AATCCATCTGCTGCCCTGAG -3') prim-

ers. Nucleotide residues of these primers correspond
to nucleotide residues 753 � 772 and 1042 � 1061 of

rat ARNTL mRNA (GenBank number NM_024362).
For amplification of circadian locomotor output cycles
kaput (CLOCK) cDNA were used next primers: for-
ward (5'-TGCACAGTCAGATGCTAGTG -3 �) and

reverse (5�-TGATCCACAAGATCAGATGG -3').

Nucleotide residues of these primers correspond to
nucleotide residues 264 � 283 and 455 � 436 in the

sequence of rat CLOCK mRNA (GenBank number
NM_021856). The amplification of beta-actin (ACTB)
cDNA was performed using forward - 5��
GGACTTCGAGCAAGAGATGG �3� and reverse -

5�� AGCACTGTGTTGGCGTACAG �3� primers.
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These primers nucleotide sequences correspond to 747
� 766 and 980 � 961 of human ACTB cDNA (GenBank
accession number NM_001101).

The same pair of primers was also used for ampli-
fication in the quantitative polymerase chain reaction.
An analysis of quantitative PCR was performed using
special computer program �Differential expression cal-

culator�. The values of NUAK2, CSNK1E, PER1,

BMAL1, and CLOCK mRNA expressions were nor-
malized to the expression of beta-actin mRNA and rep-
resent as percent of control 1 (100 %).

Amplification products were analyzed by electro-
phoresis in 2% agarose gels. Gels were analyzed in the
Quantity One BioRad System (U.S.A.).

Statistical analysis

Statistical analyses were performed according to
Student�s t-test using OriginPro 7.5 software. All val-
ues are expressed as mean ± SEM from

fourindependent experiments; p< 0.05 was considered
as significant difference.

RESULTS AND DISCUSSION

We investigated the mRNA expression of key cir-
cadian genes and casein kinase-1epsilon as well as pro-
tein kinase NUAK2 in the lung and liver of rats in nor-
mal conditions and after prolonged exposure of ani-
mals to low doses of methyl tert-butyl ether in air. The
data of protein kinase NUAK2 mRNA expression is
presented in Figure 1. It was found that the expression
level of protein kinase NUAK2 mRNA almost doubles
in the lung and liver of rats under the influence of maxi-
mum permissible dose methyl tert-butyl ether. This data
is consistent with that obtained earlier on the increased
expression of this protein kinase under the influence of
small doses of methyl tert-butyl ether under its internal
gastric administration to rats[17].

NUAK2 is an important regulator of whole-body
metabolismas a molecular component of the cellular
stress response andcommonly activated in response to
cellular and environmental stresses[41]. Moreover, the
overexpression of protein kinase NUAK2 in human liver
hepatoma cells results in the up-regulation (more than
2.0-fold) of 76 mRNA targets and down-regulation
(more than 2.0-fold) of 32 mRNA targets, suggesting
that this protein kinase can work as a stress-responsive

transcriptional modulator in the nucleus[43]. Thus, the
nuclear localizing NUAK2 alters transcriptomeprofiles
and a considerable part of these alterations were can-
celled by the mutation of nuclear localization signal. It is
important to note, that the activity of protein kinase
NUAK2 changes under various stress conditions cells,
but not in all cell types, and strongly depends on the
levels of glucose and glutamine in the cells. It therefore
represents an NF-B-regulated anti-apoptotic gene that
contributes to the tumour-promoting activity of death
receptor CD95 in apoptosis-resistant tumour cells and
plays an important role in cancer development and tu-
mour progression[45].

Thus, the increased expression of protein kinase
NUAK2 can be a result of stress, induced by MTBE
treatment, as well as can be responsible for some nega-
tive effects of prolonged action low dose of this chemi-
cal compound. This data argues with several in vitro
studies that metabolic stresses as well as genotoxic or
environmental stresses induce NUAK2 activation; how-
ever, the physiological roles of this protein kinase re-
main uncertain yet[40,41]. Interestingly, NUAK2(+/-) mice
exhibited mature-onset obesity and related metabolic
disorders[41]. It is possible that dysregulation of this im-
portant gene expression is responsible for variable meta-

Figure 1 : The expression of SNF1/AMP-activated protein
kinase (NUAK2) mRNA in the lung and liver of rats treated
for the period of one month with the maximum permissible
dose of MTBE measured by RT/PCR (A) and qPCR (B). 1 -
Control animals; B � MTBE treated rats. The level of NUAK2

mRNA expression was normalized to beta-actin mRNA ex-
pression and represent as percent of control (100 %); mean
± SEM; n = 4; * � P < 0.05 as compared to control.
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liver of treated by methyl tert-butyl ether animals can
participate in the developing of negative effect induced
by this chemical compound.

The data of circadian transcription factor
ARNTLalso known as BMAL1 (brain and muscle
ARNT-like protein)mRNA expression is presented in
Figure 3. It was found that the expression level of this
circadian geneis increased in the lung (by 73 %) and
liver (by 91 %) of rats under the influence of maximum
permissible dose methyl tert-butyl ether (Figure 3B).

The investigation of the expression of another cir-
cadian transcription factor CLOCK (circadian loco-
motor output cycles kaput) showed that in control rats
and in animals that treated with methyl tert-butyl ether

bolic disturbances, including circadian clock function,
especially in response to the action of toxic compounds.

As seen from the data shown in Figure 2, the ex-
pression of another protein kinase, casein kinase-1ep-
silon, also significantly increased in the lung and liver of
rats exposed to the maximum allowable dose of MTBE.
Thus, quantitative PCR analysis shown that CSNK1E
mRNA expression is increased in the lung and liver of
MTBE treated rats by 64 % and 57 %, correspond-
ingly, as compared to control animals. This protein ki-
nase as well as casein kinase-1delta is very important
in regulation of the expression and function of most cir-
cadian factors but these protein kinases also partici-
pate in the regulation of several other extremely impor-
tant processes[34,36-39]. Thus, it was found that casein
kinase-1epsilon bound to PER1, PER2 PER3 and
phosphorylates them that significantly alters the func-
tion of genes that control cell division cycle (Cyclin D1,
Cyclin A, MDM2, cMYC and GADD45alpha) and a
number of oncogenes and well as tumor suppressor
genes[37,46-49]. This protein kinase also takes part in the
destabilization of -catenin-degrading complex[48], in
the functioning of TGF- signaling cascade[50], the in-
activation of protein BID by caspase cleavage of its[51],
phosphorylates TP53[55], negatively regulates AKT
phosphorylation through PTEN[37]. In this reason, the
increased expression level of CSNK1E in the lung and

there are two isoforms of this transcription factor and
that the expression level of both isoforms increases un-
der the influence of this toxic chemical compounds both
in the lung and liver (Figure 4A). Using quantitative PCR,
we have shown that under the influence of maximum
permissible doses of methyl tert-butyl ether the expres-
sion level of CLOCK mRNA was increased in the lung
to a much greater extent than in the liver: in the lung an
increase of 125%, while in liver only 62% (Figure 4B).

It is important to note that the increased level of
CLOCK mRNA expression was earlier established by
us under prolonged exposure to low doses of methyl

Figure 2 : The expression of casein kinase-1epsilon (CSNK1E)
mRNA in the lung and liver of rats treated for the period of
one month with the maximum permissible dose of MTBE mea-
sured by RT/PCR (A) and qPCR (B). 1 - Control animals; B �
MTBE treated rats. The level of CSNK1E mRNA expression
was normalized to beta-actin mRNA expression and repre-
sent as percent of control (100 %); mean ± SEM; n = 4; * � P
< 0.05 as compared to control.

Figure 3 : The expression of brain and muscle ARNT-like
protein (BMAL1 or ARNTL) mRNA in the lung and liver of
rats treated for the period of one month with the maximum
permissible dose of MTBE measured by RT/PCR (A) and
qPCR (B). 1 - Control animals; B � MTBE treated rats. The

level of ARNTL mRNA expression was normalized to beta-
actin mRNA and represent as percent of control (100 %);
mean ± SEM; n = 4; * � P < 0.05 as compared to control.
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tert-butyl ether under its internal gastric administration
to rats[15]. Moreover, the intra-gastric treatment of rats
with small dose of methyl tert-butyl ether leads to in-
crease of casein-1epsilon mRNA expression level only
in the liver and ARNTL � only in the lung[17].

As shown in Figure 5, the expression level of circa-
dian factor PER1 was also increased in the level of
mRNA both in the lung and liver under the action of
methyl tert-butyl ether, but in the lung effect of this toxic
chemical compounds was significantly higher. Thus,
under the influence of maximum permissible doses of
methyl tert-butyl ether the expression level of PER1
mRNA was increased in the lung by 146 %, but in the
liver only by 85 %, compared with control animals.

Thus, increased expression of PER1, CLOCK, and
ARNTL mRNA levels in both lung and liver of MTBE
treated rats are correlated to enhanced expression of
CSNK1E mRNA. There is data that phosphorylation
of PER1 protein by CSNK1 results in their rapid deg-
radation, which is dependent on the ubiquitin-
proteasome pathway[37]. At the same time, MTBE treat-
ment modified the phosphorylation of PER1 and some
other proteins and its functional activity as well as sta-
bility. Moreover, CSNKIE and CSNK1D are able to
affect the inhibitory effect of PER proteins on the tran-

scriptional activity of ARNTL-CLOCK[37].
Previously, we have shown that hypoxia stabilizes

HIF-1alpha protein through the blockade its
ubiquitination, while significantly decreasing the expres-
sion level of its mRNA[53-55]. Therefore, for this regula-
tory protein we have negative correlation between
mRNA and protein levels.

The above data clearly shown that the expression
of protein kinase NUAK2, whichis a molecular com-
ponent of the cellular stress response and commonly
activated in response to environmental stresses[41],
CSNK1E and key circadian factors is affected by air
treatment with methyl tert-butyl ether.

A number of studies have shown that abnormalities
in the regulation of circadian gene expressions occur in
some diseases and may also be implicated in the emer-
gence and progression of malignant tumors[31,45,56-65]. It
has been also discovered that the expression of several
circadian genes depends on hypoxia[66], which can also
significantly contribute to the progression of most tu-
mors by disrupting the function of biological clock.

Thus, the results of this work indicates a pronounced
effect of the maximum permissible dose of methyl tert-
butyl ether on the process of gene expression of ex-
tremely important protein kinases and circadian fac-
tors, which are responsible for the regulation of basic

Figure 4 : The expression of brain and muscle ARNT-like
protein (BMAL1orARNTL) mRNA in the lung and liver of
rats treated for the period of one month with the maximum
permissible dose of MTBE measured by RT/PCR (A) and
qPCR (B). 1 - Control animals; B � MTBE treated rats. The

level of ARNTL mRNA expression was normalized to beta-
actin mRNA and represent as percent of control (100 %);
mean ± SEM; n = 4; * � P < 0.05 as compared to control.

Figure 5 : The expression of circadian protein period 1 (PER1)
mRNA in the lung and liver of rats treated for the period of
one month with the maximum permissible dose of MTBE mea-
sured by RT/PCR (A) and qPCR (B). 1 - Control animals; B �
MTBE treated rats. The level of PER1 mRNA expression was
normalized to beta-actin mRNA and represent as percent of
control (100 %); mean ± SEM; n = 4; * � P < 0.05 as com-

pared to control.
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metabolic processes, in the lung and liver. It is possible
that changes in the expression level of NUAK2,
CSNK1E, and different circadian factor mRNAs upon
MTBE treatment can indicate, at least in part, the bio-
logical clock dysfunction and initiate some metabolic
abnormalities in the body, which was shown by numer-
ous studies[4,6,7,9,10,13,14].

Moreover, these results also indicate the need for
further research to elucidate the detailed molecular
mechanism ofpossible toxic action of methyl tert-butyl
ether and find ways to neutralize their negative effects
on the body as well as to reevaluate the maximum per-
missible dose of this compound. It is possible that the
normal biological clock function dysregulation and as-
sociated signaling pathways in cells is one of the mecha-
nisms of methyl tert-butyl ether action on the body.

CONCLUSIONS

Prolonged treatment of rats for one month with the
maximum permissible dose of methyl tert-butyl ether
increases the protein kinase NUAK2 and CSNK1E
mRNA expression in the lung and liver. Moreover, the
expression level of key circadian factors also signifi-
cantly increased in the lung and liver of rats treated with
methyl tert-butyl ether. This dysregulation of the circa-
dian clockgenes as well as protein kinase genes can
possibly disrupt the regulation of basic metabolic pro-
cesses in the body and maybe contributes to the devel-
opment of various pathological conditions. Thus, the
expression of NUAK2, CSNK1E, PER1, ARNTL and
CLOCK genes can be important sensitive markers of
possible harmful effects of very low doses of MTBE
and maybe many others environmental chemical pollut-
ants. More definitive studies are needed to understand
the mechanisms by which MTBE may pose health and
environmental impacts. The scientific value of this study
is that prolonged (a month) treatment of rats by the
maximum permissible dose of MTBE existing in air af-
fects the expression of protein kinase NUAK2 and
CSNK1E as well as key circadian genes in rat lung and
liver after and that this permissible dose of MTBE should
be reevaluated.
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