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Abstract
Background and objective: Acrolein is a highly reactive α, β-unsaturated aldehyde and a respiratory irritant that
is ubiquitously present in the environment but that can also be generated endogenously at sites of inflammation.
Apical junctional protein claudin 5 can be affected by acrolein. This study aimed to determine the impact of aberrant
expression of DNMT1, DNMT3b, MBD3, and MeCP2 on acrolein induced claudin 5.
Methods: EA.hy926 cell lines were exposed to acrolein 30 nm for 1 h, 2 h, and 4 h. Epigenetic enzyme such as
DNMT1, DNMT3b, MBD3 and MeCP2 were quantified in the cell line using real time PCR. Claudin 5 methylation
was checked by methtyl specific PCR.
Results: After acrolein 30 nm exposure, MBD3 and MeCP2 transcript were decreased at 1 h and increased at 2
h and 4 h compared to control. DNMT3b transcript was decreased at 1 h, 2 h, and 4 h following acrolein 30 nm
exposure. DNMT1 transcript was not different between control and acrolein 30 nm exposure. Claudin 5 methylation
transcript /total Claudin 5 transcript was decreased at 1 h, 2 h and 4 h following acrolein 30 nm exposure.
Conclusion: These findings demonstrate that acrolein exposure modify epigenetic enzyme leading to Claudin 5
methylation change, suggesting that acrolein contribute to enzyme pathway involved in epigenetic regulation.
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Introduction
Acrolein (2-propenal) is a highly reactive α, β-unsaturated aldehyde
and a respiratory irritant that is ubiquitously present in the
environment but that can also be generated endogenously at sites of
inflammation [1,2] . Acrolein is abundant in tobacco smoke, which is
the major environmental risk factor for asthma and chronic
obstructive pulmonary disease (COPD), and elevated levels of acrolein
are found in the lung fluids of asthma and COPD patients [1-3].
Because of its reactivity with respiratory-lining fluid or cellular
macromolecules, acrolein alters gene regulation, inflammation,
mucociliary transport, and alveolar–capillary barrier integrity [1].
An integral membrane protein, Claudin 5 (CLDN5), is a critical
component of endothelial tight junctions that control pericellular
permeability [2]. Acrolein can induce ALI with perivascular edema in
mice, accompanying by a compensatory increase in CLDN5 transcript
and protein, which was more evident in a resistant than a sensitive
mouse strain [2].
Epigenetics is the study of stable modifications of fixed genomes
that direct which genes are expressed and silenced [4,5]. Although
heritable from parent to child, and potentially stable between cell
cycles, epigenetic regulation of DNA transcription can also be
modified by a number of external factors to allow flexible responses to
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a changing environment such as air pollution, tobacco smoke, and
other sources of oxidant stress, along with the microbial environment,
pesticides, and toxins [4]. A number of different disease processes
among them cancer, atherosclerosis, mental retardation syndromes,
autoimmune, and allergic processes are in part controlled by epigenetic
processes [4,6]. DNA methylation is accomplished by several subtypes
of the DNA methyl transferases (DNMT). DNMT1 is considered the
maintenance methyltransferase because this isoform acts to maintain
methylation states during mitosis and in the daughter cells. DNMT3A
and DNMT3B initiate de-novo methylation [7], although the triggers
for this activity are only partly identified. Age, sex, genetic
polymorphisms, and environmental exposures are some factors
associated with altered methylation [8]. Histones can be modified by a
number of processes including by acetylation, phosphorylation,
methylation, ubiquitination or sumoylation [5]. This study aimed at
examining the effect of epigenetic enzyme on claudin 5 expresion
exposed to acrolein.

Materials and Methods
Cell culture and acrolein treatment
(No. CRL 2922; ATCC, Manassas, VA), Confluent cells were washed
in D-PBS, incubated for 30 min, and then exposed to 30 nm acrolein
(<4 h) in D-PBS.
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Total RNA extraction and real-time PCR to measure
methylation enzymes expression levels
Total RNA was extracted using a TRI REAGENT (Molecular
Research Center, Cincinnati, OH, USA) according to the
manufacturer’s instructions. We quantified RNA and reverse
transcribed cDNA from 3 μg of total RNA. RNA was reversetranscribed by incubation with 0.5 mM dNTP, 2.5 mM MgCl2, 5 mM
DTT, 1 ul of Oligo DT(0.5 ug/ul) and SuperScript II RT (200 unit/ul) at
42°C for 50 min, and heat inactivated at 70°C for 15 min. About 50 ng
cDNA was amplified using Applied Biosystems Step One TM RealTime PCR System. The PCR mixture (20 μl) contained 1ul of cDNA, 1
μl of 10 pmol forward and reverse primers and 10 μl of 2X SYBR Green
Supermix (Applied Biosystems). The reaction was carried out in a twostep procedure: denaturation at 95°C for 10 min and 40 cycles with
denaturation at 95°C for 15 s, 60°C for 1 min and melt curve stage was
performed at 95 for 15 s, 60 for 1 min and 90°C for 15 s. The
comparative cycle number threshold (CT) method (∆∆CT) was used
to quantify the transcript expression levels. The change in CT value
(∆CT=CT gene of interest -CTPGK1) was calculated for each sample.
The comparative ∆∆CT calculation involved finding the difference
between each sample's ∆CT and the mean ∆CT for the control
samples. These values were transformed to absolute values using the
formula: comparative expression level (fold change)=2-∆∆CT. The
conditions and primers designed for detected genes were listed in
Table 1.
Gene

PGK1

Sequences (5’-3’)

F

GACCTAATGTCCAAAGCTGAGA

R

A

Annealing
temperature
(°C)

PCR
products
size (bp)

58

127

58

125

60

152

58

145

59

135

CAGCAGGTATGCCAGAAGCC
DNMT1

DN
MT3b

MeCP2

MBD3

F

AACCTTCACCTAGCCCCAG

R

CTCATCCGATTTGGCTCTTTCA

F

CCAATCCTGGAGGCTATCCG

R

ACTGGGGTGTCAGAGCCAT

F

TGACCGGGGACCCATGTAT

R

CTCCACTTTAGAGCGAAAGGC

F

CAGCCGTGACCAAGATTACC

R

CTCCTCAGCAATGTCGAAGG

GTAAGGTGTTTTTGGAATGATTTC
reverse:
ATCCAACCACCAATCTTAATACG
Human
Claudin-5-U
unmethylated
primers
forward:
GTAAGGTGTTTTTGGAAATGATTTT
revers:
ATCCAACCACCAATCTTAATACAAC. These primers designed
using the Methprimer tool.
Methyl amplification used hot start premix (bionner, Daejeon,
Republic of Korea) and conditions were as follows: initial denaturation
at 95°C for 10 min, denaturation at 94°C for 30 s, annealing at 58°C for
30s, and extension at 72°C for 30 s for 35 cycles, followed by a
stabilization for 7 min at 72°C. Unmethyl amplification followed the
same procedure. Amplification products were separated by gel
electrophoresis and stained with ethidium bromide. The density
(intensity 3 square millimeters) of each band specific for methyl and
unmethyl primers was measured under UV light and promoter
methylation status was expressed by percent density of methyl band /
[methyl band+unmethyl band].

Statistical analysis
All data were analyzed using the SPSS version 7.5 for Windows.
Data are expressed as mean ± SEM. Inter-group comparisons were
assessed by non-parametric method using Mann-Whitney U test. A pvalue of less than 5% was regarded as statistically significant.

Results
DNMT3b transcript decrease after exposure to acrolein
EA.hy926 cell lines were exposed to acrolein 30 nm for 1 h, 2 h, and
4 h. Epigenetic enzyme such as DNMT1, DNMT3b, MeCP2 and
MBD3 were quantified in the cell line using real time PCR. DNMT3b
transcript was decreased at 1 h, 2 h, and 4 h following acrolein 30 nm
exposure (Figure 1A). DNMT1 transcript was not different between
control and acrolein 30 nm exposure (Figure 1B).

Table 1: Primer sets for real time PCR.

Claudin-5 CpG methylation in vitro by methylation-specific
PCR (MSP) and real-time MSP
Total genomic DNA from the EA.hy 926 cells was extracted using a
mini DNeasy Kit (Qiagen, Tokyo, Japan). Bisulfite conversion of
genomic DNA was performed using a Zymo EZ DNA Methylation
Gold kit (Zymo Research Corp, Orange, CA). MSP was performed to
determine the methylation status of the CLDN5 gene. Specific
methylated or unmethylated sequences of the primers: Human
Claudin-5-M
methylated
primers
forward:
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Figure 1: Changes of DNMT3b (A) and DNMT1 (B) following
acrolein 30 nm exposure by time. Data showed mean ± SE.
**p<0.05 compared to control.

Changes of MeCP2 and MBD3 transcript exposed to acrolein
After acrolein 30 nm exposure, MeCP2 (Figure 2A) and MBD3
(Figure 2B) transcript were decreased at 1 h and increased at 2 h and 4
h compared to control.
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methylation, histone modification, and miRNAs represent coordinated
processes that regulate gene silencing or expression by architectural
remodeling of the genome [4].
Epigenetic changes are modulated by environmental exposures such
as air pollutants, making epigenetics the interface between genes and
environment [4]. With more knowledge about acrolein effect on
human effects, it may be the window through which we can control
exposures to protect patients from environmental exposure. In our
study claudin 5 methylation ratio (methylation/unmethylation plus
methylation) was decreased at 1 h, 2 h, and 4 h following acrolein 30
nm exposure indicating that methylation of claudin-5 gene decrease
gene expression.
Figure 2: Changes of MeCP2 (A) and MBD3 (B) following acrolein
30 nm exposure by time. Data shows mean ± SE. **p<0.05
compared to control.

Claudin 5 methylation transcript decrease after exposure to
acrolein
Claudin 5 methylation was checked by methtyl specific PCR.
Claudin 5 methylation transcript/total Claudin 5 transcript was
decreased at 1 h, 2 h, and 4 h following acrolein 30 nm exposure
(Figure 3).

Figure 3: Changes of methylation/unmethlation and methylation
ratio of claudin-5 following acrolein 30 nm exposure by time. Data
showed mean ± SE. **p<0.05 compared to control.

Discussion
This study adds to novel information that acrolein exposure modify
differently epigenetic enzyme by time windows. Acrolein (an α, βunsaturated 2-alkenal) is highly reactive in biological systems and can
be extremely irritating [9-11]. Acrolein levels are elevated in secondhand smoke compared with mainstream smoke because side-stream
smoke is generated at lower combustion temperatures [12-14].

DNA methylation has been shown to be a key contributor to
epigenetic regulation of gene expression. Its mechanism of action can
be mediated through direct inhibition of transcription factors or DNA
interactions modulated by methylation of specific regions of promoters
[15-19], recognition of methylated DNA sequences by transcriptional
repressors associated with the recruitment of corepressors [20,21], or
binding of methylated DNA binding proteins (MBPs) to nucleosomes
leading to chromatin compaction, as shown with methyl-CpG-binding
protein 2 (MeCP2) [22].
Understanding how the methylome is affected by environmental
signals that do not affect methyl donor levels is more challenging.
Aging [23], smoking [24,25], and heavy metal exposure [26,27],
acrolein [28,29] have all been associated with changes in the DNA
methylome, and with changes in DNMT expression, but the
mechanisms by which these changes occur are largely unknown. DNA
methyltransferases (DNMTs) such as DNMT1, DNMT3A and
DNMT3B contribute to various physiologic and pathologic conditions
including embryo implantation [30], cytomegalovirus infection [31],
radiation [32], cancer, aging, neural cell differentiation [33]. In this
study although DNMT3b was increased at 1 h, 2 h, and 4 h, and
DNMT1 was not changed compared to control in acrolein 30 nm
exposure. Those results suggest that acrolein exposure affect DNMTs
enzymes according to acrolein concentration.
MeCP2 (Methyl-CpG-binding protein 2) was the first MBP
discovered to selectively recognize and bind methylated DNA
sequences [34]. Since the discovery of MeCP2, 4 additional members
of the MBP family (MBD1, MBD2, MBD3, and MBD4) have been
identified through bioinformatic analysis of the polypeptide sequence
of the methylated DNA binding domain (MBD) shared by these
proteins [35].
MeCP2 was also the first MBP found to interact with HDACcontaining complexes, linking two epigenetic repression mechanisms:
DNA methylation and histone deacetylation [36]. After acrolein 30 nm
exposure, MBD3 and MeCP2 were decreased compared to control at 1
h and increased at 2 h and 4 h, indicating that MBD and MeCP2
differently function by time and dose following acrolein exposure.
In conclusion our study demonstrate that acrolein exposure modify
MBD 3 and DNMTs and MeCP2 related to epigenetics, suggesting that
acrolein contribute to enzyme pathway involved in epigenetic
regulation. Further studies will be needed to explain the role of specific
gene related to acrolein exposure.

Epigenetics refer to inheritable changes beyond DNA sequence that
control cell identity and morphology and play key roles in
development and cell fate commitments and highly impact the etiology
of many human diseases such as respiratory diseases [4]. DNA

J Clin Toxicol
ISSN:2161-0495 JCT, an open access journal

Volume 5 • Issue 5 • 1000268

Citation:

Moon KY, Lee PH, Kim BG, Park MK, Jang AN (2015) Claudin 5 Transcripts Following Acrolein Exposure Affected by Epigenetic
Enzyme. J Clin Toxicol 5: 268. doi:10.4172/2161-0495.1000268

Page 4 of 4

Acknowledgement
This subject is supported by Korea Ministry of Environment
(2012001360001) as "The Environmental Health Action Program" and
Soonchunhyang University.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Bein K, Leikauf GD (2011) Acrolein a pulmonary hazard. Mol Nutr Food
Res 55: 1342-1360.
Jang AS, Concel VJ, Bein K, Brant KA, Liu S, et al. (2011) Endothelial
dysfunction and claudin 5 regulation during acrolein-induced lung
injury. Am J Respir Cell Mol Biol 44: 483-490.
Moretto N, Volpi G, Pastore F, Facchinetti F (2012) Acrolein effects in
pulmonary cells: relevance to chronic obstructive pulmonary disease.
Ann N Y Acad Sci 1259: 39-46.
Pacheco KA (2012) Epigenetics mediate environment: gene effects on
occupational sensitization. Curr Opin Allergy Clin Immunol 12: 111-118.
North ML, Ellis AK (2011) The role of epigenetics in the developmental
origins of allergic disease. Ann Allergy Asthma Immunol 106: 355-361.
Klose RJ, Bird AP (2006) Genomic DNA methylation: the mark and its
mediators. Trends Biochem Sci 31: 89-97.
Liang G, Chan MF, Tomigahara Y, Tsai YC, Gonzales FA, et al. (2002)
Cooperativity between DNA methyltransferases in the maintenance
methylation of repetitive elements. Mol Cell Biol 22: 480-491.
Cookson WO, Moffatt MF (2011) Genetics of complex airway disease.
Proc Am Thorac Soc 8: 149-153.
Andre E, Campi B, Materazzi S, Trevisani M, Amadesi S, et al. (2008)
Cigarette smoke-induced neurogenic inflammation is mediated by
alpha,betaunsaturated aldehydes and the TRPA1 receptor in rodents. J
Clin Invest 118: 2574-2582.
Steinhagen WH, Barrow CS (1984) Sensory irritation structure-activity
study of inhaled aldehydes in B6C3F1 and Swiss-Webster mice. Toxicol
Appl Pharmacol 72: 495-503.
Weber A, Jermini C, Grandjean E (1976) Irritating effects on man of air
pollution due to cigarette smoke. Am J Public Health 66: 672-676.
Faroon O, Roney N, Taylor J, Ashizawa A, Lumpkin MH, et al. (2008)
Acrolein health effects. Toxicol Ind Health 24: 447-490.
Leikauf GD (2002) Hazardous air pollutants and asthma. Environ Health
Perspect 110: 505-526.
Leikauf GD (2009) Formaldehyde and other aldehydes. In: Lippmann M
(ed.) Environmental toxicants: human exposures and their health effects.
John Wiley and Sons, pp. 257-316.
Hashimoto H, Vertino PM, Cheng X (2010) Molecular coupling of DNA
methylation and histone methylation. Epigenomics 2: 657-669.
Bell AC, Felsenfeld G (2000) Methylation of a CTCF-dependent
boundary controls imprinted expression of the Igf2 gene. Nature 405:
482-485.
Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM, et al. (2000)
CTCF mediates methylation-sensitive enhancer-blocking activity at the
H19/Igf2 locus. Nature 405: 486-489.
Holmgren C, Kanduri C, Dell G, Ward A, Mukhopadhya R, et al. (2001)
CpG methylation regulates the Igf2/H19 insulator. Curr Biol 11:
1128-1130.
Szabó PE, Pfeifer GP, Miao F, O'Connor TR, Mann JR (2000) Improved in
vivo dimethyl sulfate footprinting using AlkA protein: DNA-protein

J Clin Toxicol
ISSN:2161-0495 JCT, an open access journal

20.
21.
22.

23.

24.

25.
26.
27.

28.
29.
30.
31.

32.
33.
34.
35.
36.

interactions at the mouse H19 gene promoter in primary embryo
fibroblasts. Anal Biochem 283: 112-116.
Jones PA, Gonzalgo ML, Tsutsumi M, Bender CM (1998) DNA
methylation in bladder cancer. Eur Urol 33: 7-8.
Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, et al. (1998)
Transcriptional repression by the methyl-CpG-binding protein MeCP2
involves a histone deacetylase complex. Nature 393: 386-389.
Georgel PT, Horowitz-Scherer RA, Adkins N, Woodcock CL, Wade PA, et
al. (2003) Chromatin compaction by human MeCP2. Assembly of novel
secondary chromatin structures in the absence of DNA methylation. J
Biol Chem 278: 32181-32188.
Li Y, Liu Y, Strickland FM, Richardson B (2010) Age-dependent decreases
in DNA methyltransferase levels and low transmethylation micronutrient
levels synergize to promote overexpression of genes implicated in
autoimmunity and acute coronary syndromes. Exp Gerontol 45: 312-322.
Liu H, Zhou Y, Boggs SE, Belinsky SA, Liu J (2007) Cigarette smoke
induces demethylation of prometastatic oncogene synuclein-gamma in
lung cancer cells by downregulation of DNMT3B. Oncogene 26:
5900-5910.
Zhang S, Zhou M, Jiang G, Gong C, Cui D, et al. (2015) Expression and
DNA methylation status of the Rap2B gene in human bronchial epithelial
cells treated by cigarette smoke condensate. Inhal Toxicol 27: 502-509.
Jiang G, Xu L, Song S, Zhu C, Wu Q, et al. (2008) Effects of long-term
low-dose cadmium exposure on genomic DNA methylation in human
embryo lung fibroblast cells. Toxicology 244: 49-55.
Brown TA, Lee JW, Holian A, Porter V, Fredriksen H, et al. (2015)
Alterations in DNA methylation corresponding with lung inflammation
and as a biomarker for disease development after MWCNT exposure.
Nanotoxicology .
Helling BA, Yang IV (2015) Epigenetics in lung fibrosis: from
pathobiology to treatment perspective. Curr Opin Pulm Med 21: 454-462.
Wang HT, Weng MW, Chen WC, Yobin M, Pan J, et al. (2013) Effect of
CpG methylation at different sequence context on acrolein- and BPDEDNA binding and mutagenesis. Carcinogenesis 34: 220-227.
Ding YB, He JL, Liu XQ, Chen XM, Long CL, et al. (2012) Expression of
DNA methyltransferases in the mouse uterus during early pregnancy and
susceptibility to dietary folate deficiency. Reproduction 144: 91-100.
Esteki-Zadeh A, Karimi M, Straat K, Ammerpohl O, Zeitelhofer M, et al.
(2012) Human cytomegalovirus infection is sensitive to the host cell DNA
methylation state and alters global DNA methylation capacity.
Epigenetics 7: 585-93.
Armstrong CA, Jones GD, Anderson R, Iyer P, Narayanan D, et al. (2012)
DNMTs are required for delayed genome instability caused by radiation.
Epigenetics 7: 892-902.
Liu L, van Groen T, Kadish I, Li Y, Wang D, et al. (2011) Insufficient DNA
methylation affects healthy aging and promotes age-related health
problems. Clin Epigenetics 2: 349-360.
Lewis JD, Meehan RR, Henzel WJ, Maurer-Fogy I, Jeppesen P, et al.
(1992) Purification, sequence, and cellular localization of a novel
chromosomal protein that binds to methylated DNA. Cell 69: 905-914.
Hendrich B, Bird A (1998) Identification and characterization of a family
of mammalian methyl-CpG binding proteins. Mol Cell Biol 18:
6538-6547.
Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, et al. (1998)
Transcriptional repression by the methyl-CpG-binding protein MeCP2
involves a histone deacetylase complex. Nature 393: 386-389.

Volume 5 • Issue 5 • 1000268

