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Abstract Recent studies have indicated that Di-(2-
ethylhexyl) phthalate (DEHP), the most commonly
used plasticizer in daily-life products, could be
dispersed in indoor air and induce human exposure
via inhalation. DEHP has been reported to have effects
on the respiratory system in both animal and human
researches. The toxicity effects of DEHP exposure on
cell proliferation, cell cycle progression, apoptosis,
global DNA methylation and the expression levels of
DNA methyltransferases (DNMTs) were investigated
in this study, using human epithelial cell line 16HBE
as an in vitro model. Cells were treated with DEHP at
doses of 0, 0.125, 0.5 and 2 mmol/L for 48 h. Cell
proliferation, cell cycle and apoptosis were tested by
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MTT assay and flow cytometer, respectively. The
obtained results showed decreased living cell number
and cell viability following DEHP exposure at the
dose of 2 mmol/L. DEHP also inhibited the cell cycle
progression of G1 phase and induced a significant
increase in cell apoptosis in 16HBE cells. DEHP
exposure could induce cell proliferation inhibition in
16HBE cells via the blocking of cell cycle progression
and accelerated cell apoptosis. In addition, decreased
global DNA methylation levels and expression levels
of DNMTs were observed in DEHP-treated groups
which revealed possible epigenetic effects of DEHP.

Keywords Apoptosis - Cell cycle - DEHP - DNA
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Abbreviations

DEHP Di-(2-ethylhexyl) phthalate

DMSO  Dimethyl sulfoxide

DNMT1 DNA methyltransferase 1

FBS Fetal bovine serum

MEHP Mono-2-ethylhexyl phthalate

MEM Minimum essential medium

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

OD Optical density
PBS Phosphate buffer saline
PI Prodidium iodide

PVC Polyvinyl chloride
QPCR Quantitative real-time PCR
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Introduction

Currently, Di-(2-ethylhexyl) phthalate (DEHP) is used
as a polyvinyl chloride (PVC) plasticizer in a wide
range of consumer products, including vinyl floors,
wall covering materials, cosmetics and toys (Cadogan
and Howick 1996). As it is not covalently bound to the
plastic matrix, DEHP may migrate from PVC mate-
rials and be emitted to the air and indoor dust in the
environment (Wormuth et al. 2006). Airborne DEHP
is present at detectable levels across the surface of
Earth (Green et al. 2005). As a result of the wide
distribution of DEHP in the environment, DEHP
exposure is ubiquitous and inhalation is an important
route of human exposure to DEHP during its produc-
tion and use (Hoppin et al. 2004).

The prevalence of respiratory diseases is increas-
ing. Epidemiological studies have investigated the
association between phthalates exposure and respi-
ratory symptoms in both occupational and residential
environments (Bornehag et al. 2004; Hoppin et al.
2004, 2013; Jaakkola et al. 2000; Tuomainen et al.
2006). With respect to human exposure, DEHP is the
most commonly used phthalate accounting for
approximately 50% of total global phthalate con-
sumption. DEHP is widespread in the environment
and has been shown to affect the respiratory system.
A nested case—control study showed a dose—response
relationship between DEHP concentration in indoor
dust and wheezing in Bulgarian children (Kolarik
et al. 2008). DEHP exposure during pregnancy has
been shown to disrupt the proper timing of epithelial
cell proliferation in rat pups (Rosicarelli and Ste-
fanini 2009). Mono-2-ethylhexyl phthalate (MEHP),
a degradation product of DEHP, has been shown to
promote an inflammatory response in cultured human
lung epithelial cell line A549 (Jepsen et al. 2004), and
to exert a toxic effect on the monocytic cell line THP-
1 (Glue et al. 2002).

Respiratory disease involves the interaction of
respiratory tract epithelial cells, such as 16HBE cells.
Therefore, it can be inferred that DEHP may have
toxic effects on human respiratory tract epithelial
cells. The cell cycle and apoptosis are the basis for
growth and development in all living organisms.
Disturbed cell cycle and apoptosis are common toxic
reactions induced by exposure to xenobiotic chemicals
exposure. However, there has been no research on the
toxicity of DEHP on 16HBE cells yet.
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Additionally, epigenetic alternations in respiratory
tract cells have been found to be important modulators of
environmental exposure in respiratory tract diseases
(Nicodemus-Johnson et al. 2016). The role of epigenetic
modifications in human respiratory diseases is identified
by multiple studies showing changed global DNA
methylation levels in tissues or cells (Qiu et al. 2012;
Stefanowicz et al. 2012). Therefore, identifying DEHP
mediated genome methylation changes may advance
our understanding of the underlying epigenetic mech-
anisms that promote DEHP mediated pathogenesis.

In this study, we characterize the toxicity effects of
DEHP exposure on 16HBE cells. Cell proliferation, cell
cycle progression and cell apoptosis of 16HBE cells
were determined. Furthermore, to explore the possible
epigenetic toxicity of DEHP on 16HBE cells, the levels
of global DNA methylation and the expression levels of
DNA methyltransferases were also determined in both
DEHP-treated groups and the control.

Materials and methods
Chemicals

DEHP (67,261, purity >99.5%) and dimethyl sulfox-
ide (DMSO) were both purchased from Sigma Chem-
ical (St. Louis, MO, USA). DEHP (100 mg) was
dissolved in 1 mL DMSO and stored at4 °C as a stock
solution. Working solutions were freshly prepared
each day of treatment, and DMSO was adjusted to a
final concentration of 0.1% in each well.

Cell culture and reagents

The human bronchial epithelial cell line 16HBE was
kindly provided by Prof. D.C. Gruenert (University of
California, San Francisco, CA, USA). The 16HBE
cells were maintained at 37 °C in minimum essential
medium (MEM, Gibco, Bleiswijk, The Netherlands)
supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco), 100 U/mL penicillin (Gibco) and
100 pg/mL streptomycin (Gibco) in an incubator with
5% (v/v) CO,. The medium was changed every 48 h.

Observation of cell morphology

After treatment with different concentrations of DEHP
(0.125, 0.5 and 2 mmol/L) or vehicle (DMSO, 0.1%)
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for 48 h, the morphology of 16HBE cells was
observed on an inverted light microscope fitted with
phase contrast optics. A well of live cells for each
treatment was photographed and the process was
repeated for two separate plates. Morphometric anal-
ysis was performed for all images using ImagePro Plus
6.0 software (Media Cybernetic, Rockville, MD,
USA). The cells were counted by manual tagging to
determine the cell number, which was averaged for
each image pair.

Cell viability assay

Cell viability of 16HBE cells was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) assay (Twentyman and Luscombe
1987). Briefly, the 16HBE cells were seeded in
96-well plates at the density of 4 x 10* cells/mL.
After cultured for 24 h, the 16HBE cells were treated
with different doses of DEHP (0.25, 0.5, 1, 2, 4, 8, 10,
12, 14 and 16 mmol/L) or vehicle (DMSO, 0.1%) in
MEM medium containing 10% (v/v) FBS for 48 h.
Then, MTT (5 mg/mL) was added into the medium
following incubation for 4 h at 37 °C. The MTT
medium was discarded and the 16HBE cells were
lysed in 150 pl of DMSO each well. The optical
density (OD) at 490 nm was measured using a
Microplate Reader (Biotek ELx800, Winooski, VT,
USA). Cell viability (%) expressed as the percentage
of absorbance values at each dose compared to the
vehicle control, was calculated by [ODpgpp—
ODbank}/[ODy.1% pmso — ODplank] % 100%. The
blank is the well which contains culture medium but
no cells. Based on these results above, treatments were
performed with DEHP at 0, 0.125, 0.5 and 2 mmol/L
in the subsequent experiments.

Cell cycle analysis

The cell cycles of 16HBE cells were analyzed by a flow
cytometer (BD, FACS, Calibur, Franklin, Lakes, NJ,
USA). After 16HBE cells were treated with different
concentrations of DEHP (0.125, 0.5 and 2 mmol/L) or
vehicle (DMSO, 0.1%) for 48 h, cells were collected
by centrifugation at 800 g for 5 min and washed twice
with phosphate buffer saline (PBS). The cell pellet was
resuspended with 70% ethanol on ice for 2 h. Then, the
ethanol was removed and cells were resuspended in

PBS containing prodidium iodide (PI, 20 pg/mL;
Sigma) and Rnase A (100 pg/mL; Qiagen, Valencia,
CA, USA) with incubation for 30 min at 37 °C.
Fluorescence of 1000 cells was measured for each
sample. The cell distribution among different GO/G1,
G2/M and S phases was analyzed with ModFit software
(Becton-Dickinson, Brea, CA, USA).

Cell apoptosis analysis

The 16HBE cells were analyzed with an Annexin
V-FITC/PI detection kit (Beyotime, Jiangsu, China)
according to the manufacturer’s instructions. Cells
were planted in 6-well plates (1 x 10° cells/mL) and
treated with different concentrations of DEHP (0.125,
0.5 and 2 mmol/L) or vehicle (DMSO, 0.1%) for 48 h.
Then, the cells were resuspended in binding buffer and
incubated with Annexin V-FITC solution and PI
solution for 15 min at room temperature. The propor-
tions of apoptotic cells and normal cells were analyzed
in the flow cytometer.

Analysis of global DNA methylation

Genomic DNA from 16HBE cells was extracted using
a Wizard Genomic DNA purification Kit (Promega,
Madison, WI, USA). Global DNA methylation was
determined by a MethylFlash Methylated DNA
Quantification Kit (Epigentek, Brooklyn, NY, USA)
according to the manufacturer’s instructions.

RNA isolation and quantitative real-time PCR (Q-
PCR)

Total RNA was isolated from 16HBE cells after
treatment with different concentrations of DEHP
(0.125, 0.5 and 2 mmol/L) or vehicle (DMSO, 0.1%)
for 48 h using Trizol reagent (Invitrogen, Carlsbad,
CA, USA). Reverse transcription for cDNA synthesis
was performed using Revert Aid First Strand cDNA
Synthesis Kits (Fermentas, Hanover, MD, USA).
Q-PCR was performed with Power SYBR Green
PCR Master Mix reagents (Applied Biosystems,
Framingham, MA, USA) on the 7900HT fast real-
time PCR system (Applied Biosystems, Foster City,
CA, USA). Relative gene expression was calculated
by the 2722t method with the housekeeping gene
GAPDH as an internal control. Primer sequences for
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Table 1 Primer sequences
for real-time PCR

Gene Primer sequence (5'-3')

Accession number

GAPDH

Forward TCTGACTTCAACAGCGACACC

NM_ 001256799.2

Reverse CTGTTGCTGTAGCCAAATTCGT

Dnmtl Forward ACGACCCTGACCTCAAATAT

NM_ 001130823.2

Reverse CCATTAACACCACCTTCAAGA

Dnmt3a

Forward CCACCGGCCATACGGT

NM_ 001320892.1

Reverse ACCATCCTTCCTGGGACCTG

Dnmt3b

Forward CCCCTCAAACCCATTCCCTC

NM_ 001207055.1

Reverse GCATCCGTCATCTTTCAGCC

Q-PCR for DNA methyltransferase 1 (DNMT1),
DNMT3a, DNMT3b and GAPDH are listed in
Table 1.

Statistical analysis

Data are expressed as mean £ SD. Statistical analysis
was carried out using SPSS 13.0 (SPSS Inc., Chicago,
IL, USA). To determine statistical significance, the
values were compared with one-way ANOVA fol-
lowed by Dunnett’s test. A P value <0.05 was
considered to be statistically significant.

Results

DEHP decreased the living cell number and cell
viability in 16HBE cells

The number of cells in each image was counted by
manual tagging after treatment with different concen-
trations of DEHP (0.125, 0.5 and 2 mmol/L) or vehicle
(DMSO, 0.1%) for 48 h. Living cells counted in
images are shown in Fig. 1a, b. The number of 16HBE
cells was slightly lower in DEHP exposure groups
(0.125-2 mmol/L). The difference was significant
only at the dose of 2 mmol/L compared to control
(P < 0.05). Normal cells in control group were
observed to be epithelial-like, flat and adherent.
However, some cells in the 2 mmol/L. DEHP-treated
group were observed to be round, small and sus-
pended. Moreover, the number of suspended cells was
increased in the cell culture medium.

To determine the cytotoxic effects of DEHP
exposure on 16HBE cells, cell viability in response
to DEHP treatment for 48 h was tested by MTT. As
exhibited in Fig. Ic, 16HBE cell viability was
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significantly inhibited by DEHP exposure at the dose
of 2 mmol/L (P < 0.05) and markedly inhibited at the
doses of 12, 14 and 16 mmol/L (P < 0.01). There is a
decreasing trend generally in 16HBE cell viability
with the increasing doses of DEHP. However, signif-
icant changes in the cell viability were not observed at
doses of 4 mmol/L (1.06 + 0.22, P > 0.05) and
8 mmol/L (1.10 £ 0.13, P > 0.05) compared to the
control (1.03 £ 0.06). Moreover, at 10 mmol/L, the
cell viability was slightly but not significantly
decreased (0.83 4 0.25, P = 0.056). These results
indicate that DEHP exposure induces cytotoxic effects
at relatively high doses.

DEHP inhibited cell cycle progression of G1 phase
and increased the percentage of cells at the G2/M
and S phase

In order to investigate the effects of DEHP exposure on
cell cycle progression in 16HBE cells, the cell cycle was
determined after treatment with different doses of DEHP
(0.125, 0.5 and 2 mmol/L) or vehicle (DMSO, 0.1%) for
48 h. The cell cycle distribution profiles were recorded
by flow cytometer. As shown in Fig. 2a, b, DEHP
treatment significantly decreased the percentage of cells
in the GO/G1 phase at the dose of 2 mmol/L. compared
to the controls (P < 0.05). Significant increases in the
percentage of cells at the G2/M and S phase were
observed in DEHP treatment group at the dose of
2 mmol/L (P < 0.05). These results indicate that DEHP
induces cell cycle progression disruption. In addition,
DEHP exposure might decrease 16HBE cell prolifera-
tion by disrupting cell cycle progression of G1 phase.

DEHP increased the proportions of apoptotic cells

DEHP induced apoptosis in 16HBE cells was deter-
mined by a flow cytometer after cells were treated with
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Fig. 1 Morphometric analysis of the response of 16HBE cells
exposed to DEHP and effects of DEHP on cell viability.
a Typical images used for analysis the effect of DEHP exposure
on 16HBE cell number. Images of live cells were captured at
x200. b Cell counts determined using manual tagging in
ImagePro Plus 6.1 for cells exposed to vehicle control and
different doses of DEHP. ¢ Cell viability was determined by

different doses of DEHP (0.125, 0.5 and 2 mmol/L) or
vehicle (DMSO, 0.1%) for 48 h. Figure 3 shows
DEHP-induced apoptosis in 16HBE cells determined
by Annexin V-FITC/PI staining assay. Compared to
the controls, the proportion of normal living cells was
significantly decreased (P < 0.05) in DEHP-treated
groups at all doses as shown in Fig. 3c. The propor-
tions of apoptotic cells were significantly increased
after DEHP exposure as shown in Fig. 3b, d
(P < 0.05).

DEHP decreased the levels of global DNA
methylation and the expression levels of Dnmts
in 16HBE cells

The degree of global DNA methylation of 16HBE
cells was determined after treatment with different
concentrations of DEHP (0.125, 0.5 and 2 mmol/L) or
vehicle (DMSO, 0.1%) for 48 h. As shown in Fig. 4a,
the degree of global DNA methylation of 16HBE cells
were slightly decreased after exposure to DEHP at
0.125 (P = 0.075) and 0.5 mmol/L (P = 0.063). The
decrease was significant only at the concentration of

DEHP (0.5 mmol/L)

DEHP (2 mmol/L)

ok
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Control 025 0.5 1 2 4 8 10 12 14 16

DEHP concentration (mmol/L)

MTT assay after treatment with different concentrations of
DEHP (0.25,0.5,1,2,4,8, 10, 12, 14 and 16 mmol/L) or vehicle
(DMSO, 0.1%) for 48 h. The value of DMSO control was set to
100%.Values are mean + SD. The asterisks indicate a signif-
icant difference between DMSO control and DEHP-treated
cells. *P < 0.05 and **P < 0.01 compared to controls

2 mmol/L compared to the control (P < 0.05). The
obtained results indicated that DEHP exposure could
induce significant decrease of global DNA methyla-
tion in 16HBE cells.

To identify whether DNA methylation is affected
by DEHP treatment, the mRNA expression levels of
Dnmtl, Dnmt3a and Dnmt3b were determined by
Q-PCR after 16HBE cells were treated with different
doses of DEHP (0.125, 0.5 and 2 mmol/L) or vehicle
(DMSO, 0.1%) for 48 h. Results are shown in Fig. 4b.
In the DEHP-treated groups, the expression levels of
Dnmtl and Dnmt3b were decreased at all doses (0.125,
0.5 and 2 mmol/L, P < 0.05). However, there was no
significant change in the expression level of Dnmt3a.
The results indicate that DEHP affects the expression
level of DNMTs and influences the global DNA
methylation of 16HBE cells.

Discussion

DEHP as the most commonly used phthalate and PVC
plasticizer has been shown to have effects on the
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Fig. 2 Effects of DEHP on cell cycle progression in 16HBE
cells. The 16HBE cells were treated with different doses of
DEHP (0.125, 0.5 and 2 mmol/L) or vehicle (DMSO, 0.1%) for
48 h. a, b Show the cell cycle distribution examined by flow
cytometry. Results were expressed as the percentage of cells in

respiratory system via inhalation (Kolarik et al. 2008).
Phthalates-induced respiratory diseases involve the
interaction of respiratory tract epithelial cells (Glue
et al. 2002; Jepsen et al. 2004). Whether DEHP
exposure could cause toxic reactions in human
bronchial epithelial 16HBE cells is still unexplored.
The present study provides the first evidence that
DEHP exposure can produce toxic effects in cultured
16HBE cells.

Decreased living cell number and cell viability
were observed after treatment with DEHP at the dose
of 2 mmol/L. However, the cell viability of 16 HBE
cells was slightly increased in the 4 mmol/L
(1.06 £ 0.22, P>0.05) and 8 mmol/L (1.10 £
0.13, P> 0.05) groups and decreased in the
10 mmol/L. group (0.83 £ 0.25, P = 0.056) com-
pared to the control (1.03 & 0.06). DEHP is an
organic compound which barely dissolves in water.
The solubility of DEHP in water is 0.00003%
(23.8 °C). As the DEHP application solutions were
obtained by diluting the DEHP stock solution (dis-
solved in DMSO) in the cell culture medium, the
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GO0/G1, S and G2/M phase of the cell cycle. Values are presented
as mean £ SD of three independent experiments. The asterisk
indicates a significant difference between DMSO control and
DEHP-treated cells. *P < 0.05 compared to controls

solubility of DEHP might be decreased with the
decreasing volume of DMSO and increasing volume
of cell culture medium. At doses of 4-10 mmol/L, the
DEHP in the cell culture medium might reach lowest
dissolving capacity. Thus, the effects of DEHP on the
cell viability of 16HBE cells came to a plateau with the
increase of concentration.

To investigate the possible reasons for decreased
living cell number and cell viability, the cell cycle of
16HBE cells was determined. From observations of
cell cycle distribution, we found that DEHP (2 mmol/
L) induced a decreased percentage of cells at GO/G1
phase and increased the percentage of cells at S and
G2/M phases. The G1 phase, also called the growth
phase is susceptable to external stimulus and is
variable. The transition from G1 phase to S phase,
also known as the restriction point is a rate-limiting
step in the cell cycle (Robbins and Ramzi 2004). This
transition is where the cell checks whether it has
enough raw materials to fully replicate its DNA.
Unhealthy or malnourished cells will get stuck at this
checkpoint. The increase of S phase cells is maybe due
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to S phase arrest, acceleration of the transition from
Gl to S phase or both of them (Zhao et al. 2008). This
was the same as the G2/M phase. The increase of G2/
M phase cells is maybe due to G2/M arrest and/or
acceleration of the transition from S to G2 phase. Cell
cycle checkpoints at G2/M is found critical in
maintaining DNA integrity which is associated with
cell proliferation and apoptosis (Pietenpol and Stewart
2002). Besides, by using parameter Exit% DES was
proven to arrest cell cycle by accelerating the transi-
tion from G1 to S phase and arresting S and G2/M
progression with increased S and G2/M phase in
16HBE cells (Zhao et al. 2013). Further study is
required to determine the type of the disruption after
DEHP exposure (cell cycle arrest or acceleration).
Therefore, this alteration of cell cycle distribution
indicates that the cell cycle progression of 16HBE
cells is disrupted by DEHP. DEHP might decrease
16HBE cell proliferation by inhibiting cell cycle
progression at the G1 phase.

Besides the inhibition of cell cycle progression,
accelerated cell apoptosis is another factor decreasing
living cell number and cell viability. Cell apoptosis
plays an important role in the pathophysiology of
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Show the proportion of apoptotic cells and normal cells. Values
are presented as mean + SD of three independent experiments.
The asterisks indicate a significant difference between DMSO
control and DEHP-treated cells. *P < 0.05 and **P < 0.01
compared to controls

respiratory diseases and pulmonary inflammation (El
Kebir et al. 2012; Pierce et al. 2007). Flow cytometry
is the most common method used to verify cell
apoptosis (Guo et al. 2015). Exploring whether DEHP
leads to apoptosis in 16HBE cells could contribute to
further understanding of DEHP-induced respiratory
diseases. This study provides the first evidence that
DEHP induces apoptosis in human bronchial epithelial
16HBE cells in vitro. The proportion of apoptotic cells
(both late and early apoptotic) was increased after
exposure to DEHP. Apoptosis is a stage-dependent
process from its induction to early and late stage
apoptosis. During the early stage apoptosis, cell
shrinkage and pyknosis are visible by light micro-
scopy. Phosphatidylserin (PS) which is cytosolic in
normal cells translocates to the extracellular portion in
early apoptotic cells. Annexin V can be used for PS
detection. In addition, early stage of apoptotic cells
can be rescued from the apoptotic program if the
apoptotic stimulus is removed. Late apoptotic cells
can be identified by detecting the DNA fragmentation.
Due to the increase of cell membrane permeability, PI
could penetrate the cell membrane and stain the nuclei
at the late stage of apoptosis. Thus, a two color stain

@ Springer



Cytotechnology (2018) 70:119-128

126

A&
< 140 -
£
=
Z
k51
=
<
Z.
a
E:
S 0
&) Control 0.125

B 15 - 0O Control

Relative mRNA expression

DNMT1

Fig. 4 Effects of DEHP on the global DNA methylation and
mRNA expression levels of Dnmtl, Dnmt3a and Dnmt3b in
16HBE cells. 16HBE cells were treated with different doses of
DEHP (0.125, 0.5 and 2 mmol/L) or vehicle (DMSO, 0.1%) for
48 h. a Show the global DNA methylation levels of 16HBE
cells. b Show the mRNA expression levels of Dnmtl, Dnmt3a

using Annexin V-FITC/PI can be used to distinguish
and determine early and late apoptotic cells (Elmore
2007). Phthalates induced toxic effects in human
bronchial epithelial cells and pulmonary cells have
lately raised concerns. Monophthalates have been
reported to possess adjuvant effects in THP-1 cells and
peripheral blood mononuclear cells (Glue et al. 2002).
Xenobiotic toxicants such as diethyl sulfate have been
reported to induce 16HBE cell proliferation arrest via
cell cycle disruption and cell apoptosis (Zhao et al.
2013). Manganese and manganese chloride caused
pulmonary edema and impaired function and have also
been found to be associated with activated apoptosis in
16HBE cells and a disturbed cell cycle in human lung
carcinoma A549 cells (Zhang et al. 2013; Zhao et al.
2008).

Changes in global DNA methylation patterns have
been shown to play a role in respiratory tract diseases
(Qiu et al. 2012; Stefanowicz et al. 2012). Moreover,
global DNA hypomethylation occurs early in tumori-
genesis and is associated with transcriptional activation,
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leading to chromosomal instability and aberrant expres-
sion of genes (Portela and Esteller 2010). However,
there has been no research on the epigenetic toxicity of
DEHP in 16HBE cells. In this study, we first discovered
that the degree of global DNA methylation and the
expression levels of Dnmt1 and Dnmt3b were decreased
in DEHP-treated groups. The methylation of mam-
malian genomic DNA is catalyzed by DNA methyl-
transferases, which encompasses DNMT1, DNMT3a
and DNMT3b. DNMT1 has maintenance as well as de
novo methyltransferase activity (Jiang et al. 2008).
Evidence indicates that DNMT3B could methylate
hemimethylated and unmethylated CpG sites and also
possess maintenance functions (Chen et al. 2003).
Furthermore, DNMT3b may contribute to the global
hypomethylation of the tumor. Therefore, the decreased
expression levels of Dnmtl and Dnmt3b suggest that
DEHP might influence the DNA methylation patterns
of 16HBE cells. The global DNA methylation of
16HBE cells was determined by calculating the amount
and percentage of methylated DNA (5-mC) in total
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DNA using a colorimetric assay. As reported, DEHP
could also induce hypermethylation in promoter
regions of genes which were associated with modified
Dnmtl and Dnmt3b expression levels (Sekaran and
Jagadeesan 2015). Thus we speculated that, the
decreasing but not statistically significant trends in
global DNA methylation may be due to the potential
hypermethylation in genes promoter regions induced by
DEHP exposure and down-regulated expression of
Dnmtl and Dnmt3b. In addition, the reduction of Dnmtl
and Dnmt3b expression were triggered by DEHP
exposure at the first time. Inactivation of DNA
methyltransferases has been shown to cause global
demethylation (Bestor 2000). The reduction in global
DNA methylation is probably to be functionally linked
to the decrease in Dnmtl and Dnmi3b expression.
Moreover, decreased in Dnmtl and Dnmt3b expression
may cause demethylation in specific areas of the
genome which may not be detectable by a global
measurement of DNA methylation. This may explain
why Dnmtl and Dnmt3b expression appears to be more
sensitive to DEHP exposure compared to global
methylation measurements. It is also possible that the
time of exposure used in our study was not sufficient for
detectable global DNA hypomethylation at exposure to
relatively low doses of DEHP. Indeed, similar results
are reported in a study which indicates BPA exposure
decreases Dnmtl transcription at doses of 0.01, 0.1 and
1 mg/L and reduces global DNA methylation at doses
of 1 mg/L in zebrafish ovaries (Laing et al. 2016). In
summary, DNMT1, DNMT3a, DNMT3b and MBD2
play important roles in epigenetic changes in 16HBE
cells induced by DEHP exposure.

Evidence for the toxicity effects induced by DEHP
exposure is provided in this study. The results suggest
that DEHP inhibits cell proliferation and induces
apoptosis in 16HBE cells resulting in a decreased
living cell number and decreased cell viability.
Furthermore, DEHP was found to have epigenetic
toxicity. Concerns about possible epigenetic mecha-
nisms should be raised associated with DEHP expo-
sure in respiratory tissues or cells.

Conclusions
In this study, we have demonstrated that DEHP

inhibited proliferation and caused decreased living
cell number and decreased cell viability in 16HBE

cells. Moreover, the present study indicated that
DEHP induced apoptosis in 16HBE cells. And
decreased global DNA methylation and expression
levels of Dnmtl and Dnmt3b after treatment with
DEHP provided that DEHP had epigenetic toxicity in
16HBE cells.
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