
lable at ScienceDirect

Environmental Pollution 252 (2019) 1216e1224
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Activation of NF-kB pathways mediating the inflammation and
pulmonary diseases associated with atmospheric methylamine
exposure*

Guiying Li a, Yi Liao a, Junjie Hu b, Lirong Lu a, Yanan Zhang a, Bing Li c, Taicheng An a, *

a Guangzhou Key Laboratory of Environmental Catalysis and Pollution Control, Guangdong Key Laboratory of Environmental Catalysis and Health Risk
Control, School of Environmental Science and Engineering, Institute of Environmental Health and Pollution Control, Guangdong University of Technology,
Guangzhou, 510006, China
b School of Environment and Civil Engineering, Dongguan University of Technology, Dongguan, 523808, China
c Experimental Medical Research Centre, Guangzhou Medical University, Guangzhou, 510182, China
a r t i c l e i n f o

Article history:
Received 9 February 2019
Received in revised form
13 June 2019
Accepted 13 June 2019
Available online 19 June 2019

Keywords:
Methylamine
Bronchial epithelial cell
ROS production
Inflammation response
Signal pathway
Gene expression
* This paper has been recommended for acceptanc
* Corresponding author.

E-mail address: antc99@gdut.edu.cn (T. An).

https://doi.org/10.1016/j.envpol.2019.06.059
0269-7491/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

The effects of methylamine on human health have been debated for several years, but the exact adverse
outcomes and definite signaling cascades have not been elucidated yet. Herein, a NF-kB signal pathway, a
positive regulator of inflammation was identified as the main pathway of methylamine exposure induced
adverse effects in bronchial airway cells (16HBE) for the first time. The results indicated that methyl-
amine could stimulate the overproduction of reactive oxygen species (ROS) in cytoplasm and mito-
chondria of 16HBE cells. Moreover, ROS accelerate the translocation and phosphorylation of NF-kB in
nucleic and promote the expression of inflammatory, such as IL-8 and IL-6. As a result, methylamine was
found to be increased ROS-mediated NF-kB activation in cells, leading to the production of inflammatory
cytokine. Furthermore, the results also showed that methylamine could affect the expression of cyto-
kines related genes, p53, STAT3, Bcl2, c-myc, Cyclin D, Hes1, Mcl-1, TGF-b2. The breakdown of those cell
proliferation and apoptosis related genes were leading to a common toxic mechanism of cell death. In
summary, our work uncovers a mechanism by which methylamine can induce the formation of
inflammation response and demonstrates potential inflammation and carcinogenesis in human airway
cell upon the methylamine inhaled.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Organic amines, a ubiquitous type of ambient volatile organic
compounds with unpleasant smell, were originated mainly from
animal husbandry, industrial combustion and also pesticides
(Agnes et al., 2010). Epidemiological studies have revealed a posi-
tive correlation between levels of atmospheric organic amines and
mortality and morbidity (Sucker et al., 2009; Palmiotto et al., 2014).
Among different organic amines, methylamine (MA) is one of the
most abundant organic amines in the atmosphere, with a flux of
87± 26 Gg N a�1 (Schade and Crutzen, 1995). The concentrations of
methylamine in the air ranged from 0.06� 10�9mg/m3 in small
livestock farm to 112.4mg/m3 in fish stands of city market
e by Dr. Admir Cr�eso Targino
(Namiesnik et al., 2003; Huang et al., 2009). Inhalation of air con-
taining elevated levels of methylamine can lead to some adverse
health effects including dyspnea, sore throat and accumulation of
fluid in the lungs (Ge et al., 2011). Although the pulmonary diseases
induced potential of methylamine is emerging, the underlying
mechanisms and definite signal pathway are still unknown up to
now.

As a metabolite of human physiological activity, positive asso-
ciation with endogenous methylamine burden from inflammatory
factors secretion in different types of diseases have frequently been
observed, including chronic kidney disease and inflammatory
bowel disease (Chen et al., 2017; Marchesi et al., 2007). Dysregu-
lation of methylamine metabolism could activate the inflamma-
tory/oxidative pathway and Wnt/b-catenin signaling as well as the
suppression of antioxidant pathway (Chen et al., 2017). Moreover,
elevated levels of IL-8 and IL-6 in the bronchial and lung epithelial
cells are biomarkers of a number of respiratory diseases, such as
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asthma, cystic fibrosis, and chronic obstructive pulmonary disease
(Bartling and Drumm, 2009; Cho et al., 2017; Lajunen et al., 2018;
Wu et al., 2016;Wu et al., 2017). Increased secretion of IL-6 and IL-8,
therefore, are pivotal molecular event in the respiration system
inflammatory response associated with disease states (Jundi and
Greene, 2015) and inhalation of ambient air contaminants (Zhang
et al., 2018). Hence, inflammatory factors, especially IL-6 and IL-8
were hypothesized as the main mediators of methylamine
induced adverse health effects in this work.

The regulations of IL-8 and IL-6 expression were involved in
several transcriptional factors, including nuclear factor-kappa B
(NF-kB), specificity protein 1, nuclear factor IL-6, and activator
protein 1 (Ptashne, 2014; Rincon and Irvin, 2012; Tanaka et al.,
2014). Among the aforementioned transcription factors, NF-kB
was characterized as a key attributor to the transcription of IL-8 and
IL-6 (Bonizzi and Karin, 2004). The disorder of NF-kB induced by
exogenous chemical pollutants has already been confirmed to be
associated with inflammation, asthma, cancer, neurodegenerative
diseases, and heart disease (Baldwin, 2012; Okoh et al., 2011).
Recently, cumulative evidence has also suggested that the activa-
tion of NF-kB was influenced by reactive oxygen species (ROS) level
(Morgan and Liu, 2011). ROS species, such as H2O2 could activate
NF-kB pathway via affecting the phosphorylation and ubiquitina-
tion of IkBa residues, rapidly followed by the degradation of IkBa by
proteasome (Gu et al., 2018; Kaur et al., 2015; Wenger et al., 2014).
So, ROS species and the followed NF-kB signal pathway play critical
roles in inflammation induced by environmental pollutants (Okoh
et al., 2011).

The early epithelial response to environmental pollutants acti-
vates the inflammatory cascade which underlies airway inflam-
mation. Elevation levels of IL-6 and IL-8 as well as their
corresponding receptors have been observed in apoptotic endo-
thelial cells, indicating that IL-8 and IL-6 may act as significant
regulatory factors within cell death (Penberthy et al., 2014). The
induction of IL-6 and IL-8 activates multiple downstream signaling
pathways, including affecting gene expression, modulating cellular
proteome profiles, affecting cell cytoskeleton organization through
posttranslational regulation (Guo et al., 2012; Maloney and Gao,
2015). As a consequence, IL-8 and IL-6 inhibit the proliferation of
pulmonary endothelial cells as well as activate cell apoptotic pro-
grams which lead to the occurrence of asthma and other inflam-
matory pulmonary diseases (Chin andWang, 2014; Lee et al., 2016).
Therefore, IL-6, IL-8 and related cytokines were frequently used as
the critical lynchpins to explore the detailed mechanism of
inflammation-related diseases under exposure of chemical
pollutants.

Thus, in this work, to validate our hypothesis that inflammatory
cytokines IL-6 and IL-8 act as critical mediators in methylamine
induced adverse health effects, cultured 16HBE cells were exposed
to methylamine and the expression of IL-8 and IL-6 as well as their
corresponding signaling events were analyzed in detail, and dose-
dependent patterns of methylamine induced IL-8 and IL-6 levels
were attempted in 16HBE cells. Methylamine was found to induce
the expression of IL-8 and IL-6 through ROS mediated NF-kB
signaling pathway and be involved in direct phosphorylation of
p65. Moreover, cell proliferation and apoptosis-related genes with
higher expression were also tested under the exposure of methyl-
amine exposure, highlighting the health risks of methylamine
exposure to human respiratory system.

2. Materials and methods

2.1. Chemical and cell culture

Methylamine in H2O (40%, v/v) was purchased from Selleck
China (Shanghai, China). N-Acetyl-L-cysteine (NAC, antioxidant),
BAY 11e7082 (an NF-kB inhibitor) and DNaseI were obtained from
Sigma Chemical (St. Louis, MO, USA). 20,70-dichloro-dihydro-
fluorescein diacetate (DCFH-DA) and 40,6-diamidino-2-
phenylindole (DAPI) were from Beyotime Institute of Biotech-
nology (Shanghai, China). Cell Counting Kit (CCK-8), human IL-6
and IL-8 ELISA kits were from Elabscience Biotechnology (Wuhan,
China). Antibodies against p65 (8242), phosphoeNFekB p65
(Ser536) (3033) and GAPDH (2118) were all purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Phosphate-Buffered
Saline (PBS) and Hanks' balanced salt solution with calcium chlo-
ride and magnesium sulfate (HBSS/Ca/Mg) were purchased from
Shenggong Biotech (Shanghai, China), and all other reagents and
chemicals used were of analytical grade.

Human bronchial epithelial cell line (16HBE) was from the
Chinese Academy of Cell Resource Center (Shanghai, China). Dul-
becco's modified Eagle's medium (DMEM), fetal bovine serum (FBS)
and penicillin and streptomycin were obtained from Invitrogen
(Carlsbad, CA). The 16HBE cells were cultured in DMEM supple-
mented with 10% heat-inactivated FBS, 100 U/mL penicillin and
100 mg/mL streptomycin at 37 �C in a humidified atmosphere
incubator containing 5% CO2. The culture medium was changed
daily, and experiments were performed when cells reached about
80% confluence.
2.2. Cell viability

16HBE cells seeded in 96-well plates in full growth media at a
density of 2� 104 cells/cm2 (100 mL) and allowed to grow at 37 �C in
a humidified 5% CO2 atmosphere. The cells were then exposed with
methylamine or PBS in triplicate and incubated for 12 and 24 h. Cell
viability was determined using CCK-8 assay. The effects of antiox-
idant N-Acetyl Cysteine (NAC) on methylamine induced cytotox-
icity were also measured and half-maximal effective
concentrations (IC50) calculated by GraphPad Prism software
(version 6.08) was used to characterize the cytotoxicity. The detail
procedure could be found in Supplementary information.
2.3. ROS and inflammatory cytokine assays

16HBE cells were exposed with methylamine to different con-
centrations for 12 or 24 h. For detecting ROS levels in cytoplasm, the
cells were washed and further incubated with freshly prepared
DMEMwith DCFH-DA (10 mM) at 37 �C for 20min. After incubation,
the cells werewashed with PBS solution to remove the intracellular
DCFH-DA. ROS levels in mitochondrial compartment were also
measured with MitoSOX™ assay kit (Promega, USA). The cells were
incubated with HBSS/Ca/Mg solution (5 mMMitoSOX™ reagent) for
10min at 37 �C in dark, then were washed twice with PBS solution
to remove MitoSOX™ reagent. The nuclei of the cells were coun-
terstained with DAPI solution. The fluorescence of DCFH (Ex525
nm/Em488 nm), MitoSOX (Ex580 nm/Em510 nm) and DAPI with
DNA (Ex364 nm/Em454 nm) were measured with laser confocal
microscope.

The levels of cytokines including IL-8 and IL-6 in cell culture
supernatants were analyzed using commercially available ELISA
kits (Elabscience, China) according to the manufacturer's in-
structions. The detection rangewas obtained at 7.81e500 pg/mL for
IL-6, and 31.25e2000 pg/mL for IL-8. These values represent the
lowest and the highest limit of detection for each cytokine. The
cytokine concentrations in the samples were determined using a
standard curve established from serial dilutions of the recombinant
IL-6 and IL-8 standard and expressed as picograms per milliliter of
culture medium.



Fig. 1. Cell viability induced by methylamine treatment in 16HBE cell. *p < 0.05 (n ¼ 6)
compared with matched controls, by student's t-test.
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2.4. Western blot analysis and immunofluorescent staining

The treated cells were lysed in RIPA lysis buffer and homoge-
nized on ice, followed by centrifugation at 12,000�g for 15min at
4 �C. The protein concentrations were analyzed using a BCA Protein
Assay Kit (Beyotime Biotechnology, Shanghai, China). Western
blotting was carried out using ProteinSimple system (San Jose, CA,
USA), which uses capillary-based electrophoretic separation and
detection of proteins. Briefly, 8 mL diluted protein lysate was mixed
with 2 mL of 5� fluorescent master mix and heated at 95 �C for
5min. The samples, blocking reagent, wash buffer, primary anti-
bodies (diluted 1:100 with antibody diluent), horseradish peroxi-
dase (HRP)-conjugated secondary antibodies, and
chemiluminescent substrate and wash buffer were dispensed into
respective wells of the assay plate. The plate was then loaded into
the ProteinSimple system, and protein was drawn into individual
capillaries on a 25-capillary cassette. Protein separation and
chemiluminescence were performed automatically on individual
capillaries. Data were analyzed using Compass software
(ProteinSimple).

16HBE cells were plated on chamber slides in 24-well plates at
1� 104 cell/well. After incubation for 24 h, the cells were pretreated
with (38.64 mmol/L) for 1 h, and then co-incubated with NAC
(1 mmol/L) or BAY 11e7082 (5 mmol/L) for another 12 or 24 h
respectively. After exposure, the cells were fixed with 4% para-
formaldehyde for 30 min and then incubated with 0.3% Triton X-
100 for 30 min. Further, the cells were blocked with 5% normal goat
serum for 60 min, and then were incubated with a primary
antieNFekB p65 antibody (1:100) overnight at 4 �C, followed by
the incubation with a rhodamine (TRITC)-conjugated goat anti-
rabbit IgG (H þ L) antibody for 2 h at room temperature in dark.
The cell nuclei were counterstained with DAPI, and NF-kB p65
subunit was observed with laser confocal microscope.

2.5. Expression of tumorigenesis related genes

The expression patterns of tumorigenesis related genes in
16HBE cells under methylamine exposure were quantified using
qRT-PCR. The tumorigenesis related genes contain STAT3, TLE1,
HES1, c-myc, BCL2, Mcl-1, Cyclin D1 and TGF-b2, and GAPDH was
adopted as loading control. The detail procedure could be found in
Supplementary information.

2.6. Statistical analyses

All the presented data and results in this work were performed
in at least three independent experiments and are expressed as
means± SD. One-way ANOVAwere used for the statistical analyses
using SPSS software (version 18.0), and p< 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Inhibition of cell viability and cytotoxicity

Inhalation is a major exposure route of atmospheric methyl-
amine which could lead to adverse health effects, including dys-
pnea, sore throat and accumulation of fluid in the lungs (Ge et al.,
2011). For the purpose to characterize the toxicity of methyl-
amine on pulmonary system, the cytotoxicity of methylamine on
human pulmonary epithelial cell 16HBE cells were measured. Fig. 1
illustrates the cytotoxicity of methylamine treatment at various
exposure doses, and the data exhibited a significant increase in cell
death in a doseeresponse manner within 12 and 24 h exposure
period, respectively. The cell viability was decreased from 81.6%
with 6.44mMe76.7% with 12.88mM methylamine exposure, and
the cell viability was reach to 50.3% and 28.7% when the doses of
methylamine increase to 25.76 and 38.64mM. The time dependent
changes of cell viability were more complex. The percentage of cell
deathwere higher when increasing the exposure time under higher
dose of methylamine (25.76e38.64mM). When the concentration
of methylamine at 25.76 and 38.64mM, the cell viability at 24 h
were obtained as 82.7% and 66.9% as comparedwith those at 12 h in
16HBE cells. However, at lower dose of methylamine
(6.44e19.32mM), the cell viability was higher at 24 h than those at
12 h.

Mehtylamine, an ambient volatile organic compound, with a
wide range of concentrations from 0.06� 10�9mg/m3 in environ-
mental air to 112.4mg/m3 in occupational conditions (Namiesnik
et al., 2003; Huang et al., 2009). Thus, in this work, the cytotox-
icity of 16HBE cells within the dose of methylamine range from 6.44
to 38.64mMwere observed. The chosen exposed concentrations in
this study were appropriately reflecting both environmental and
occupational levels. Additionally, these exposures represented
chronic and subacute toxicity respectively of atmospheric methyl-
amine for humans exposed. Methylamine could significantly
decrease the cell viability in 16HBE cells in the all treatment groups
in this study indicated that methylamine could not only induce
cytotoxicity at occupational concentration of 19.32e38.64mM, but
also exert the cytotoxic effects at environmental atmospheric
methylamine level with the concentration range of
6.44e19.32mM.Moreover, the increasing exposure time could lead
to higher cytotoxicity and more cell death at higher dose of
methylamine treatment. These observations may suggest that the
exposure time should be carefully considered when evaluating the
cytotoxicity of methylamine.
3.2. ROS generation

ROS generation in cells might be involved in cytotoxicity,
apoptosis and autophagy (Kaur et al., 2015). Therefore, the potential
of atmospheric methylamine exposure to induce ROS production
was also explored in 16HBE cells. Fig. 2 presents the results of the
ROS level in cytoplasm and mitochondria under methylamine
treatment. The results showed that the ROS level of methylamine
treated cells (38.64mM) was 30 times higher in the cytoplasm and
8 times higher in mitochondria than the control groups. The
persistent imbalance of ROS exceed cellular antioxidant and repair



Fig. 2. Methylamine (MA) induces ROS generation in cytoplasm and mitochondria of
16HBE cells. 16HBE cells were treated with 38.64 mM MA for 24 h, and the fluores-
cence intensity of DCF in cytoplasm and mitochondria were analyzed with laser
confocal microscope. (A) Immunofluorescence for ROS in cytoplasm and mitochondria.
Scale bar, 50 mm; (B) inhibiting effects of antioxidant NAC (1 mM) on ROS production.
*p < 0.05 and **p < 0.05 (n ¼ 3) compared with matched treatment groups, by Stu-
dent's t-test.
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systems could trigger regulatory mechanisms which were related
to the cell death (Morgan and Liu, 2011). Therefore, we wonder
whether inhibiting ROS generation can alleviate cell death in 16HBE
cells under methylamine exposure. Firstly, the effects of antioxi-
dant NAC on ROS generation in methylamine treatment groupwere
measured. Co-incubation of methylamine with antioxidant NAC
(1mM) would dramatically decrease the ROS levels to 38.1% in
cytoplasm and to 31.6% in mitochondria as compared with those of
methylamine (38.64mM) treated group. However, the ROS levels in
antioxidant NAC added group were even 11.7 times higher in the
cytoplasm and 2.5 times higher in mitochondria than that of the
control groups (Fig. 2). Then, the effects of antioxidant NAC on
methylamine induced cytotoxicity were also measured. Fig. S1
shows that co-incubation of NAC remarkably decreases the cyto-
toxicity effects of methylamine. The IC50 of methylamine was only
obtained as 24.55mM, while the IC50 of methylamine with NAC
was increased to 33.03mM, demonstrating the close linkage of ROS
generation with the cytotoxicity of methylamine on 16HBE cells.

ROS are highly reactive molecules which mainly be produced
inside mitochondria (Hamanaka and Chandel, 2010). As the prod-
ucts of cellular metabolism, ROS serve as a double-edged sword in
the biological system (Starkov, 2008; Dan et al., 2015). At physio-
logical levels, ROS act as “redox messengers” in intracellular
signaling and regulation, whereas excess ROS oxidize essential
cellular macromolecules. For cell homeostasis, it is important to
maintain delicate balance of intracellular ROS level, and uncon-
trolled elevation of intracellular ROS will cause cell death by pro-
moting the intrinsic apoptotic pathway (Zhang et al., 2016).
However, according to the current study, the significant increase of
ROS level in cytoplasm and mitochondria of the cells treated by
methylamine indicated that ROS produced were exceeding the
physiological levels, and accumulated ROS formation leading to
oxidative stress. Excessive ROS could oxidize the unsaturated fatty
acids on the cell membrane and also protein as well as nucleic acid,
resulting in lipid peroxidation, oxidative DNA damage and inacti-
vate enzymes (Marchi et al., 2012). Furthermore, ROS accumulation
could induce cell apoptosis and also mitochondrial autophagy,
which should be a major mediator to control the mechanism of
cytotoxicity. Uncontrolled apoptosis, autophagy and cell death
would be leading to adverse effects on tissues and organism. In this
study, the ROS level was significantly elevated in 16HBE cells with
methylamine treatments. Specifically, the cytotoxicity was
decreased when antioxidant NAC was added in methylamine
treatment group (Fig. S1). These observations may suggest that ROS
might act as important regulator during the cell death in 16HBE
cells followed by the treatment of methylamine.

3.3. Secretion of IL-6 and IL-8 cytokines

Accumulation ROS level and oxidative stress were associated
with the secretion of cytokine which participate in important bio-
logical process (Scheller et al., 2011). In order to evaluate the effects
of methylamine on cytokine production, the levels of IL-6 and IL-8
were measured in 16HBE cells with various exposure dose of
methylamine in 12 and 24 h respectively. The changes of IL-6 and
IL-8 in 16HBE cells under different concentration methylamine
exposure have similar patterns, and the results found that
methylamine could significantly elevate IL-6 and IL-8 levels in the
low dose range while inhibit the secretion of IL-6 and IL-8 at high
dose (Fig. 3). For example, the secretions of IL-6 and IL-8 in 1.1- and
1.5-fold changes compared with the control group even occurred at
lower dose of methylamine (6.44mM). However, with the
methylamine concentration above 25.76mM, IL-6 and IL-8 levels
were dramatically decreased. Moreover, the expression of IL-6 and
IL-8 were higher when prolong the exposure duration in general.
For example, when the exposure time prolong to 24 h, the IL-6 and
IL-8 levels in 16HBE cells were increased to 108.9% and 120.2%
compared with 12 h (Fig. 3).

Cytokine, such as IL-6 and IL-8, plays important role in the
regulation of immune response when exposed to environmental
pollutants (Maloney and Gao, 2015; Taniguchi and Karin, 2014).
Airway epithelium, a primary target of pollutants, is susceptibility
to chemicals through inhaled exposure. Airway epithelium could
initiate pulmonary inflammatory defenses by secreting a lot of
mediators and then promoting inflammation (Bartling and Drumm,
2009). The cytokines expression including IL-6 and IL-8 was
observed in Beas-2B cell in our early work when it was exposed to
decabromodiphenyl ether (Zhang et al., 2018). In this work,
methylamine was also found to induce IL-6 and IL-8 expression in
16HBE cells. Similar results were also observed in few previous
reports that atrazine, Benzo[a]pyrene and trichlorethylene also
could lead to the release of IL-6 and IL-8 in 16HBE cells (Liu et al.,
2017; Tzeng et al., 2017). Moreover, methylamine, a metabolite of
human physiological activities, was found have positive correlation
with the levels of inflammatory factors in different types of diseases
(Chen et al., 2017; Marchesi et al., 2007). These results could
conclude that methylamine exposure caused a significant elevation
of IL-6 and IL-8 in 16HBE cells, and this is the first report that at-
mospheric methylamine exposure could induce secretion of IL-6
and IL-8.



Fig. 3. Effects of methylamine-induced IL-6 and IL-8 secretion in 16HBE cells. The cells
were treatment with vehicle (PBS), methylamine at various concentrations for 12 and
24 h respectively. Culture media were collected, and IL-6 and IL-8 proteins were
examined in the supernatants using commercial ELISA kits. *p < 0.05 (n ¼ 3) compared
with matched controls, by Student’ s t-test.

Fig. 4. Heatmap depicting all targeted genes related to tumor microenvironment
modeling in 16HBE cells at both (A) 12 h and (B) 24 h of methylamine (MA) exposure.
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3.4. Expression of cell proliferation and apoptosis-related genes

Epidemiological and experimental studies have confirmed that
cytokines participated in a substantial number of pulmonary dis-
eases, such as asthma, chronic obstructive pulmonary disease,
chronic bronchitis, acute bronchitis, cystic fibrosis (Lee et al., 2016;
Penberthy et al., 2014). Therefore, the expression patterns of genes
related to cell proliferation and apoptosis in 16HBE cells were also
measured duringmethylamine exposure duration. The target genes
in this study were summarized in Table S1. Fig. 4 presents the gene
expression profiles related to cell proliferation, transcriptional
regulation and apoptosis in 16HBE cells with the methylamine
exposure for 12 and 24 h, respectively. The results found that the
expression of transcriptional factor STAT3 was upregulated both at
12 and 24 h, while the other two transcriptional factors Hes1 and c-
myc were upregulated at 12 h but downregulated at 24 h (Figs. S2A
and S3A). Methylamine could slightly increase the apoptosis
related gene including p53, Bcl-2 and Mcl-1 for 12 h exposure, but
significantly induce these genes for 24 h exposure. Specially, the
expression of p53 gene exhibited dose dependent on the exposure
time (Figs. S2B and S3B). Cell proliferation related gene such as
Cyclin D1 and TGF-b2 were both downregulated for 12 h exposure,
but increased for 24 h exposure. Andwith the increasing the dose of
methylamine, the expression levels of Cyclin D1 and TGF-b2 were
both slightly decreased (Figs. S2C and S3C).

Cytokines play important role in sustaining chronic inflamma-
tion, promoting progression of cell apoptosis and death (Maloney
and Gao, 2015). Fig. S4 shown the protein-protein interaction
(PPI) network of IL-6 and IL-8 with those genes mentioned above.
The PPI network suggested that both cytokines of IL-6 and IL-8 have
directly correlations with the expression of STAT3, Mcl-1 and c-myc
genes, and may control the transcriptional activity of other corre-
lated genes, which influence the proliferation and death of cells
(Chin and Wang, 2014; Guo et al., 2012; He and Karin, 2011; Kuzyk
and Mai, 2014). Specificity, STAT3 is one of the most important
effectors of IL-6 and IL-8 cytokines (Wu et al., 2015). In this study,
the expressions of STAT3 gene for 24 h methylamine treatment
were found to be higher than that of 12 h, suggesting that the po-
tential activation and expression about downstream genes of STAT3
under methylamine exposure. TGF-b2 was an immunoregulatory
cytokine which could regulate inflammation through suppressing
the secretion of pro-inflammatory cytokines, including IL-6, IL-8
and others (Ma et al., 2014; Yoshimura et al., 2010). The results
shown that elevated expression of TGF-b2 were also observed for
methylamine treatment associated with the decline of IL-6 and IL-8
level under higher methylamine dose. Moreover, the expressions
profiles of TGF-b2 gene were correlated with that of STAT3 gene,



Fig. 5. Suppression of BAY 11e7082 on methylamine-induced IL-6 and IL-8 expressions in 16HBE cells. The cells were co-incubated with BAY 11e7082 (5 mM) with methylamine at
various concentration for 12 and 24 h. Culture media were collected, and IL-6 and IL-8 protein was examined in the supernatants using ELISA kits. *p < 0.05 (n ¼ 3) compared with
matched treatment groups, by Student's t-test.
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and the results observed from the heatmap that the fold changes of
TGF-b2 and STAT3 genes were interrelated with each other (Fig. 4).
In sum, the results indicated that TGF-b2 and STAT3 were initial
regulators of inflammations induced by methylamine exposure.

Cyclin D1 gene was a stimulator of cell cycle through acceler-
ating the G1 phase, while pro-apoptotic factor p53 protein was
activated and overexpressed in response to a wide variety of
environmental stresses (Awais et al., 2016; Wu et al., 2015). In this
study, the expression levels of Cyclin D1 gene were ranged from
17.6% to 40.2% for methylamine treatment compared with the
control group, suggested that methylamine could inhibit the speed
of cell proliferation cycle. Moreover, the higher transcriptional ac-
tivities of p53 gene were observed for both 12 and 24 h of
methylamine treatment. The decreased levels of Cyclin D1 com-
bined with increased levels of p53 could due to lower viability of
16HBE cells under methylamine exposure.

Bcl-2 and Mcl-1 were both belonging to pro-survival factors
which could enhance cell survival by disrupting cell apoptotic
program (Singh et al., 2019), and Hes1 and c-myc play important
regulatory roles in cell developmental or mitogenic signals, thus
abnormal expression of Hes1 and c-myc result in malignancy (Lee
et al., 2012; Maniati et al., 2011; Singh et al., 2019). In the present
work, the elevation of Bcl-2, Mcl-1, Hes1 and c-myc were also
observed for 12 and 24 h of methylamine exposure, and the balance
mechanisms of Bcl-2, Mcl-1, Hes1 and c-myc expression were
breakdown with the exposure of methylamine in 16HBE cells. The
results indicated that methylamine also induce the potential of
tumorigenesis besides cell apoptosis and death although the
carcinogenesis of methylamine in the human airway and lung have
been debated for several years (Pesticide Action Network North
America, 2018). That is, this is the first study to provide definite
evidence on abnormal expressions of cell apoptotic and survival
genes which could be the potential mechanism of methylamine
induced tumorigenesis at molecular mechanism aspect.
3.5. NF-kB activation signaling pathway

NF-kB is one of the important mediators in cytokines secretion
(Hold and El-Omar, 2008). Therefore, the activation of NF-kB
signaling pathway might play a vital role in methylamine-induced
the secretion of IL-6 and IL-8. To validate this hypothesis, BAY
11e7082, the IkB-a specific inhibitor was adopted and co-incubated
with various doses of methylamine in 16HBE cells in this study, and
the release profiles of IL-6 and IL-8 as well as the expression and
translocation of phosphorylated p65 subunit were also measured.
Fig. 5 illustrated that the addition of BAY 11e7082 inhibitor could
significantly inhibit IL-6 and IL-8 secretion both for 12 and 24 h of
methylamine exposure. The addition of BAY 11e7082 could
decrease the IL-6 and IL-8 levels from 176.7 to 134.2 pg/ml and from
164.2 to 120.3 pg/ml with single methylation exposure (19.32 mM)
at 24 h. However, elevation of IL-6 and IL-8 levels in BAY 11-7082
added were also observed, especially in those 16HBE cells exposed
to methylamine concentration above 25.76mM groups. The results
indicated another unrevealed mechanism maybe also participated
into the regulation of cytokines generation. Moreover, the results
fromWestern blot and immunofluorescence assay also showed that
the addition of BAY 11e7082 (5 mM) could also significantly
decrease the amount of phosphorylated p65 subunit (pp65) in
nucleus and increase the ratio of pp65 to p65 in 16HBE cells
comparedwithmethylamine alone exposure group (Fig. S6 and S5).

For the reason that ROS was involved in the methylamine-
induced cytotoxicity in 16HBE cells, the role of ROS played in



Fig. 6. The regulation of BAY 11e7082 and antioxidant NAC on the expression and translocation of p65 and pp65 proteins. (A) Translocation of NF-kB p65 from cytoplasm to nucleus
upon methylamine (MA) treatment, measured by immunofluorescence analysis; (B) Expression of p65 and pp65 proteins upon methylamine exposure for 12 h and (C) for 24 h.
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Fig. 7. Selected mechanisms potentially involved in ROS mediated NF-kB (Nuclear
Factor-Kappa B) activation in methylamine-induced inflammation and cell death in
16HBE cells. Methylamine induces intracellular ROS generation resulting in activation
of NF-kB pathway and then increase the secretion of inflammatory cytokine and the
expression of cell proliferation and apoptosis-related genes.
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methylamine-induced NF-kB activation was also explored. First,
NAC was used as the scavenger of ROS, and the expression of p65
subunit in cellular was monitored. NAC was found to block the
production of p65 in 16HBE cells and also reduce the amount of p65
under methylamine exposure (Fig. 6). Secondly, translocation of
NF-kB into nucleus was also evaluated by measuring the p65 sub-
unit levels in the nucleus in the presence of 1mM NAC. These re-
sults found that NAC significantly reduced the pp65 subunit levels
in the nucleus of 16 HBE cells stimulated with methylamine
exposure (Fig. S6 and S5). Added NAC (1mM) could lead to the ratio
of pp65 to p65 decrease from 136.3% to 198.1%e41.4% and 49.2% as
compared with only methylamine (6.44mM) treatment for 12 and
24 h, respectively (p< 0.05). The addition of antioxidant NAC could
decrease the expression levels of Hes1, c-myc, p53, but increase the
levels of STAT3, Bcl-2, Mcl-2, Cyclin D1 and TGF-b2 in this work. For
example, the expression of TGF-b2 in NAC addition with methyl-
amine treatment group were reached 2.2- and 1.3-fold higher than
those of methylamine (19.32mM) group for 12 and 24 h exposure,
respectively (Figs. S2C and S3C). Similar gene expression patterns
were also observed with the addition of NF-kB inhibitor BAY
11e7082, and the expression level of Hes1, c-myc, p53 were found
to decrease in BAY 11-7082 added methylamine exposure group,
but increase the level of Bcl-2, Mcl-2, and TGF-b2 in this work.

ROS actively participates as a mediator in the induction of
numerous genes related to the physiological and pathological
conditions and function, at least in part, through the activation of
NF-kB pathway (Kaur et al., 2015). In this study, ROS generation
induced by methylamine could lead to the cell death, co-treatment
with NAC dramatically inhibited methylamine-induced ROS gen-
eration and recovery of the cell viability. Furthermore, our experi-
ments demonstrated that co-treatment of antioxidant NAC could
reduce the distribution of pp65 in nucleus, suggested that ROS
generation by methylamine exposure acted as a secondary
messenger to activate NF-kB signaling pathway (Zhang et al., 2016).

ROS activated NF-kB, an important transcriptional factor, has
been regarded the main mediator of both innate and adaptive
immune responses and NF-kB signal pathway has been considered
as a switch in allergic airways disease (Baldwin, 2012). In this study,
ROS generation induced bymethylamine exposure could lead to the
cell death, co-treatment with NAC dramatically inhibited
methylamine-induced ROS generation and the recovery of cell
viability. Moreover, decrease cytoplasmic p65 while increase nu-
clear p65 were also observed in methylamine treatment group,
while co-treatment of antioxidant NAC could reduce the distribu-
tion of pp65 in nucleus. The translocation of p65 into nuclear is an
evidence of NF-kB activation. Taken together immunofluorescence
staining and western blotting results, it can be concluded that ROS
activated NF-kB factor is the key event for methylamine-inducing
the IL-6 and IL-8 secretion in 16HBE cells.

In a whole, ROS overproduction induced by methylamine
exposure disrupts the redox balance and results in the cell death
and also the activation of NF-kB cascade. The overexpression and
translocation of p65 into nucleus activate the expression of in-
flammatory cytokines, such as IL-6 and IL-8 interaction with STAT3
and induction of the expression of STAT3. The interaction of
phosphorylation of p65 with STAT3 triggers the expression of other
NF-kB target genes in cascade, including STAT3, Cyclin D1, TGF-b2,
p53, Bcl-2, Mcl-1, c-myc and Hes1 genes. The persistent abnormal
expression of these genes could promote the apoptosis as well as
the death of epithelial cell. The tentative mechanism on the acti-
vation of NF-kB pathways mediating the inflammation and pul-
monary diseases of 16HBE cells with methylamine exposure was
proposed and illustrated in Fig. 7.
4. Conclusion

We have unveiled a new aspect of how atmospheric methyl-
amine exposure impose harmful effects on human pulmonary
epithelial cells. The results found methylamine could generate ROS
both in cytoplasm and mitochondria, which could activate NF-kB
signaling pathway with companying produced cytokines IL-6 and
IL-8 in human epithelial cells. The accumulated IL-6 and IL-8 could
then trigger the transcription and/or silencing of both cell prolif-
eration and apoptosis related genes, including p53, STAT3, Bcl2, c-
myc, Cyclin D, Hes1, Mcl-1, TGF-b2. The protein-protein interactions
of these genes and the abnormal patterns of gene expression both
promote the death or survive of 16HBE cell, depending on the dose
and duration of exposure. The decrease of cell viability induced by
methylamine exposure exhibited dose dependent manner, how-
ever, methylamine could increase the cell viability under lower
dose and prolong exposure period. Rescue assays indicated that
reduce ROS levels by antioxidant could elevate the adverse
outcome of methylamine on human epithelial cells. Future studies
should focus on both acute and chronic lung inflammation as well
as lung tumorigenesis in order to explore the exact mechanisms by
which methylamine causes human exposure to diseases.
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