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The wide presence of volatile organic amines in atmosphere has been clarified to relate to adverse effects on
human respiratory health. However, toxic effects of them on human respiratory tract and their metabioticmech-
anism of in vivo transformation have not been elucidated yet. Herein, cell viability and production of reactive ox-
ygen species (ROSs) were first investigated during acute exposure of trimethylamine (TMA) to bronchial
epithelial cells (16HBE), along with identification of toxic metabolites and metabolic mechanisms of TMA from
headspace atmosphere and cell culture. Results showed that cell activity decreased andROS production increased
with raising exposure TMA concentration. Toxic effects may be induced not only by TMA itself, but also more
likely by its cellular metabolites. Increased dimethylamine identified in headspace atmosphere and cell solution
was the main metabolite of TMA, and methylamine was also confirmed to be a further metabolite. In addition,
TMA can also be oxygenated to generate N,N-dimethylformamide and N,N′-Bis(2-hydroxyethyl)-1,2-
ethanediaminium by N-formylation or hydroxylation, which was considered to be the participation of cyto-
chrome P450 (CYP) enzymes. Overall, we can conclude that respiratory tract cells may produce more toxic me-
tabolites during exposure of toxic organic amines, which together further induce cellular oxidative stress and
necrosis. Hence, the environment and health impact ofmetabolites aswell as original parent atmospheric organic
amines should be paid more attention in further researches and disease risk assessments.
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1. Introduction

Trimethylamine (TMA), a typical tertiary amine, is not only themost
commonly emitted amine fromvarious sources, but also themost abun-
dant amine in the atmosphere, with a flux of 169 ± 33 Gg N a−1 (Ge
et al., 2011; Kamarulzaman et al., 2019). As reported, the average con-
centration of TMA from an industrial fishery complex was approxi-
mately 20.60 ppb with a maximum concentration of 72.30 ppb (Seo
et al., 2011), which was greatly higher than the odor threshold of TMA
(from 0.21 to 0.58 ppb) (USEPA, 2009). Moreover, due to high photo-
chemical conversion activity, TMA can react with atmospheric nitrogen
oxides to produce carcinogens such as formaldehyde, dimethylnitrosa-
mine and dimethylnitramine under irradiation of natural sunlight
(Pitts et al., 1978). In the presence of nitrate radicals in the air (Silva
et al., 2008), or sulfuric acid at the air-particle interface (Zhang et al.,
2019; Zhang et al., 2021; Zhao et al., 2020), several amines also promote
the formation of secondary aerosol particles, which then determines
their atmospheric lifetime.

The respiratory tract, a major entrance of exogenous pollutants into
the body, is exposed continuously to the airborne environmental
chemicals in gaseous or aerosol state (Dahl et al., 1988; Foth, 1995). In-
halation is the overriding exposure route of volatile TMA, a xenobiotic
for the human body, representing that respiratory tract is the dominant
target for chemically induced toxicity of TMA. Recent researches
showed that TMA at concentrations higher than 20 ppm could induce
upper respiratory tract irritation in humans, and exposing to TMA of
750 ppm could cause alveolar emphysema, tracheal inflammation and
necrosis in rats (American, 2005; Kinney et al., 1990). Therefore, the re-
spiratory epithelium is susceptible to hazardous effects of inhaled
compounds.

On the other hand, the respiratory tract has the capacity to metabo-
lize xenobiotics, which is closely related to the toxic effects of xenobi-
otics entering the body and the pathogenesis of lung diseases such as
lung cancer and chronic obstructive pulmonary disease. Metabolic pro-
cesses of xenobiotics in the respiratory tract require the catalytic activa-
tion of related enzymes, and cytochrome P450 (CYP) enzymes in
extrahepatic tissues often play a dominant role in metabolic activation
of xenobiotics (Serabjit-Singh et al., 1980; Stading et al., 2020). Several
CYPs, including CYP2F1, CYP4B1 and CYP2A6, may be involved in the
metabolic activation of 3-methylindole in human lung microsomes
(Ruangyuttikarn et al., 1991). CYP1A1 appears to be the efficient en-
zyme in the metabolic activation of aromatic hydrocarbons in human
lung, such as 5-methylchrysene and 6-methylchrysene (Koehl et al.,
1996). Besides CYP enzymes, other oxidoreductases can alsometabolize
xenobiotics. Flavin-containing monooxygenases in lungs can oxidize
and metabolize a variety of xenobiotics containing nitrogen, sulfur and
phosphorus, some of which can form highly toxic reactive intermedi-
ates (Overby et al., 1992). Dehydrogenases are commonly existed in
various human organs and tissues. Among them, the trimethylamine
dehydrogenase of intestinal microorganisms can biologically convert
TMA into dimethylamine (DMA) and formaldehyde (Kim et al., 2001;
Shi et al., 2005). Nevertheless, whether this metabolic pathway can be
realized in human respiratory tract has not been studied yet.

Harmful exogenous pollutants in human body may be detoxified by
CYP-catalyzed or non-CYP-mediated biotransformation, or may be acti-
vated to becomemore toxic substances. Pollutant toxicity in respiratory
tract frequently results from in situ metabolic activation, and the toxic-
ity of exogenous pollutant tightly linkswith itsmetabolic fate in the tar-
get organ (Ding and Kaminsky, 2003; Strolin Benedetti et al., 2006).
However, during the process of exposure to exogenous pollutant and
metabolic activation, organism damage and oxidative stress may also
be triggered, which results in adverse effects on corresponding organ
or leads to diseases. In vitro metabolism of BEAS-2B cells showed that
5-hydroxymethylfurfural (5-HMF) in cigarette smoke extract could be
quickly eliminated under the mediation of CYP2A13 to form 5-HMF
acid, which was more toxic than 5-HMF in BEAS-2B cells (Ji et al.,
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2018). Nilutamide, which can induce pulmonary interstitial
fibrosis, was involved in reductive metabolism and redox-cycling, lead-
ing to uncontrolled generation of reactive oxygen species (ROSs)
(Berger et al., 1992). Polycyclic aromatic hydrocarbons and 2,3,7,8-
tetrachlorodibenzo-p-dioxin can cause the up-regulation of CYP1A en-
zymes in respiratory tract cells, which promoted the release of ROSs
and the induction of oxidative stress, leading to inflammation and pul-
monary diseases (Aboutabl et al., 2009; Labitzke et al., 2007). However,
few studies were carried out on the oxidative stress of respiratory tract
induced by volatile organic amines, especially on the metabolic toxicity
of TMA in respiratory tract.

Besides being an air pollutant, TMA is also an important metabolite
of human physiological activity. Researches have revealed that human
gut microbes were implicated in metabolizing choline to TMA, which
was subsequently oxidized to trimethylamine-N-oxide by hepatic
flavin-containing monooxygenase 3 before excretion via urine (Wang
et al., 2011). Themetabolite trimethylamine-N-oxide is widely believed
to be associated with increased risk of atherosclerosis (Velasquez et al.,
2016;Wang et al., 2015). Additionally, abnormal levels of TMA in blood,
urine and sweat have been proven to be associated with numerous
human disease pathologies, including kidney damage, hepatocellular
carcinoma, cardiovascular diseases, and neuropsychiatric disorders
(Pelliceiari et al., 2011; Tang et al., 2015). Therefore,whether themetab-
olism and toxic effects of exogenous TMA entering the human body
through the respiratory tract are like that of endogenous TMA remains
to be further investigated.

In this study, to explore the toxicity related to the metabolic fate of
TMA in respiratory tract, cytotoxicity and ROS generation were exam-
ined following exposure of bronchial epithelial cells (16HBE) to TMA.
Volatile intermediates of TMA in the headspace of cells were qualita-
tively and quantitatively analyzed using a Proton Transfer Reaction-
Time of Flight-Mass Spectrometer (PTR-TOF-MS) and Proton Transfer
Reaction-Quadrupole-Mass Spectrometer (PTR-QMS) in real time.
Furthermore, the major metabolites of TMA in cells and culture media
solution were also identified, by coupling the non-targeted detection
of direct injection with targeted detection of amine-containing
metabolites labeled with dansyl chloride using Ultra High Performance
Liquid Chromatography coupled with Quadrupole-Time-of-Flight Mass
Spectrometer (UPLC-QTOF-MS). Finally, the possible metabolic path-
way and mechanism of TMA exposed to 16HBE cells were initially
revealed. The toxic effects of TMA metabolism on the respiratory tract
were comprehensively demonstrated by combining the results of cyto-
toxicity with oxidative stress. This is a rare study of the toxic effects of
organic amines on the human respiratory system from the perspective
of toxicity of pollutant metabolites, rather than just the pollutant itself.

2. Materials and methods

2.1. Chemicals and reagents

Trimethylamine (30 wt% in H2O, AR) was purchased from Aladdin
(Shanghai, China). Danysl chloride, benzylamine, tetraethylammonium
chloride and sodium carbonate/sodium bicarbonate buffer were
purchased from J&K Scientific (Beijing, China). HPLC-grade ammonium
formate and formic acid were obtained from CNW (Technologies
GmbH). HPLC-grade methanol (MeOH) and acetonitrile (ACN) were
purchased from Merck (Darmstadt, Germany). Water was purified
using a Milli-Q system (Research Water Purification Technology,
Xiamen, China). The specifications and purity of these chemicals are
detailed in Table S1 in Supporting Information (SI).

2.2. Cell culture and cell viability assay

Human bronchial epithelial cell line (16HBE) was obtained from the
Chinese Academyof Cell Resource Center (Shanghai, China). Cell culture
procedure is provided in SI.
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Fig. 1. (a) Cell viability induced by TMA treatment in 16HBE cells for 24 h. The data of cell
viability (n= 3wells per treatment group) were fitted to a nonlinear regression curve to
determine the LC50; (b) Relative growth rate of intracellular ROSs after exposure to TMA
for 24 h. Error bars for each point represent the standard deviation of three replicates.
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Cell viability was assayed to investigate the cytotoxicity of TMA on
respiratory tract cells and determine the exposure concentrations of
TMA for the subsequent metabolic studies. A series of TMA concentra-
tions (10.15, 20.30, 30.45, 40.60, 50.75, 60.90, 71.05, 81.20, 91.35 mM)
were chosen as exposure groups, and fresh media without the addition
of TMAwere used as control groups. The detailed procedure is also pro-
vided in SI.

2.3. Detection of ROSs

The ROSs were evaluated by staining 16HBE cells in 96-well plates
with an oxidation-sensitive fluorescent probe DCFH-DA according to
the manufacturer's protocol. 16HBE cells were exposed to TMA (10.15,
20.30, 40.60, 60.90 and 91.35 mM) for 24 h, and the cells treated with-
out TMA were set as the control groups. The detailed test procedure is
provided in SI.

2.4. Qualitative and quantitative detection of volatile metabolites of TMA

The cells were exposed to 10.15mMTMAand cultured in 25 cm2 cell
culture flasks, and the cells without TMA addition were set as the con-
trol. The volatile metabolites of TMA in the headspace of cell culture
flasks were qualitatively and quantitatively analyzed using PTR-TOF-
MS 1000 (Ionicon Analytik GmbH, Innsbruck, Austria) and PTR-QMS
300 (Ionicon Analytik GmbH, Innsbruck, Austria), respectively. The de-
tailed detection procedure is provided in SI.

2.5. Detection of TMA metabolites in cells and culture media

2.5.1. Extraction and pretreatment
The metabolites of TMA in cells and culture media were also ana-

lyzed by choosing TMA concentrations of 10.15 and 32.45 mM based
on the results of cell viability assay, which corresponded to low and
high concentration exposures of TMA in 16HBE cells. The cells were ex-
posed to TMA for 2 and 24h,while the cellswithout TMAwere set as the
control group. After exposure of TMA, the samples were collected, ex-
tracted, and pretreated as provided procedure showed in SI.

2.5.2. UPLC-QTOF-MS analysis
TMA metabolites in the cells and culture media were deter-

mined using Agilent 1290 Infinity II Ultra High-Performance Liquid
Chromatography system coupled with 6545 Quadrupole Time-of-
Flight Mass Spectrometer (UPLC-QTOF-MS, Agilent, USA). The
liquid chromatography system was equipped with a G7120 binary
pump, a G7167B vial sampler, and a G7116B column comp. The drying
gas temperaturewasmaintained at 350 °Cwith a flow rate of 8 Lmin−1.
The nebulizer was set at 35 psig, and the sheath gas temperature was
held at 375 °C with a flow rate of 12 L min−1. The nozzle voltage was
set at 1500 V for Dual AJS ESI source, and the capillary voltage was set
at 3500 V. The fragmentor voltage was set at 150 V, and the skimmer
was 65 V. The instrument was set to acquire over a mass-to-charge
ratio (m/z) range from 30 to 1100 with the MS acquisition rate of 2
Hz. The samples used for analysis of TMA metabolites were divided
into two parts, one portion was used for direct injection analysis, and
another was used for indirect identification after derivatization with
dansyl chloride. The detailed procedures are provided in SI.

3. Results and discussion

3.1. Effects of TMA on cell viability and ROS generation

To characterize the cytotoxic effect of TMA on respiratory tract and
determine the suitable TMA exposure concentration for the subsequent
metabolic studies, the viability of 16HBE cells exposed to various con-
centrations of TMA was measured using cell counting kit-8 (CCK-8).
As shown in Fig. 1a, TMA exposure decreased the viability of 16HBE
3

cells in a concentration-dependent manner, inducing a significant de-
crease in cell viability at the concentration of 40.60 mM and above. At
lower concentrations of TMA, the cell viability decreased from 94.66%
± 3.11% with 10.15 mM, to 82.29% ± 11.50% with 30.45 mM. The cell
viability reached 32.53% ± 8.05% and 6.86% ± 2.49% when the doses
of TMA increased to 40.60 and 60.90 mM, respectively. When the con-
centration of TMA was higher than 60.90 mM, the cell viability tended
to level off, indicating that the cells were almost completely lethal (Cai
et al., 2019). Based on the fitted curve using Origin Analysis Software,
the LC50 (Lethal Concentration 50%) of cell viability on TMA exposure
was further determined and its concentration was obtained as 36.12
mM,whichwas higher than themeasured LC50 of 24.55mMformethyl-
amine (MA) (Li et al., 2019), suggesting that TMA was less toxic than
MA in 16HBE cells. Moreover, the morphological changes induced by
the increased TMA in cells included cell membrane damage, cytoplasm
vacuolization, changes in cell shape and the increase of floating cell de-
bris (Fig. S1), which was consistent with the results of cell viability
(Fig. 1a). Based on these results, to investigate the cellular metabolism
of TMA under low and high concentration exposures, the TMA concen-
tration of 10.15 and 32.45 mMwere selected for the subsequent exper-
iments, which corresponded to 5% (LC5) and 40% (LC40) decrease in cell
viability.

ROS in cells is a vital marker of oxidative stress after cells were stim-
ulated (Delgado-Roche and Mesta, 2020; Larosa and Remacle, 2018).
Therefore, the level of ROSs in cells characterizes the degree of cellular
oxidative stress to a certain extent. The more intracellular ROSs in-
creased, the higher degree of cellular oxidative stress occurred
(Pizzino et al., 2017; Sies et al., 2017). In this study, as shown in
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Fig. 1b, the relative growth rate of ROSs in cells increasedwith the rising
TMA exposure concentration. Within the concentration range of
10.15–60.90 mM, the relative growth rate of ROSs gradually increased
from 27.25% ± 4.17% to 78.01% ± 21.88%, which was consistent with
the result of cell proliferation toxicity. When the TMA concentration
reached 91.35 mM, the intracellular ROSs increased rapidly to 154.82%
± 32.67%, indicating that the cell damage and the cellular oxidative
stress was highly serious. Therefore, with the increase of TMA exposure
concentration, the relative growth rate of intracellular ROSs increased in
a dose-dependent manner, resulting in the severe oxidative damage in
16HBE cells. Generally, decreased cell activity and increased oxidative
stress are directly related to exogenous parent compounds. However,
the metabolic transformation of exogenous pollutants in cells and
their metabolites may also contribute to the above cytotoxic effects.

3.2. Identification and quantification of metabolites of TMA

The variation of the composition and content of volatile intermedi-
ates in the cell headspace is a way to directly reflect the changes of
cell metabolism (Furuhashi et al., 2020; Liu et al., 2019). In this study,
to understand the metabolic changes of TMA during the cell exposure
process, PTR-TOF-MS and PTR-QMS were both used to identify and
measure the level of volatile intermediates in the headspace of cells ex-
posed to the low concentration of TMA (10.15 mM). Based on the full
scan results of PTR-QMS data, significant changes in the concentrations
of the three volatile compounds with m/z of 46, 60, and 74 were ob-
served between the control and exposure groups. According to thequal-
itative results of PTR-TOF-MS, the precise m/z of these volatile
compoundswere 46.0651, 60.0808, and 74.0600, whichwere identified
as (C2H7N) H+, (C3H9N) H+, and (C3H7NO) H+, respectively, and the
corresponding compounds were identified as dimethylamine (DMA),
TMA and N,N-dimethylformamide (DMF).

Fig. 2 shows the changes in the concentration of DMA, TMA andDMF
in the headspace of cells using PTR-QMS. All obtained results have been
deducted background values of headspace samples containing culture
medium only. As the cells were exposed to the liquid exogenous com-
pound, the concentration of TMA in the headspace showed a time-
dependent decrease in general, from the concentration of 1343.14 ppb
at 2 h exposure to 461.76 ppb at 24 h exposure. The gaseous TMA in
the headspace was partially released from the TMA solution. According
to the Henry's law (Sander, 2015), the gaseous TMA and the dissolved
TMA in themediummaintained an equilibrium state. The concentration
of TMA in the headspace decreased with the exposure time, meaning
that the concentration of TMA in themediumalso decreased. This result
further indicated that TMA might undergo a certain extent of
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metabolism in cells during the exposure process. When the exposure
time reached 48 h, the gaseous TMA concentration in the headspace
gradually increased back to 619.94 ppb. This might reveal that the me-
tabolism of TMA appeared to be a relatively stable state around the ex-
posure time of 24 h.

Different from the change trend of TMA, the concentrations of DMA
and DMF, the two volatile intermediates detected in the cell headspace,
showed a gradual upward trend with the progress of exposure time.
DMA increased from 2.70 ppb at 2 h exposure to 10.52 ppb at 48 h ex-
posure, with the concentration increased by 2.89 times. The concentra-
tions of DMF reached 9.96 and 34.68 ppb when the exposure time of
TMA reached 2 and 48 h, respectively, increasing by 3.48 times. DMA
and DMF, whose concentrations continuously increased during expo-
sure process, were found to be the metabolic intermediates of TMA
aftermetabolic transformation by cells. It was also reasonable to deduce
the formation of the two compounds from TMA in the theory of molec-
ular structures. TMA, the compound used to expose to cells, is a tertiary
amine with three methyl groups attached to one N-atom. DMA is a sec-
ondary amine with two methyl groups attached to one N-atom, which
can be obtained by removing a methyl group from TMA. DMF is an
amide with two methyl groups and one formaldehyde group attached
to oneN-atom,which can be obtained by theN-formylation of DMA. Ac-
cording to the previous reports, trimethylamine dehydrogenase
existing in intestinal microorganism and marine bacteria can convert
TMA into DMA and formaldehyde (Shi et al., 2005; Sun et al., 2019).
However, there were few reports about the conversion of TMA to DMF
in organisms, and N-formylation of the generated DMA could be the
way to form DMF in cells. It was reported that N-formylation of
m-Aminobenzoic acid was performed in cell suspension cultures of
Solanum laciniatum (Syahrania et al., 2000), which showed that
N-formylation can occur in the biotransformation of cells. In addition,
hydroxylation is an important metabolism that easily occurs after
xenobiotics enter the organism (Patten et al., 1997; Su et al., 2015), so
DMF may also be generated by further oxidative metabolism by
monohydroxylated TMA. Therefore, DMA and DMF were supposed to
be the metabolites of TMA, which released into the headspace after
the metabolism of respiratory tract cells. It is because that the saturated
vapor pressures of DMA and DMF at 25 °C are 2.03 × 105 and 5.16 × 102

Pa, respectively (ACD/Labs, 2016; ECOSAR, 2014), which makes them
easy to volatilize into the atmosphere and induce toxic effects on the
human body through respiratory exposure (Azuma et al., 2016; Wang
et al., 2016).

In addition, it was interesting that the concentration of generated
DMF was higher than that of DMA. This can be explained by two main
reasons. The first was that TMA might be converted to amide with a
higher rate of metabolic conversion. It was reported that TMA had a
higher possibility of generating amides in the metabolism of microor-
ganisms, and could even be converted into amino acids (Pattabiraman
and Bode, 2011; Siswanto et al., 2016). The second reason was that
DMF might be easier to be released into the headspace of the cells
than DMA because the Log octanol – water partition coefficient (Log
Kow) values of DMA and DMF were − 0.38 and − 1.01, respectively
(ACD/Labs, 2016), which could partly explain the difference in the ob-
served 16HBE bioaccumulation. Compared to DMF, DMA was more
likely to be accumulated in cells surrounded by the lipid environment.
Therefore, DMF could be more easily secreted into the culture medium
and then released into the cell headspace.

3.3. Identification of intracellular exogenous metabolites

3.3.1. Non-targeted detection of metabolites without derivatization
Determination of potential TMA metabolites without derivatization

in cells and medium samples exposed to TMA for 2 and 24 h was also
conducted using anUPLC-QTOF-MS in the full scanmode. No interesting
finding was obtained for metabolite analysis in the negative ion mode,
but it seemed that some different peaks were found between the
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control group and the exposed groups in the positivemode, as shown in
Fig. 3a and 3b. However, the specific ions extracted from these different
peaks of exposed groupswere also found in the control group, and their
concentrations were not much different. This was due to the peak drift
of some ions in the samples from the control group during separation
and analysis by UPLC-QTOF-MS. By means of careful analysis and ion
screening to compare the data of the control group and the exposed
groups, the specific ion of m/z 151.1441 was only detected in the TMA
exposure groups at the two exposure time points. That is, two ions ap-
peared at 22.445 and 22.496 min in 2 and 24 h exposure were found
in the culture media of both concentration exposure groups, but almost
absent in the control group. As shown in Fig. 3c, the intensity of the ion
ofm/z 151.1441was only 7.23×105 in the sample of the low concentra-
tion exposure group of 2 h, while it reached 1.54 × 107 in the high con-
centration exposure group. The difference in the intensity of this ion
between both concentration exposure groups for 24h (Fig. 3d)was con-
sistent with that for 2 h, indicating that the ion concentration remained
stable in the exposed medium samples. Based on the above results, it
was speculated that the substance represented by the ion could be a
metabolite produced by the transformation of TMA through cell metab-
olism, for which the further qualitative analysis was required.

The mass spectrum of the extracted ion was further analyzed using
Agilent MassHunter software. As shown in Fig. S2, the molecular for-
mula of the ion of m/z 151.1441 was deduced as C6H18N2O2, with the
matching degree of 99.97%. By using MS/MS mode of UPLC-ESI(+)-
QTOF-MS, the ion of m/z 151.1441 generated daughter ion of m/z
76.0756, with a molecular formula of C3N9NO. Based on the deduction
of the fragmentation mode of the parent ion and the generation mode
of the product ion, it was concluded that the parent ion should be N,N
′-Bis(2-hydroxyethyl)-1,2-ethanediaminium, and the daughter ion
should be N-Methylethanolamine. Siswanto et al. (2016) mentioned
in the proposed mechanism of TMA degradation and mineralization
by Euphorbia milii that N-Methylethanolamine could be one of the me-
tabolites of TMA. Therefore, the N,N′-Bis(2-hydroxyethyl)-1,2-
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ethanediaminium detected in this study, as a kind of hydroxylamines,
was similar to the intermediate found in the previous study.

The production of this metabolite may be related to cytochrome
P450 (CYP) enzymes in the cells. CYP enzymes mainly distribute in
the endoplasmic reticulum and mitochondrial inner membrane of
cells (Korobkova, 2015). They are involved inmany enzymatic reactions
critical to important life processes and also play an important role in the
metabolism of xenobiotics and drugs (Hukkanen et al., 2002; Pavek and
Dvorak, 2008). They are responsible for the oxidation, reduction,
hydrolysis of the exogenous compound in the organism, and transform
these exogenous substances from the hydrophobic type to the
hydrophilic type which is more easily excreted outside the organism
(Bhattacharyya et al., 2014). Heterologously expressed CYP2A13 was
active toward many nitrogen compounds, such as hexamethyl-
phosphoramide, N-nitrosodiethylamine, N,N-dimethylaniline, and
N-nitrosomethylphenylamine (Su et al., 2000). In this study, under the
action of the CYP enzymes in cells, TMA might undergo a certain hy-
droxylation reaction, temporarily generating hydroxylated TMA. Soon,
the resultant intermediates were subjected to the complex reaction of
other enzymes, thus finally forming N,N′-Bis(2-hydroxyethyl)-1,2-
ethanediaminium, which was an amine compound containing
hydroxyl. The concentration of this compound remained stable in the
medium samples exposed for 2 and 24 h, indicating that 16HBE cells
can partially convert TMA to this metabolite in a relatively short time.

3.3.2. Targeted detection of amine-containing metabolites labeled with
dansyl chloride

In the humanbody, endogenous TMA can bemetabolized to produce
amines with small molecules under the action of multiple dehydroge-
nases (Chistoserdova, 2011; Yang et al., 1995). Herein, dansylation la-
beling was used to determine the underlying amine-containing
metabolites in the media and cells exposed to TMA (Chen et al., 2019;
Guo and Li, 2009). Interestingly, two ions, m/z 265.1012 and m/z
279.1169, were detected in TMA-exposed 16HBE cells and culture
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media by LC-ESI(+)-QTOF-MS, and the ion abundances are obviously
different between the control and the exposed groups (Fig. S3). The
m/z 265.1012 was presumed to be dansylated-methylamine (DNS-
MA) with a formula of C13H16N2O2S and with theoretical [M + H] +
of m/z 265.1005. The m/z 279.1172 was presumed to be dansylated-
dimethylamine (DNS-DMA) with a formula of C14H18N2O2S and with
theoretical [M+H]+ofm/z 279.1162. The identification of these inter-
mediates was confirmed by comparison with standard substances.
Therefore, the detected peak of m/z 265.1012 was confirmed as DNS-
MAand the peak ofm/z 279.1169wasDNS-DMA,whichwere thederiv-
atives of TMA metabolites.

Figs. 4 and S4 also show the extraction ion spectrum of DNS-MA
(m/z 265.1012) and DNS-DMA (m/z 279.1169) in cells and culture
media samples for 2 and 24 h of TMA exposure. Through the integration
of the above extracted ion spectrum and the calculation of the peak
area, the relative quantification of the MA and DMA in the cells and
media exposed to TMA was performed. As Fig. S5 shows, the response
of MA detected in the cells exposed to high concentration of TMA was
distinctly higher than that of the control group and low concentration
exposure group, indicating that the production of metabolite MA in-
creased gradually with the increased concentration of TMA exposure
at 2 and 24 h. However, the MA response in culture medium of high
concentration exposure groupwas obviously lower than that in control
group and low concentration exposure group, which was inconsistent
with the results of MA in the cell samples. Generally, exogenous
compounds need to go through the processes of contact and absorption
by cells before they were metabolized by organisms (Aouida et al.,
2003; Muelas et al., 2020). Thus, for cells cultured in vitro, TMA in solu-
tion also had a process of transferring from culture medium to cells.
Therefore, there were often more metabolites with higher concentra-
tion produced in cells, and only a small number of metabolites would
be secreted or leaked out of the cells, since the metabolic process of
TMA occurred in cells. As such, this can fully explain that MA presented
low level in the medium, but high concentration in the cells as exposed
to high concentration of TMA.
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In addition, it can be found that the response trends of DMA
(Fig. S5b) in the samples were similar to MA (Fig. S5a), indicating that
they showed the synergistic changes during themetabolism of TMA. Al-
though certain concentrations of MA and DMAwere also present in the
control group, they were small molecules that might be produced dur-
ing normal cellular metabolism process. However, the MA and DMA in
the cell samples of the exposed group were obviously higher than
those in the control group, despite the former without MA and DMA
added. Therefore, this also further illustrated that the addition of TMA
and the metabolic transformation of TMA by cells caused the increased
MA and DMA in the cell samples. With the increase of exposure time,
the levels ofMAandDMA rose in cells, revealing that the generated con-
centration of TMA metabolites had a time-dependent effect.

To reflect the actual changes of TMA metabolites, the corrected re-
sponse changes ofMA and DMA after subtracting the response intensity
of the control group were also illustrated (Fig. 5). Within 24 h of expo-
sure to low concentration of TMA, MA and DMA gradually accumulated
in the cells. However, MA and DMA showed different trends under high
concentration exposure.MA increased slowlywith the increase of expo-
sure time, while DMA showed a decreasing trend with the increase of
exposure time. In addition, comparing the intensity response of MA
and DMA, we can find that the content of DMA was at least 5 times
higher than that of MA. Although both DMA and MA were the amine
metabolites of TMA in cells, the content of the former was higher than
that of the latter. This result indicated that TMA may be converted to
DMA preferentially during the metabolic process, and MA could be a
further metabolite. The decreased DMA under the high concentration
exposure meant that DMA may undergo some further metabolism.
Therefore, MA should be the metabolite of DMA, which explained the
increase in MA content and the decrease in DMA content.

Summarizing the above analysis, we believed that TMA exposure
had toxic effects on cells, and the cells also had some detoxification
andmetabolism effects on TMA.When the dansylation labelingmethod
was used to detect amines in cell samples, we found that the levels of
MA and DMA showed surprising responses in the exposed cells. It was
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because that under the effect of cell metabolism, TMA was first metab-
olized to DMA, and then DMAwas furthermetabolized toMA. Thismet-
abolic process always followed the principle of demethylation,
indicating that demethylase or TMA dehydrogenase was existed in
16HBE cells, which promoted the demethylation metabolism of TMA.
This metabolic pathway of TMA also appeared in the metabolic system
of some microorganisms. For instance, in some methylotrophs lived in
marine environments, TMAdehydrogenase catalyzed the dehydrogena-
tion of TMA directly to form DMA and formaldehyde (Sun et al., 2019),
afterwards DMAwas further demethylated toMA and then ammonia by
a series of dehydrogenase enzymes.

3.4. Proposed metabolic pathway and increased toxicity of TMA in
16HBE cells

Based on the identifiedmetabolites of TMA in the cell headspace and
the cell culture solution, the metabolic mechanism of TMA in 16HBE
cells was proposed as shown in Fig. 6. During the exposure process of
Fig. 6. The proposed metabolic pat
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TMA to cells, TMA was in contact with the cell surface in culture me-
dium and partly absorbed by cells. Inside the cells, TMA was metabo-
lized by dehydrogenase to produce DMA, which was then metabolized
into MA. In the cell headspace, significant concentration changes of
DMA in the exposed group were also detected, indicating that DMA
was a key metabolite with certain volatilization. According to predeces-
sors' researches, MA can be further metabolized to produce ammonia
and formaldehyde, and finally be mineralized to CO2 and H2O (Colby
and Zatman, 1973; Kim et al., 2001). However, in this study, by PTR-
QMS detection, ammonia and formaldehyde did not show a significant
increase in concentration, which may be due to low concentration or
more polar property of the secondary metabolite MA. DMF was also
found to be a metabolite of another metabolic route of TMA, which
was identified in the cell headspace. It was an important intermediate
of TMA that was easily secreted into the atmosphere, because its
metabolic reaction substrate can be TMA or DMA. On the one hand,
the generated DMA can directly form DMF by N-formylation. On the
other hand, TMA may first generate intermediate monohydroxylated
TMA by oxidation reaction, and then be further oxidized to
generate monoaldehyde-based TMA, which is just DMF. N,N′-Bis(2-
hydroxyethyl)-1,2-ethanediaminium was detected in cells and culture
media exposed to TMA, indicating that itmay be another importantme-
tabolite in TMA metabolism. Because it contains two N-groups, it was
considered that the precursor metabolite of N,N′-Bis(2-hydroxyethyl)-
1,2-ethanediaminium is N-Methylethanolamine, which was confirmed
in early report that N-Methylethanolaminemay be one of themainme-
tabolites of TMA (Siswanto et al., 2016). Therefore, the production of N-
Methylethanolamine may be achieved by the demethylation and hy-
droxylation of TMA.

For the formation of DMF and N,N′-Bis(2-hydroxyethyl)-1,2-
ethanediaminium, it was believed that CYP enzymes may be involved
in the metabolism. CYP enzymes are important metabolic enzymes in
the human body, which preferentially catalyze oxidations on hard nu-
cleophilic centers, such as carbon atoms (Oesch et al., 2019). CYP en-
zymes can convert exogenous pollutants into more hydrophilic
metabolites with hydroxyl or aldehyde groups by oxidation, and these
metabolites are often more toxic since they are easier to be absorbed
and utilized by cells (Oesch-Bartlomowicz and Oesch, 2007). Previous
studies have shown that when mice inhaled TMA for 2 h, the LC50 of
DMF was obtained as 2880 ppm, which was much lower than the LC50
hways of TMA in 16HBE cells.
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of TMA (7790ppm) (Rotenberg andMashbits, 1967), indicating that the
inhalation toxicity of DMF was higher than that of TMA. In addition,
DMF exposure can result in mitochondrial dysfunction and glutathione
depletion, which were closely related to the generation of ROSs (Xu
et al., 2020). Moreover, as a stable organic pollutant in the environment
withstanding various physical and chemical conditions (Xiao et al.,
2016), DMF was classified as group 2A carcinogen by International
Agency for Research on Cancer (IARC) in 2016 (IARC, 2016). Hence,
more attention should be paid to DMF produced by the biotransforma-
tion of TMA, since it may cause more serious cytotoxicity in the respira-
tory tract. N,N′-Bis(2-hydroxyethyl)-1,2-ethanediaminium is a kind of
hydroxylamines containing twohydroxyl groups, and there are few tox-
icity studies and toxicological data about it. Although there is no direct
evidence that N,N′-Bis(2-hydroxyethyl)-1,2-ethanediaminium is more
toxic than TMA, diethanolamine and 2-dimethylaminoethanol, both of
which belong to hydroxylamines, have been found to be toxic and irri-
tating to the environment and organisms (Blum et al., 1972; Cronheim
and Toekes, 1959). Thus, the metabolite N,N′-bis(2-hydroxyethyl)-1,2-
ethylenediamine may also affect the toxic effects of respiratory tract
cells.

The deep oxidation of TMA demethylation was the main metabolic
pathway, in which DMA and MA were important intermediates, and
they were often considered to have lower toxicity than the parent
TMA previously. However, the results of animal experiments showed
that the LC50 of DMA and MA for 2 h inhalation exposure to mice
were obtained of 7560 and 1890 ppm, respectively (Mezentseva,
1956), revealing that the toxicity of demethylated metabolites was
higher than that of TMA. This can be reasonably explained in some re-
spects. Comparedwith TMA, DMA andMA contain fewermethyl groups
and have lower Log Kow, thus they were so more hydrophilic that they
can be absorbed and utilized by cells, inducing greater toxic effects on
cells. Besides, the measured LC50 of TMA (36.12 mM) for 24 h exposure
was higher than that of MA (24.55mM),which further showed thatMA
wasmore toxic than TMA, stimulating the overproduction of ROSs in cy-
toplasm and mitochondria of 16HBE cells (Li et al., 2019). Studies have
shown that TMA can lead to adverse respiratory reactions such as de-
generation of tracheal mucosa, bronchial inflammation and decreased
respiratory rate in rats andmice (USEPA, 2009), and even lead to repro-
ductive toxicity by inhibiting the synthesis of macromolecules inmouse
embryos (Guest et al., 1994). In addition, elevated TMA in vivo can cause
progressive tubulointerstitial fibrosis and dysfunction in humans (Bain
et al., 2006), induce endoplasmic reticulum stress associated with met-
abolic diseases such as obesity or diabetes (Hummasti and Hotamisligil,
2010), and result in depression, seizures, and behavioral disorders
(Chang et al., 2013). The metabolism of TMA in the body was active
and complex (Chhibber-Goel et al., 2016), whichmay cause its metabo-
lites to induce the above toxic effects in vivo together with TMA. Herein,
our research also found that TMA may be metabolized into more toxic
metabolites in bronchial epithelial cells (16HBE), which thus together
induce more serious toxic effects on cells and even the respiratory
tract with a synergetic effect.

4. Conclusions

It is of great significance to understand the toxic effects of volatile or-
ganic amines in the atmosphere on the human respiratory tract and
their metabolic transformation mechanisms in vivo. Therefore, taking
a typical volatile TMA with a characteristic fishy odor as an example,
the changes in cell viability and ROS production during the exposure
of TMA in respiratory epithelial cells 16HBE cultured in vitro were stud-
ied. Results showed that the cell viability decreased and ROS generation
increased in a concentration-dependent manner. Interestingly, while
16HBE cells suffered from the toxic effects of TMA-induced oxidative
stress, they also produce certain metabolic effects on TMA. TMA volatil-
ized in the apical air of the cells was depleted in a time-dependentman-
ner by approximately 65% after 24 h of exposure, andDMAwas found to
8

be the key metabolite. In addition to obtaining DMA and MA products
by demethylation, TMA may also be oxygenated to form DMF or N,N′-
Bis(2-hydroxyethyl)-1,2-ethanediaminium through N-formylation or
hydroxylation with the participation of CYP enzymes. These obtained
metabolites had higher toxicity than TMA itself, and DMFwas also clas-
sified as a carcinogen. Therefore, the oxidative stress and necrosis of
cells during exposure may be the synergistic effects of TMA and its me-
tabolites, rather than just the effects of TMA itself. Our work provides a
valuable insight into the metabolic mechanism of volatile organic
amines in human respiratory tract cells and reveals the toxic synergistic
effects of metabolites as well as original parent atmospheric organic
amines. However, further researches may be needed for verification
and improvement, such as experiments on animals or human samples.
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