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Nicotine ingested from smoking exerts neuroprotection and developmental neurotoxicity in central ner-
vous system. It can produce several changes of cognitive behaviors through regulating the release of dif-
ferent neurotransmitters in the brain. However, the effects of nicotine exposure or withdrawal on neu-
rotransmitter metabolism of hippocampus are still unclear. In this study, we real-time evaluated the
dynamic alterations in neurotransmitter metabolism of hippocampal neuronal (HT22) cells induced by
nicotine exposure and withdrawal at relevant exposure levels of smoking and secondhand smoke by us-
ing a microfluidic chip-coupled with liquid chromatography-mass spectrometry (MC-LC-MS) system. We
found HT22 cells mainly released related neurotransmitters of tryptophan and choline metabolism, both
nicotine exposure and withdraw altered its neurotransmitters and their metabolites release. Exposure to
nicotine mainly altered the secretion of serotonin, kynurenic acid, choline and acetylcholine of HT22 cells
to improve hippocampal dependent cognition, and the change are closely related to the dose and dura-
tion of exposure. Moreover, the altered metabolites could rapidly recover after nicotine withdrawal, but
picolinic acid was elevated. MC-LC-MS system used in present study showed a greater advantage to de-
tect unstable metabolites than conventional method by using in vitro model, and the results of dynamic
alterations of neurotransmitter metabolism induced by nicotine might provide a potential targets for drug

development of neuroprotection or cognitive improvement.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Nicotine, a natural psychoactive ingredient in tobacco smoke,
can easily cross the blood brain barrier and enter into the brain
within 20 s after inhalation [1]. The impacts of nicotine in cen-
tral nervous system remains a paradox, it is not only a main dis-
ruptor of the functional development of fetal brain [2], but also
can improve learning, memory and attention as a cognitive en-
hancer [3]. As reported, nicotine can active nicotinic acetylcholine
receptors, which mediated by changes in the release of neurotrans-
mitters [4,5]. Hippocampus serves as a fundamental and impor-
tant structure of cognitive behaviors, and plays a role in nicotine-
mediated cognitive enhancement basing on the high expression
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of nicotinic acetylcholine receptors in this brain region [6]. There-
fore, the changes of hippocampal neurotransmitters release might
be one of the important factors that nicotine affects cognitive be-
haviors of humans and animals. Characterizing hippocampal neu-
rotransmitter metabolism might be an important strategy to eluci-
date the mechanisms of nicotine effects on cognition. Both in vitro
and in vivo studies have found that nicotine exposure and with-
drawal caused the changes of acetylcholine, dopamine, serotonin,
and y-aminobutyric acid in hippocampus [7,8]. However, the dy-
namic effects of nicotine on hippocampal neurotransmitters have
been not extensively investigated, and were mainly limited to real-
time and simultaneous detection of neurotransmitters.

Many analytical methodologies, such as electrochemical and op-
tical biosensors, have been developed to continuously monitor the
levels of neurotransmitters, but it is difficult to simultaneously
measurement all neurotransmitters [9,10]. Liquid chromatography
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Fig. 1. Secretion of neurotransmitters and their metabolites from HT22 cells culture on microfluidic chip and Petri dish. Data were presented in mean £ SD (n = 4, the
repetitive data was from the four repeated experiments). The y-axis is the concentration (ng/mL) of neurotransmitters and their metabolites in different groups. Blue, red
and green columns represented the group of cells on microfluidic chip, cells on Petri dish and blank medium without cells, respectively.

coupled with mass spectrometry (LC-MS) is the most common an-
alytical method for simultaneous identification and quantitation of
different neurotransmitters due to its high sensitivity and selectiv-
ity [11]. However, conventional LC-MS method cannot perform the
real-time analysis of neurotransmitters. Recently, microfluidic chip-
coupled with LC-MS (MC-LC-MS), integrating online cell dynamic
culture and real-time LC-MS analysis, has great advantages in ex-
ploring cell-cell communications and interactions [12-15]. Thus it
has great potential in real-time monitoring the alterations of neu-
rotransmitter metabolism in neuronal cells during different phar-
macological or physiological processes. In this study, we investi-
gated the acute and chronic effects of nicotine with human expo-
sure levels on hippocampal neurotransmitter metabolism by using
MC-LC-MS system. The results were expected to better understand
the possible mechanism of nicotine ingested from smoking on cog-
nitive.

HT22 cells were seeded into the cell chamber on microfluidic
chip (Fig. S1 in Supporting information) and incubated in MC-LC-
MS system under 5% CO, air atmosphere at 37 °C. The morphol-
ogy of cell on microfluidic chip was directly obtained and showed
the cells grew well on the microfluidic chip (Fig. S2 in Support-
ing information), and the extracellular neurotransmitters and their
metabolites were real-time analyzed by using LC-MS. The mass
precursor ions, mass product ions, retention time, collision energy,
Q1 prebias, Q3 prebias, limits of detection, limits of quantitation of
these compounds were listed in Table S1 (Supporting information).
As shown in Fig. 1, total of 14 neurotransmitters and their metabo-
lites of HT22 cells, consisting of tryptophan, serotonin, kynure-
nine, 3-hydroxykynurenine, kynurenic acid, 3-hydroxyanthranilic
acid, xanthurenic acid, picolinic acid, choline, acetylcholine, gluta-
mate, glutamine, phenylalanine, and methionine, were detected af-
ter dynamic culture on microfluidic chip.

Among them, 10 compounds were also found in blank medium,
but their extracellular levels in HT22 cells were significantly higher
than blank medium (t-tests, P < 0.05). It was suggested that
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HT22 cells mainly synthesized and released neurotransmitters in-
volved in tryptophan and choline metabolism. The results are con-
sisted with neuronal properties of HT22 cells, which exhibits func-
tional cholinergic and serotoninergic properties, and mainly release
serotonin, choline and acetylcholine [16]. 5-Hydroxyindoleacetic
acid, y-aminobutyric acid, dopamine, levodopa, epinephrine, nore-
pinephrine, tyramine and 3,4-dihydroxyphenylethanol, were not
detected in secretion of HT22 cells, might be attributed to HT22
cell-line that lack of the abilities to mediate dopamine metabolism
and y-aminobutyric acid metabolism [17]. Compared with the
secretions of HT22 cells cultured on Petri dish, our used on-
line method showed greater potential to several metabolites, such
as 3-hydroxykynurenine, 3-hydroxyanthranilic acid, picolinic acid
and acetylcholine (Table S2 in Supporting information). It was re-
ported that both 3-hydroxykynurenine and 3-hydroxyanthranilic
acid were rapidly oxidized under physiological conditions [18,19],
and it is difficult to extract picolinic acid from biological matrix
due to it was easily chelate with some metal ions [20,21].

Then HT22 cells were dynamic cultured and exposed to nico-
tine at concentrations of 12 ng/mL (low dose) or 50 ng/mL (high
dose) under the flow rate of 10 wL/h. We evaluated the effects of
nicotine acute (8 h) and chronic (48 h) exposure on neurotrans-
mitter metabolism of HT22 cells by using partial least squares-
discriminant analysis (PLS-DA) with unit variance scaling transfor-
mation. The established PLS-DA models had high goodness of fit
and predictability (acute exposure: R*> = 0.879 and Q* = 0.650;
chronic exposure: RZ = 0.731 and Q% = 0.439). The score plots of
PLS-DA showed profound separations between different doses of
nicotine exposure along the component 1 direction at acute expo-
sure (Fig. 2A), and only the high-dose group was significantly dif-
ferent from control group at chronic exposure (Fig. 2B). It was re-
vealed that nicotine exposure significantly altered the neurotrans-
mitter release of HT22 cells, and its acute and chronic effects were
closely related to the exposure doses. As shown in Figs. 2C and D,
after acute exposure to nicotine at low dose, the level of serotonin
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Fig. 2. PLS-DA score plots and heat map obtained neurotransmitters profile of HT22 cells from the acute (A, C) and chronic (B, D) exposure group at different dose and
control group. *P < 0.05 and **P < 0.01 represented significantly differences between control and exposed group (n = 6, the repetitive data was from the six repeated

experiments.).

was significantly decreased and kynurenic acid was increased, and
the levels of tryptophan, kynurenic acid, choline and acetylcholine
were increased at high dose. Similar to acute exposure, the level
of choline were also significantly increased at chronic exposure to
high dose of nicotine. Meanwhile, kynurenic acid and kynurenine
were significant down-regulated at chronic exposure to nicotine at
high-dose group, and it was different from the effects of acute ex-
posure.

Choline is associated with brain health because it could be
converted into acetylcholine, which plays a role in cognitive be-
haviors. Promotion of cholinergic transmission improved cognitive
performance via modulating oxidative and neurochemical status
in brain [22]. The high dose of nicotine inhibited HT22 cell in-
take choline from medium, but enhanced release of acetylcholine
only during acute exposure, indicating the choline acetyltransferase
was activated. The release of hippocampal acetylcholine is impor-
tant in memory processes, and nicotine as a cholinergic agonist
can regulate its release in hippocampus in vitro [23]. Moreover,
nicotine can induced the high expression of hippocampal vesic-
ular acetylcholine transporter and choline acetyltransferase [24].
Kynurenic acid, a metabolite in the kynurenine pathway of tryp-
tophan metabolism, is a neuroprotectant, antioxidant, and an «7
nicotinic acetylcholine receptor antagonist [25], and acute expo-
sure to nicotine increased the release of kynurenic acid from HT22
cells. Notably, the alterations in tryptophan metabolism of HT22
cells at different nicotine exposure doses were not consistent, and
the balance between the kynurenine and serotonin pathways was
broken. It was reported that tryptophan depletion impaired cogni-
tion mediated by serotonin system [26]. Low dose of nicotine com-
petitively inhibited the serotonin biosynthesis, and the kynurenine
pathway was activated at high exposure dose. It was consistent
with the enhancement in kynurenine aminotransferase (KAT) activ-
ities of mice brain by nicotine administration [25,27]. Chronic ex-
posure to nicotine, the release of kynurenic acid was no changed at
low dose, but a decrease was found at high dose, which might fur-
ther enhance neuronal vulnerability [28]. Our study extends earlier
reports using hippocampal synaptosomes [29], and the depletion
of serotonin in hippocampus facilitates spatial learning and mem-
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ory by increasing hippocampal theta activity [30]. Therefore, we
inferred that the effects of nicotine on kynurenic acid metabolism
might be multiphasic and be related to the exposure dose and
duration of nicotine exposure, and nicotine exerted the neuro-
protective effect on hippocampal neuronal cells and the positive
effects in cognitive impairment. Meanwhile, the result of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) as-
say also showed an obvious improvement of cell viability after ex-
posure to nicotine for 48 h at high dose (Fig. S3A in Supporting
information).

Time-dependent response of neurotransmitter metabolism to
nicotine exposure is of great important to better understanding
the mechanisms of nicotine exposure on neuronal cells. The dy-
namic alterations of neurotransmitters and their metabolites in-
duced by acute and chronic exposure to nicotine is showing in
Fig. 3. The fold-change of these compounds approximately ranged
from 0.83 to 1.38 after exposure to nicotine at different dose, ex-
cept for serotonin. Exposure to low dose of nicotine, serotonin
was significantly decreased from 0.5 h to 16 h, a significant in-
crease in kynurenic acid was found from 4 h to 8 h, and the
decrease of 3-hydroxyanthranilic acid was only found at 16 h.
Exposure to nicotine at high dose, the extracellular tryptophan,
kynurenic acid, choline and acetylcholine were significantly in-
creased from 0.5 h to 8 h. In the meantime, the increase of xan-
thurenic acid and 3-hydroxyl-kynurenine was only found at 0.5 h
and 4 h, respectively, and the decrease of serotonin was only at 4
h. It is worth noting that the decreased kynurenine, kynurenic acid,
and 3-hydroxyanthranilic acid, and the elevated choline were both
found after 24 h when exposed to nicotine at high dose (Fig. S4
in Supporting information). These results demonstrated that sero-
tonin pathway was more susceptible to lower dose of nicotine, but
high dose of nicotine was more likely to disturb kynurenine and
choline metabolism pathways.

Nicotine withdrawal cause irritability, anxiety, increased eating,
dysphoria, and hedonic dysregulation. After withdrawal to nico-
tine for 24 h, all neurotransmitters and their metabolites had no
significant difference, except for picolinic acid at high-dose group
(Fig. 4). It was suggested that the alterations of neurotransmit-
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Fig. 3. Real-time alteration of neurotransmitters levels of HT22 cells induced by exposure to nicotine at 12 ng/mL (A) and 50 ng/mL (B) based on log, (fold-change).

Fig. 4. PLS-DA score plots obtained neurotransmitters profile of HT22 cells from the nicotine withdrawal for 24 h (A) and 48 h (B). Line graph showed dynamic alterations
in extracellular levels of picolinic acid (C) and acetylcholine (D) of HT22 cells during nicotine withdrawal. Data are presented in means + SD (n = 6, the repetitive data was
from the six repeated experiments.). *P < 0.05 represented significant differences between control and nicotine-withdrawal group.

ter metabolism induced by nicotine exposure have been recov-
ered to normal, especially for secondhand smokers. Picolinic acid
as an important antioxidant molecular and endogenous chelator,
exerts a various bioactivities in central nervous system including
neuroprotective ability via altering metal-binding and intact glu-
tamatergic afferent [31,32]. MTT assay also showed the cell via-
bility of HT22 cells was improved by withdrawal from nicotine
for 48 h (Fig. S3B in Supporting information). Notably, picolinic
acid was significantly increased from 0.5 h during withdrawal from
nicotine. After withdrawal from nicotine for 0.5 h, the extracel-
lular levels of kynurenine, kynurenic acid and choline of HT22
cells were not significantly different from controls, and the level
of acetylcholine have no alteration after 4 h. It was indicated
that the alterations of kynurenine and choline metabolism in-
duced by nicotine exposure had returned to normal after nicotine
withdrawal.

In summary, the effects of nicotine exposure and withdrawal
on neurotransmitter metabolism of HT22 cells were investigated
by using an integrated MC-LC-MS system for the first time, and
this study highlighted possible protective mechanisms of nicotine
on hippocampal dependent cognition. Exposure to nicotine at rele-
vant levels of smoking and secondhand smoke significantly altered
the tryptophan and choline metabolism related neurotransmitters
release of HT22 cells, and their alterations was closely associated
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with the exposure dose and duration (Fig. S5 in Supporting infor-
mation) [33]. The acute exposure to nicotine is beneficial to protect
the neurons, especially cognitive enhancement, and the elevated
picolinic acid continually protected neuronal cognitive function af-
ter nicotine withdrawal. Therefore, nicotine could be considered
to use for preventive action from cognitive deficits and memory
impairment in neurodegenerative disorders. But it is worth noting
that nicotine also has systemic adverse effects, such as highly ad-
diction, organic damage, and carcinogenicity. Moreover, the inges-
tion of nicotine by cigarette smoking also needs to be considered
carefully, because smoking is a well-known risk factor for psychi-
atric disorders and other diseases. In addition, our results need to
further be verified by animal experiments and the effects of nico-
tine metabolites need to be evaluated.
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