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Abstract: Individuals afflicted with occupational formaldehyde (FA) exposure often suffer from
abnormal behaviors such as aggression, depression, anxiety, sleep disorders, and in particular, cognitive
impairments. Coincidentally, clinical patients with melatonin (MT) deficiency also complain of cognitive
problems associated with the above mental disorders. Whether and how FA affects endogenous MT
metabolism and induces cognitive decline need to be elucidated. To mimic occupational FA exposure
environment, 16 healthy adult male mice were exposed to gaseous FA (3 mg/m3) for 7 consecutive days.
Results showed that FA exposure impaired spatial memory associated with hippocampal neuronal
death. Biochemical analysis revealed that FA exposure elicited an intensive oxidative stress by reducing
systemic glutathione levels, in particular, decreasing brain MT concentrations. Inversely, intraperitoneal
injection of MT markedly attenuated FA-induced hippocampal neuronal death, restored brain MT levels,
and reversed memory decline. At tissue levels, injection of FA into the hippocampus distinctly reduced
brain MT concentrations. Furthermore, at cellular and molecular levels, we found that FA directly
inactivated MT in vitro and in vivo. These findings suggest that MT supplementation contributes to
the rescue of cognitive decline, and may alleviate mental disorders in the occupational FA-exposed
human populations.

Keywords: formaldehyde (FA); melatonin (MT); oxidative stress; spatial memory; reactive oxygen
species; L-glutathione

1. Introduction

Although formaldehyde (FA) is generally considered an environmental pollutant [1] and
neurotoxic substance [2], it is an indispensable raw material for hospital preservation, industrial
activities, and agriculture disinfectant [3]. Hence, a large number of workers are exposed to FA [4].
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Epidemiological studies have shown that work-related exposure to FA results in headaches, anxiety,
fatigue, sleep disorders, and in particular, cognitive disorders [5,6]. Accordingly, the results of animal
experiments reveal that gaseous FA exposure induces abnormal behaviors, such as: aggression,
depression, a decline in locomotor activity, and spatial memory deficits [7–9]. Surprisingly, studies
have indicated that healthy rats that have been exposed to abnormally high concentrations of gaseous
FA have normal levels of FA in the brain [10–12]. Therefore, which endogenous factor is the molecular
target of FA remains largely unknown.

Endogenous melatonin (MT), N-acetyl-5-methoxytryptamine, is a hormone present in mammalian
brains, including humans [13–15], which is involved in the entrainment (synchronization) of circadian
rhythms of various physiological functions including sleep patterning, blood pressure regulation,
moodiness [16,17], and memory [18]. As well as occupational FA-exposed workers, those with mental
abnormalities, clinical patients with mild cognitive impairments, and Alzheimer’s disease (AD),
also exhibit abnormal behaviors such as aggression or depression, anxiety, insomnia, and cognitive
decline [19–21]. Notably, a marked elevation in FA levels [22,23] associated with a reduction in MT
is observed in the serum and postmortem cerebrospinal fluid of patients suffering from AD [24–26].
Previous studies suggest that application of MT can reverse cognitive decline in FA-exposed animal
models [27,28], and mental illness in human [29–31]. These data strongly suggest that endogenous
MT deficiency is a possible reason for occupational FA exposure-related cognitive impairments and
mental disorders.

In the present study, we found that under a simulated occupational FA exposure environment,
mice exposed to FA displayed spatial memory decline associated with MT reduction in the brains.
Furthermore, both in vitro and in vivo experimental results indicated that FA can directly inactivate MT.
Therefore, supplementation of MT (a powerful brain antioxidant), can reduce the effects of FA-induced
brain oxidative stress, and possibly reverse cognitive impairments. Finally, possible roles of deficiencies
in brain derived MT in mental disorders are also discussed.

2. Methods

2.1. Animals

All specified pathogen-free adult male Bal b/c mice (6 weeks old, 18–20 g) were provided by the
Experimental Animal Center of Hubei Province (Wuhan, China) and housed in standard conditions
(12 h light-dark cycle with lights on at 8:00 am, off at 20:00 pm, 70%–80% humidity, 25 ˘ 1 ˝C) and
food and water were provided ad libitum. All animal experiments were conducted in accordance with
National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved
by the Office of Scientific Research Management of Central China Normal University (1 March 2012
CCNU-IACUC-2012-011).

2.2. Reagents and Kits

Formaldehyde and MT were purchased from Sigma—Aldrich (St Louis, MO, USA). All other
chemicals were analytically pure. The L-glutathione (GSH) kit was purchased from Nanjing Jiancheng
(Nanjing, China). The cell counting kit-8 (CCK-8) was purchased from Biosharp Company (Nanjing, China).

2.3. Experimental Protocol

Thirty-two mice were randomly divided into four groups (n = 8, per group): (1) control group
(Con), intraperitoneal injected (i.p.) with saline; (2) gaseous FA exposure group, exposed to FA
(3 mg/m3); (3) the MT group, injected with MT (10 mg/kg; MT); (4) the FA exposure combined with
MT injection group (FA + MT). MT was i.p. injected at 8:00 pm for 7 consecutive days. Two groups
of mice were put into a gaseous FA exposure chamber (Wuhan, China) and exposed to 3 mg/m3 of
gaseous FA from 8:00 am to 16:00 pm, 8 h a day for 7 consecutive days. During gaseous FA exposure,
mice were not allowed to drink or eat, in order to avoid gaseous FA dissolving in water. The FA
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exposure chamber was kept under normal conditions (1.00 ˘ 0.01 L/min gas flux, 40%–50% humidity,
25 ˘ 1 ˝C) and the average concentrations of gaseous FA were maintained at 3.04 ˘ 0.13 mg/m3,
a level that has been found to be neurotoxic (9), Measurements were calculated using an interscan
4160 digital electrochemical analyzer (Chatsworth, CA, USA) every 2 h.

2.4. Morris Water Maze Test

Memory-related behaviors of mice were analyzed using the Morris water maze. Following
exposure to gaseous FA, mice were transferred to the Morris water platform, and spatial training and
memory retrieval experiments were conducted as previously described [22,32]. Spatial training in the
Morris water maze was performed 3 h later after 8-h FA exposure from day 1 to 7, and the probe test
was carried out on day 8.

2.5. Preparation of Brain Tissue Homogenates and Histological Analysis

After the Morris water maze test, all mice were anesthetized with pentobarbital sodium (10 mg/kg,
i.p.) and sacrificed by cervical dislocation. Brains were immediately removed with medical scissors,
rinsed in 10 mL/g of ice-cold phosphate buffer (PBS, 0.1 mM) and separated into two parts.
The first halves were immersed in 10% paraformaldehyde for histological analysis. After two days,
these paraformaldehyde fixed brain tissues were stained with hematoxylin and eosin (H&E) and
analyzed as previously described while the other halves were homogenized for biochemical analysis.
The homogenates were centrifuged at 12,000ˆ g for 10 min at 4 ˝C and frozen at ´70 ˝C until further
use [33].

2.6. Determination of FA by UV-HPLC

Brain tissue homogenates were thawed at room temperature (25 ˝C) on ice. An aliquot of 0.5 mL
sample was added with 0.5 mL 10% trichloroacetic acid (v/v, in water) in a 2 mL centrifuge tube,
and then vortexed for 5 min. After centrifugation (12,000ˆ g), 4˝C, 30 min), an aliquot of 0.4 mL
of supernatant was pipetted into a 2 mL vial, and 0.1 mL of 2,4-dinitropheylhydrazine (1 mg/mL,
in acetonitrile) and 100% acetonitrile were added. The vials were capped tightly and vortexed for
30 s, and bathed in water for 30 min at 60 ˝C and centrifuged at 12,000ˆ g, for 10 min at 4 ˝C. Finally,
the supernatant aqueous phase was extracted for high performance liquid chromatography with
ultraviolet spectroscopy analysis [34].

2.7. Detection of MT Levels Using ELISA Kit

Supernatants of brain homogenates were used to detect MT concentrations according to the
manufacturer’s instructions (BYE30198, Bangyi Biotech, Shanghai, China). 10 µL samples with 40 µL
sample dilution were added into wells, and incubated for 30 min at 37 ˝C. Then washing buffer was
added to each well for 30 s, then drained, repeated for 5 times, and dried by pat. 50 µL HRP-conjugated
reagent were added to each well except blank well, and incubated for 30 min at 37 ˝C. The washing
buffer was added to each well for 30 s, and then drained, repeated 5 times, and dried by pat. 50 µL
chromogen solution A and 50 µL chromogen solution B were added to each well, and evaded the
light preservation for 15 min at 37 ˝C. Then 50 µL stop solution was added into each well. The blank
well was taken as zero. The absorbance at 450 nm of the plate was read after adding stop solution.
The concentration of MT in the samples was determined by the standard curve.

2.8. Intracerebroventricular Injection of Reagents in Mice

Cannulae were stereologically inserted into the brains of six week old mice at 0.5 mm
anterior/posterior to bregma, 1.0 mm medial/lateral to the midsagittal suture, and 2.0 mm
dorsal/ventral from the brain surface. A sterile head was pulled out before each injection, and
a new one was inserted cannulae for avoiding contamination after each injection. An i.c.v. injection of
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either normal saline, FA (100 µM, 2 µL was injected for 10 min), MT (100 µM, 2 µL, for 10 min) or FA
with MT (100 µM, 2 µL, for 10 min) were administered [22]. Three hours after injections, brains were
collected for the detection of MT and FA levels.

2.9. Reactive Oxygen Species (ROS) Assay

Reactive oxygen species (ROS) was measured using oxidation-sensitive fluorescent DCFH-DA,
which is a non-fluorescent compound that is freely taken up by cells and hydrolyzed by
esterases to 21, 71—dichlorodihydrofluorescein (DCFH). DCFH is then oxidized to the fluorescent
dichlorofluorescein (DCF) in the presence of peroxides, thereby indicating the level of intracellular
ROS. Briefly, the supernatant was diluted ten times with PBS (pH = 7.4), then 100 µL was removed
to a 96-well microplate, and 100 µL of 10 µmol/L DCFH-DA was added. The reaction mixture was
kept in the dark for 30 min at 37 ˝C, and then the fluorescence intensity was measured at an excitation
wavelength of 488 nm and an emission wavelength of 525 nm by a fluorescence reader (FLx800, BioTek
Instruments, Vinooski, VT, USA).

2.10. L-glutathione (GSH) Assay

The GSH content and all protein concentrations were measured using the Lowry assay method
and were determined as previously described [35].Glutathione (GSH) can react with DTNB in the
dark and produces 2-nitro-5-thiobenzoic acid (TNB). In case of disturbance by thiols in proteins,
10% tichloroacetic acid was used to delimitate these proteins. Afterwards, the pH was adjusted to
7.5 to yield the color-change reaction with DTNB (60 µg/mL), 50 µL supernatant was transferred into
the 96-well microplate, 150 µL of DTNB added, and then incubated in the dark at room temperature for
5 min. Experimental and standard samples were analyzed using a microplate reader at a wavelength
of 412 nm. Based on the standard curve, the calculation was GSH (nmol/L) = (OD412–0.0524)/0.0049,
R2 = 0.994.

2.11. Cell Culture and Cell Viability Assay

The mouse neuroblastoma (N2a) cell line was purchased from the Center for Cell Collection
(Wuhan, China). The N2a cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
medium containing 10% (v/v) fetal bovine serum, and passaged every 2 days and maintained in a
humidified atmosphere of 95% air, 5% CO2 at 37 ˝C. The N2a cells were seeded into a 96-well plate at a
density of 1 ˆ 105 cells /mL (200 µL) per well. Cells were allowed to adhere and after 24 h, the medium
was replaced with fresh DMEM containing FA at 0, 50, 150, 250, and 450 µM, or MT at 0, 10, 50, 150,
and 250 µM. Cell viability was assessed using a CCK8-kit according to the manufacturer’s instructions.

2.12. Chemical Reaction between FA and MT

The MTsolutions were prepared by dissolving powder in 10 mM PBS pH 8.0 and were stored at
4 ˝C until further use. The compounds FA (0.01 mM, 1 mL), MT (0.01 mM, 1 mL), and a mixture of
these two compounds at 0.01 mM were dissolved in PBS at 37 ˝C for 2 hand all solutions were used for
detecting FA levels.

2.13. Statistical Analysis

Graphs were generated using GraphPad Prism version 5.01 (GraphPad Software Inc., San Diego,
CA, USA). Statistical analyses were performed using SPSS software version 21.0 (SPSS Inc., Chicago,
IL, USA). In the Morris water maze experiment, Fisher’s LSD was used for post hoc comparisons, and
the difference between different treatments groups within each day were analyzed using a one-way
ANOVA. For other experiments, statistical significance was determined using a one-way ANOVA
followed by Tukey’sposhoc test. Data are represented as mean ˘ standard error over three independent
experiments. p < 0.05 was considered as significant value.
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3. Results

3.1. Treatment with MT Reverses Gaseous FA Exposure-Induced Memory Deficits

To mimic the occupational FA exposure environment, we used a typical intelligentized
environmental chamber for generating gaseous FA at 3.0 mg/m3 (Figure 1A), and gaseous FA
concentrations were detected by an interscan 4160 digital electrochemical analyzer (Figure 1B).
Four groups of healthy adult male mice were put into a modified 8.4 L glass inhalation chamber
and exposed to gaseous FA or air (Figure 1C).

To test our hypothesis that MT attenuates FA exposure-induced memory decline, we examined
the memory behaviors of mice exposed to gaseous FA for 7 consecutive daysusing the Morris water
maze. The two-way repeated measures ANOVA for the escape latency parameter revealed a main
effect of day (F5, 75 = 56.525, p < 0.001), group (F3, 28 = 5.438, p < 0.01), and a day ˆ group interaction
(F15, 75 = 3.845, p < 0.05). Post hoc Dunnett tests showed a significant difference in swimming latency
between the FA-exposed groups and control mice on acquisition day 5 (F3, 28 = 4.632, p < 0.001), day 6
(F3, 28 = 5.522, p < 0.001), and day 7 (F3, 28 = 9.971, p < 0.001) (Figure 2A). These data indicate that
the mice exposed to gaseous FA have a lower spatial learning ability than the control mice, and MT
injection reverses impaired learning abilities associated with exposure to gaseous FA.

On day 8, results from the probe test indicated that the mice exposed to gaseous FA displayed
a poorer memory retrieval ability, i.e., a shorter swimming distance and less time spent in the target
quadrant compared with the control mice (Figure 2B–D). Notably, an i.p. injection of MT markedly
improved memory performance of mice exposed to gaseous FA (n = 8, p< 0.01; one-way ANOVAs)
(Figure 2B–D). These data demonstrate that MT treatment reverses impaired memory retrieval ability
associated with exposure to gaseous FA.

Figure 1. Mice inhale gaseous FA under a simulated occupational FA exposure environment.
(A) An intelligentized environmental chamber for generating gaseous FA at 3.0 mg/m3; (B) An interscan
4160 digital electrochemical analyzer for detecting gaseous FA concentrations; (C) A modified 8.4 L of
glass inhalation chamber for mimicking occupational FA exposure microenvironments.



Int. J. Environ. Res. Public Health 2016, 13, 258 6 of 14

Figure 2. Injection of MT reverses gaseous FA exposure-induced spatial memory decline in mice.
(A) Different effects of different reagents on the escape latency among control, FA exposure, MT
injection alone, and FA exposure with MT (FA+MT) treated groups after 7days of spatial training (n = 8
for each group); (B) Different mean swimming distances in target quadrant (TQ) in the above four
groups of mice on day 8 (n = 8 for each group); (C) Different mean times staying in TQ in these mice on
day 8 (n = 8 for each group); (D) Swimming tracks of the four groups on day 8 (n = 8 for each group).
** p < 0.01.

3.2. Treatment with MT Attenuates Hippocampal Neuronal Damage Induced by Exposure to FA

Since the hippocampus is essential for spatial memory formation in rodents, we investigated
whether gaseous FA exposure induces morphological alterations in hippocampal pyramidal neurons.
The results of H&E staining showed that there were many robust neurons with normal neuronal cell
bodies and long axons in pyramidal cell layer regions in the CA1 of control group mice (Figure 3A).
However, in mice exposed to gaseous FA, the pyramidal cells underwent pyknosis, apoptosis, and in
particular, the pyramidal cell layer was loosely packed, and karyopyknosis fragments were detected
throughout the hippocampal CA1 region (Figure 3B). Inversely, these neuronal pathological features
were clearly alleviated in pyramidal cell layer regions in the CA1 when exposure to FA was combined
with MT treatment (FA + MT), compared with FA-exposed mice. In MT alone injected mice, there were
less cellular pyknosis and apoptotic bodies in the CA1 region of hippocampi than in mice exposed
to FA (Figure 3C,D). These results indicate that supplementation of MT improves the survival of
hippocampal neurons.
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Figure 3. Histological observation shows gaseous FA exposure-induced hippocampal neurons death.
(A) Control (Con); (B) FA exposure (FA); (C) MT injection (MT); (D) FA exposure with MT injection
(FA + MT). Magnification: ˆ 40. Bar: 20 µm.

3.3. Application of MT Restores Brain MT Concentrations in Gaseous FA-Exposed Mice

To explore why MT supplementation can restore memory deficits in gaseous FA-exposed mice,
we examined the changes in the concentrations of FA, ROS, GSH, and MT in the brains of the four
experimental groups. First, we examined whether gaseous FA exposure induced an elevation in FA
levels in the brains of mice. As has been previously reported [12], 7 days of gaseous FA exposure
did not elicit a statistically significantly change in brain FA concentrations, although there was a
slight increase compared with controls (Figure 4A). Since FA-induced oxidative stress is considered to
contribute to memory deficits, we measured the levels of ROS, a typical marker of oxidative stress in
mice. The results showed that gaseous FA exposure induced a distinct increase in brain ROS levels,
and MT treatment reversed this increase (Figure 4B).

Next, we detected the levels of brain GSH, as oxidative stress is often accompanied with a decrease
in systemic GSH concentrations. The results showed that gaseous FA exposure led to a 50% decrease
in GSH levels, but MT treatment restored brain GSH levels (Figure 4C). Furthermore, we investigated
whether gaseous FA exposure affects the metabolism of endogenous MT, a powerful antioxidant in
the brain. Remarkably, brain MT levels were clearly decreased in gaseous FA-exposed mice, and MT
supplementation restored brain MT levels (Figure 4D). These data suggest that FA exposure not only
reduces systemic antioxidant GSH levels, but also depletes brain antioxidant MT concentrations.
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Figure 4. Changes in brain FA, ROS, GSH, and MT levels in control, gaseous FA-exposure, and FA
exposure with MT (FA+MT) treatment group mice. (A) Brain FA levels in the control and gaseous
FA-exposed group (n = 8 for each group); (B) The fluorescence intensity of ROS (n = 8 for each group);
(C) Brain GSH levels in the four groups(n = 8 for each group); (D) Brain MT concentrations in the four
groups (n = 8 for each group). * p < 0.05; ** p < 0.01.

3.4. An i.c.v. Injection of Liquid FA Induces Endogenous MT Reduction in the Brain

To explore whether FA is the direct factor for brain MT decline, we injected excess FA (0.1 mM,
over blood FA level: 0.08 mM, i.c.v. [36]) into the brains of mice, and the levels of both FA and MT were
detected in brain tissue 3 h after injection. Similar to the above results regarding gaseous FA exposure
(Figure 4A), there was no a statistically significant difference in brain FA concentration between the
liquid FA-injected group and the control group (Figure 5A). However, excess FA elicited a significant
decrease in brain MT levels (Figure 5B), but supplementation of MT (i.p. before FA injection 30 min)
restored brain MT contents in the FA-injected mice (Figure 5B). Notably, MT treatment also induced a
decline in brain FA levels (Figure 5A). These data suggest that FA may directly induce a decline in
brain MT levels.

Figure 5. Changes in brain FA and MT after intracerebroventricular injection of liquid FA or FA
combined with MT treatment for 3 h. (A) A decline in brain FA levels after 0.1 mM MT injection (n = 8
for each group); (B) A decline in brain MT levels after 0.1 mM FA injection, and restoration of brain MT
levels after FA combined with MT treatment (n = 8 for each group). * p < 0.05; ** p < 0.01.
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3.5. Liquid FA Directly Inactivates MT in Cultured Cells and in Vitro

We further explored the relationship between FA and MT at the cellular and molecular level.
The results showed that supplementation of MT or FA alone induced a dose-dependent decrease in
N2a cell viability after incubation with each reagent for 24 h (Figure 6A,B). However, application of MT
prior to liquid FA incubation reversed FA-induced N2a cell death (Figure 6C). This result suggests that
FA may directly interact with MT. In support of this proposed interaction, we found that incubation of
these two compounds in PBS solution at 37 ˝C resulted in a spontaneous chemical reaction between
liquid FA and MT in vitro(Figure 6D). In summary, these data indicate that FA can inactivate MT
in vitro and in vivo.

Figure 6. Liquid FA inactivates MT in cultured N2a cell line and in vitro. (A,B) A dose-dependent
decline in cell viability after MT or FA alone treatment for 24 h (n = 6 for each group); (C) Changes
in cell viability after 0.25 mM FA, 0.25 mM MT, and FA combined with MT (n = 6 for each group);
(D) A chemical reaction between 0.01 mM FA and 0.01 mM MT in PBS at 37 ˝C (n = 6 for each group).
** p < 0.01.

4. Discussion

In the present study, we focused on a critical question, namely whether cognitive decline in
occupational FA exposed populations is directly related to exposure to FA. Using a gaseous FA exposure
mouse model, we found that a reduction in both systemic antioxidant GSH and brain antioxidant MT
contributes to cognitive impairments (Figure 7). Consistent with expectations, supplementation of
MT can restore cognition in these gaseous FA-exposed mice. Meanwhile, we speculate that reduction
of brain MT is most likely a pathological factor for mental disorders, such as aggressive behavior,
depression, anxiety, fatigue, and insomnia that are found in occupational FA-exposed workers.

Accumulating evidence shows that oxidative stress in the brain is involved in cognitive decline
in rodents and humans [28,37]. For example, ROS, a classic marker of oxidative stress [38], which is
considered to mediate neuronal degeneration and death [39], is observed to be abnormally elevated
in liquid FA-incubated cells [40,41], gaseous FA-exposed mice [9,42], liquid FA-injected rats [43],
and most importantly, in the occupational FA-exposed workers [44]. Inversely, GSH, a systemic
antioxidant [45], is markedly decreased in animal models and humans after FA exposure [9,46]. This is
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because endogenous GSH spontaneously has a chemical reaction with FA in vitro and in vivo [47].
Notably, brain MT, a powerful antioxidant in brains [48,49], is observed to be decreased in gaseous
FA-exposed mice in this study, as well as AD patients [24]. Unsurprisingly, excess hippocampal FA
has been found in autopsied samples from AD patients [32,50]. Most importantly, both gaseous FA
exposure and liquid FA injection impairs hippocampal structure [28,36], which is essential for spatial
memory formation [51]. In this study, MT supplementation can reduce brain oxidative stress, attenuate
hippocampal structural damage, and also restore gaseous FA exposure-induced cognitive decline in
mice. The latter result is consistent with an observation in a previous report where a liquid FA-injected
rat model was used [27,28]. These data confirm that brain MT reduction contributes to occupational
FA exposure-related cognitive decline.

Figure 7. Occupational formaldehyde exposure induces spatial memory deficits by depleting
antioxidants GSH and MT in the brains of mice.

A possible explanation for mental disorders in the occupational FA-exposed populations is
that FA-inactivated MT leads to a decline in brain MT levels. Previous study suggests that there is
a final product formation (N1-acetyl-N2-formyl-5-methoxykynuramine, AFMK) between MT and
free radicals such as HO¨ [52]. FA, a strong oxidizing agent, most likely attacks the same indole
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ring of MT as well as HO¨ (Figure 7), which requires further investigation. Brain MT, a hormone
secreted by the pineal gland [13], has been previously found to be related to regulating mood in
mammals [53,54]. Decreased levels of MT accompanied by memory decline were observed in aged
and neurodegenerative diseased individuals [55,56]. Interestingly, in older humans, a decline in MT
levels is often associated with sleep disturbances [55]. Clinically, patients with MT deficiency exhibit
mental disorders, such as aggressive behaviors, depression, anxiety, sleep disorders, and in particular,
cognitive impairments [53,57]. Results from the present study regarding FA exposure and lowered
levels of brain MT may explain why occupational FA exposed-people often suffer from anxiety, fatigue,
insomnia, and memory disturbances [5,6]. In animal models, low doses of gaseous FA exposure indeed
induces anxiety-like and depression-like behavior [21], aggression [8], and memory dificents [21,22],
but both high doses of gaseous FA exposure and liquid FA injection elicit depression [7] and memory
decline [9,23]. In this study, we also found that the gaseous FA-exposed mice displayed abnormal
behaviors, such as less active exploration, huddling motionless, and memory deficits. However, MT
supplementation reversed these abnormal mental symptoms [58]. Similarly, the positive therapeutic
effects of MT application have also been observed in clinical AD patients with mental disorders [35,59].

5. Conclusions

In conclusion, occupational FA exposure directly induces brain MT reduction, which is most likely
related with cognitive decline and mental disorders. Therefore, MT supplementation is a potential
strategy for preventing gaseous FA-induced neurotoxicity in occupational FA-exposed populations.

Acknowledgments: This work was supported by grants from the Natural Science Foundation of China (NSFC
31171080 and 51136002), the Scientific Research Common Program of Beijing Municipal Commission of Education
(KM201510025014), the Natural Scientific Foundation of CCMU (2015ZR31), and the Beijing institute for brain
disorders (0000040103).Yufei Mei and Chunli Dua contributed equally to this paper.

Author Contributions: Yufei Mei was the primary writer and editor of the paper, together with Chunli Duan
who participated in the whole process of the literature review, preparing the paper and finishing the manuscript.
Xiaoxiao Li, Yun Zhao, Fenghua Cao, Shuai Shang, Shumao Ding, Xiangpei Yue, Ge Gao, Hui Yang, Louqian Shen,
Xueyan Feng, and Jianping Jia prepared experimental data and literature review in the paper. Zhiqian Tong and
Xu Yang participated in every step of preparing this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Arts, J.H.; Muijser, H.; Kuper, C.F.; Woutersen, R.A. Setting an indoor air exposure limit for formaldehyde:
Factors of concern. Regul. Toxicol. Pharmacol. 2008, 52, 189–194. [CrossRef] [PubMed]

2. Songur, A.; Ozen, O.A.; Sarsilmaz, M. The toxic effects of formaldehyde on the nervous system. Rev. Environ.
Contam Toxicol. 2010, 203, 105–118. [PubMed]

3. Bohm, M.; Salem, M.Z.; Srba, J. Formaldehyde emission monitoring from a variety of solid wood, plywood,
blockboard and flooring products manufactured for building and furnishing materials. J. Hazard. Mater.
2012, 221–222, 68–79. [CrossRef] [PubMed]

4. Tang, X.; Bai, Y.; Duong, A.; Smith, M.T.; Li, L.; Zhang, L. Formaldehyde in China: Production, consumption,
exposure levels, and health effects. Environ. Int. 2009, 35, 1210–1224. [CrossRef] [PubMed]

5. Kilburn, K.H.; Warshaw, R.; Thornton, J.C. Formaldehyde impairs memory, equilibrium, and dexterity in
histology technicians: Effects which persist for days after exposure. Arch. Environ. Health 1987, 42, 117–120.
[CrossRef] [PubMed]

6. Kilburn, K.H.; Warshaw, R.H. Neurobehavioral effects of formaldehyde and solvents on histology technicians:
Repeated testing across time. Environ. Res. 1992, 58, 134–146. [CrossRef]

7. Usanmaz, S.E.; Akarsu, E.S.; Vural, N. Neurotoxic effects of acute and subacute formaldehyde exposures in
mice. Environ. Toxicol. Pharmacol. 2002, 11, 93–100. [CrossRef]

8. Liu, Y.; Ye, Z.; Luo, H.; Sun, M.; Li, M.; Fan, D.; Chui, D. Inhalative formaldehyde exposure enhances
aggressive behavior and disturbs monoamines in frontal cortex synaptosome of male rats. Neurosci. Lett.
2009, 464, 113–116. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.yrtph.2008.08.009
http://www.ncbi.nlm.nih.gov/pubmed/18786592
http://www.ncbi.nlm.nih.gov/pubmed/19957118
http://dx.doi.org/10.1016/j.jhazmat.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22541640
http://dx.doi.org/10.1016/j.envint.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19589601
http://dx.doi.org/10.1080/00039896.1987.9935806
http://www.ncbi.nlm.nih.gov/pubmed/3579365
http://dx.doi.org/10.1016/S0013-9351(05)80210-5
http://dx.doi.org/10.1016/S1382-6689(01)00109-0
http://dx.doi.org/10.1016/j.neulet.2009.06.037
http://www.ncbi.nlm.nih.gov/pubmed/19545605


Int. J. Environ. Res. Public Health 2016, 13, 258 12 of 14

9. Lu, Z.; Li, C.M.; Qiao, Y.; Yan, Y.; Yang, X. Effect of inhaled formaldehyde on learning and memory of mice.
Indoor Air 2008, 18, 77–83. [CrossRef] [PubMed]

10. Conaway, C.C.; Whysner, J.; Verna, L.K.; Williams, G.M. Formaldehyde mechanistic data and risk assessment:
Endogenous protection from DNA adduct formation. Pharmacol. Ther. 1996, 71, 29–55. [CrossRef]

11. Schroeter, J.D.; Campbell, J.; Kimbell, J.S.; Conolly, R.B.; Clewell, H.J.; Andersen, M.E. Effects of endogenous
formaldehyde in nasal tissues on inhaled formaldehyde dosimetry predictions in the rat, monkey, and
human nasal passages. Toxicol. Sci. 2014, 138, 412–424. [CrossRef] [PubMed]

12. Heck, H.D.; White, E.L.; Casanova-Schmitz, M. Determination of formaldehyde in biological tissues by gas
chromatography/mass spectrometry. Biomed. Mass Spectrom 1982, 9, 347–353. [CrossRef] [PubMed]

13. Hardeland, R.; Pandi-Perumal, S.R.; Cardinali, D.P. Melatonin. Int. J. Biochem. Cell. Biol. 2006, 38, 313–316.
[CrossRef] [PubMed]

14. Griffiths, D.; Bjoro, T.; Gautvik, K.; Haug, E. Melatonin reduces the production and secretion of prolactin
and growth hormone from rat pituitary cells in culture. Acta Physiol. Scand. 1987, 131, 43–49. [CrossRef]
[PubMed]

15. Menendez-Pelaez, A.; Poeggeler, B.; Reiter, R.J.; Barlow-Walden, L.; Pablos, M.I.; Tan, D.X. Nuclear
localization of melatonin in different mammalian tissues: Immunocytochemical and radioimmunoassay
evidence. J. Cell. Biochem. 1993, 53, 373–382. [CrossRef] [PubMed]

16. Altun, A.; Ugur-Altun, B. Melatonin: Therapeutic and clinical utilization. Int. J. Clin. Pract. 2007, 61, 835–845.
[CrossRef] [PubMed]

17. Rodenbeck, A.; Huether, G.; Ruther, E.; Hajak, G. Altered circadian melatonin secretion patterns in relation
to sleep in patients with chronic sleep-wake rhythm disorders. J. Pineal Res. 1998, 25, 201–210. [CrossRef]
[PubMed]

18. Ali, T.; Kim, M.O. Melatonin ameliorates amyloid beta-induced memory deficits, tau hyperphosphorylation
and neurodegeneration via PI3/Akt/GSk3beta pathway in the mouse hippocampus. J. Pineal Res. 2015, 59,
47–59. [CrossRef] [PubMed]

19. Maurizi, C.P. The therapeutic potential for tryptophan and melatonin: Possible roles in depression, sleep,
Alzheimer’s disease and abnormal aging. Med. Hypotheses 1990, 31, 233–242. [CrossRef]

20. Cardinali, D.P.; Vigo, D.E.; Olivar, N.; Vidal, M.F.; Furio, A.M.; Brusco, L.I. Therapeutic application of
melatonin in mild cognitive impairment. Am.J. Neurodegener. Dis. 2012, 1, 280–291. [PubMed]

21. Li, Y.; Song, Z.; Ding, Y.; Xin, Y.; Wu, T.; Su, T.; He, R.; Tai, F.; Lian, Z. Effects of formaldehyde exposure on
anxiety-like and depression-like behavior, cognition, central levels of glucocorticoid receptor and tyrosine
hydroxylase inmice. Chemosphere 2016, 144, 2004–2012. [CrossRef] [PubMed]

22. Mei, Y.; Jiang, C.; Wan, Y.; Lv, J.; Jia, J.; Wang, X.; Yang, X.; Tong, Z. Aging-associated formaldehyde-induced
norepinephrine deficiency contributes to age-related memory decline. Aging Cell. 2015, 14, 659–668.
[CrossRef] [PubMed]

23. Tong, Z.; Han, C.; Luo, W.; Li, H.; Luo, H.; Qiang, M.; Su, T.; Wu, B.; Liu, Y.; Yang, X.; et al. Aging-associated
excess formaldehyde leads to spatial memory deficits. Sci. Rep. 2013, 3, 1807. [CrossRef] [PubMed]

24. Rosales-Corral, S.A.; Acuna-Castroviejo, D.; Coto-Montes, A.; Boga, J.A.; Manchester, L.C.; Fuentes-Broto, L.;
Korkmaz, A.; Ma, S.; Tan, D.X.; Reiter, R.J. Alzheimer’s disease: Pathological mechanisms and the beneficial
role of melatonin. J. Pineal Res. 2012, 52, 167–202. [CrossRef] [PubMed]

25. Liu, R.Y.; Zhou, J.; Van Heerikhuize, J.; Hofman, M.A.; Swaab, D.F. Decreased melatonin levels in postmortem
cerebrospinal fluid in relation to aging, Alzheimer’s disease, and apolipoprotein E-epsilon4/4 genotype.
J. Clin. Endocrinol. Metab. 1999, 84, 323–327. [PubMed]

26. Sirin, B.K.; Doguc, D.; Vural, H.; Ibrahim, E.; Ikbal, I.; Recep, S.; Namik, D. Plasma 8-isoPGF2alpha and
serum melatonin levels in patients with minimal cognitive impairment and Alzheimer disease. Turk. J.
Med. Sci. 2015, 45, 1073–1077. [CrossRef] [PubMed]

27. Zararsiz, I.; Kus, I.; Ogeturk, M.; Akpolat, N.; Kose, E.; Meydan, S.; Sarsilmaz, M. Melatonin prevents
formaldehyde-induced neurotoxicity in prefrontal cortex of rats: An immunohistochemical and biochemical
study. Cell. Biochem. Funct. 2007, 25, 413–418. [CrossRef] [PubMed]

28. Ozen, O.A.; Kus, M.A.; Kus, I.; Alkoc, O.A.; Songur, A. Protective effects of melatonin against
formaldehyde-induced oxidative damage and apoptosis in rat testes: An immunohistochemical and
biochemical study. Syst. Biol. Reprod. Med. 2008, 54, 169–176. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1600-0668.2008.00524.x
http://www.ncbi.nlm.nih.gov/pubmed/18333987
http://dx.doi.org/10.1016/0163-7258(96)00061-7
http://dx.doi.org/10.1093/toxsci/kft333
http://www.ncbi.nlm.nih.gov/pubmed/24385418
http://dx.doi.org/10.1002/bms.1200090808
http://www.ncbi.nlm.nih.gov/pubmed/7126766
http://dx.doi.org/10.1016/j.biocel.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16219483
http://dx.doi.org/10.1111/j.1748-1716.1987.tb08203.x
http://www.ncbi.nlm.nih.gov/pubmed/2823532
http://dx.doi.org/10.1002/jcb.240530415
http://www.ncbi.nlm.nih.gov/pubmed/8300754
http://dx.doi.org/10.1111/j.1742-1241.2006.01191.x
http://www.ncbi.nlm.nih.gov/pubmed/17298593
http://dx.doi.org/10.1111/j.1600-079X.1998.tb00389.x
http://www.ncbi.nlm.nih.gov/pubmed/9885989
http://dx.doi.org/10.1111/jpi.12238
http://www.ncbi.nlm.nih.gov/pubmed/25858697
http://dx.doi.org/10.1016/0306-9877(90)90097-X
http://www.ncbi.nlm.nih.gov/pubmed/23383398
http://dx.doi.org/10.1016/j.chemosphere.2015.10.102
http://www.ncbi.nlm.nih.gov/pubmed/26551198
http://dx.doi.org/10.1111/acel.12345
http://www.ncbi.nlm.nih.gov/pubmed/25866202
http://dx.doi.org/10.1038/srep01807
http://www.ncbi.nlm.nih.gov/pubmed/23657727
http://dx.doi.org/10.1111/j.1600-079X.2011.00937.x
http://www.ncbi.nlm.nih.gov/pubmed/22107053
http://www.ncbi.nlm.nih.gov/pubmed/9920102
http://dx.doi.org/10.3906/sag-1406-134
http://www.ncbi.nlm.nih.gov/pubmed/26738349
http://dx.doi.org/10.1002/cbf.1315
http://www.ncbi.nlm.nih.gov/pubmed/16397905
http://dx.doi.org/10.1080/19396360802422402
http://www.ncbi.nlm.nih.gov/pubmed/18942024


Int. J. Environ. Res. Public Health 2016, 13, 258 13 of 14

29. Pacchierotti, C.; Bossini, L.; Pieraccini, F.; Castrogiovanni, P. Melatonin in psychiatric disorders: A review on
the melatonin involvement in psychiatry. Front. Neuroendocrinol. 2001, 22, 18–32. [CrossRef] [PubMed]

30. Ito, J.; Saijo, H.; Tanaka, H.; Tasaki, T.; Chou, K. Melatonin treatment for sleep-wake disorder—An experience
for a severely mental retarded patient with blindness. Brain Dev. 1995, 27, 401–403.

31. Olcese, J.M.; Cao, C.; Mori, T.; Mamcarz, M.B.; Maxwell, A.; Runfeldt, M.J.; Wang, L.; Zhang, C.; Lin, X.;
Zhang, G.; et al. Protection against cognitive deficits and markers of neurodegeneration by long-term oral
administration of melatonin in a transgenic model of Alzheimer disease. J. Pineal Res. 2009, 47, 82–96.
[CrossRef] [PubMed]

32. Tong, Z.; Zhang, J.; Luo, W.; Wang, W.; Li, F.; Li, H.; Luo, H.; Lu, J.; Zhou, J.; Wan, Y.; et al. Urine formaldehyde
level is inversely correlated to mini mental state examination scores in senile dementia. Neurobiol. Aging
2011, 32, 31–41. [CrossRef] [PubMed]

33. Xiong, L.; Sun, C.F.; Zhang, J.; Gao, Y.B.; Wang, L.F.; Zuo, H.Y.; Wang, S.M.; Zhou, H.M.; Xu, X.P.; Dong, J.;
et al. Microwave exposure impairs synaptic plasticity in the rat hippocampus and PC12 cells through
over-activation of the NMDA receptor signaling pathway. Biomed. Environ. Sci. 2015, 28, 13–24. [PubMed]

34. Cordis, G.A.; Bagchi, D.; Maulik, N.; Das, D.K. High-performance liquid chromatographic method for the
simultaneous detection of malonaldehyde, acetaldehyde, formaldehyde, acetone and propionaldehyde to
monitor the oxidative stress in heart. J. Chromatogr. A 1994, 661, 181–191. [CrossRef]

35. Feng, Z.; Qin, C.; Chang, Y.; Zhang, J.T. Early melatonin supplementation alleviates oxidative stress in a
transgenic mouse model of Alzheimer’s disease. Free Radic Biol. Med. 2006, 40, 101–109. [CrossRef] [PubMed]

36. Tong, Z.; Han, C.; Luo, W.; Wang, X.; Li, H.; Luo, H.; Zhou, J.; Qi, J.; He, R. Accumulated hippocampal
formaldehyde induces age-dependent memory decline. Age (Dordr) 2013, 35, 583–596. [CrossRef] [PubMed]

37. Umur, E.E.; Oktenli, C.; Celik, S.; Tangi, F.; Sayan, O.; Sanisoglu, Y.S.; Ipcioglu, O.; Terekeci, H.M.; Top, C.;
Nalbant, S.; et al. Increased iron and oxidative stress are separately related to cognitive decline in elderly.
Geriatr. Gerontol. Int. 2011, 11, 504–509. [CrossRef] [PubMed]

38. Ferreiro, E.; Baldeiras, I.; Ferreira, I.L.; Costa, R.O.; Rego, A.C.; Pereira, C.F.; Oliveira, C.R. Mitochondrial- and
endoplasmic reticulum-associated oxidative stress in Alzheimer’s disease: From pathogenesis to biomarkers.
Int. J. Cell. Biol. 2012, 2012, 735206. [CrossRef] [PubMed]

39. Moneim, A.E. Oxidant/Antioxidant imbalance and the risk of Alzheimer’s disease. Curr. Alzheimer Res.
2015, 12, 335–349. [CrossRef] [PubMed]

40. Saito, Y.; Nishio, K.; Yoshida, Y.; Niki, E. Cytotoxic effect of formaldehyde with free radicals via increment of
cellular reactive oxygen species. Toxicology 2005, 210, 235–245. [CrossRef] [PubMed]

41. Tang, X.Q.; Ren, Y.K.; Zhou, C.F.; Yang, C.T.; Gu, H.F.; He, J.Q.; Chen, R.Q.; Zhuang, Y.Y.; Fang, H.R.;
Wang, C.Y. Hydrogen sulfide prevents formaldehyde-induced neurotoxicity to PC12 cells by attenuation
of mitochondrial dysfunction and pro-apoptotic potential. Neurochem. Int. 2012, 61, 16–24. [CrossRef]
[PubMed]

42. Ye, X.; Ji, Z.; Wei, C.; McHale, C.M.; Ding, S.; Thomas, R.; Yang, X.; Zhang, L. Inhaled formaldehyde induces
DNA-protein crosslinks and oxidative stress in bone marrow and other distant organs of exposed mice.
Environ. Mol. Mutagen. 2013, 54, 705–718. [CrossRef] [PubMed]

43. Gulec, M.; Gurel, A.; Armutcu, F. Vitamin E protects against oxidative damage caused by formaldehyde in
the liver and plasma of rats. Mol. Cell. Biochem. 2006, 290, 61–67. [CrossRef] [PubMed]

44. Romanazzi, V.; Pirro, V.; Bellisario, V.; Mengozzi, G.; Peluso, M.; Pazzi, M.; Bugiani, M.; Verlato, G.; Bono, R.
15-F(2)t isoprostane as biomarker of oxidative stress induced by tobacco smoke and occupational exposure
to formaldehyde in workers of plastic laminates. Sci. Total Environ. 2013, 442, 20–25. [CrossRef]

45. Chen, Q.; Yu, W.; Shi, J.; Shen, J.; Hu, Y.; Gong, J.; Li, J.; Li, N. The effect of extracorporeal membrane
oxygenation therapy on systemic oxidative stress injury in a porcine model. Artif. Organs. 2014, 38, 426–431.
[CrossRef] [PubMed]

46. Currais, A.; Maher, P. Functional consequences of age-dependent changes in glutathione status in the brain.
Antioxid. Redox Signal. 2013, 19, 813–822. [CrossRef] [PubMed]

47. Teng, S.; Beard, K.; Pourahmad, J.; Moridani, M.; Easson, E.; Poon, R.; O’Brien, P.J. The formaldehyde
metabolic detoxification enzyme systems and molecular cytotoxic mechanism in isolated rat hepatocytes.
Chem. Biol. Interact. 2001, 130–132, 285–296. [CrossRef]

48. Hardeland, R. Antioxidative protection by melatonin: Multiplicity of mechanisms from radical detoxification
to radical avoidance. Endocrine 2005, 27, 119–130. [CrossRef]

http://dx.doi.org/10.1006/frne.2000.0202
http://www.ncbi.nlm.nih.gov/pubmed/11141317
http://dx.doi.org/10.1111/j.1600-079X.2009.00692.x
http://www.ncbi.nlm.nih.gov/pubmed/19538338
http://dx.doi.org/10.1016/j.neurobiolaging.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19879019
http://www.ncbi.nlm.nih.gov/pubmed/25566859
http://dx.doi.org/10.1016/0021-9673(94)85189-1
http://dx.doi.org/10.1016/j.freeradbiomed.2005.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16337883
http://dx.doi.org/10.1007/s11357-012-9388-8
http://www.ncbi.nlm.nih.gov/pubmed/22382760
http://dx.doi.org/10.1111/j.1447-0594.2011.00694.x
http://www.ncbi.nlm.nih.gov/pubmed/21447135
http://dx.doi.org/10.1155/2012/735206
http://www.ncbi.nlm.nih.gov/pubmed/22701485
http://dx.doi.org/10.2174/1567205012666150325182702
http://www.ncbi.nlm.nih.gov/pubmed/25817254
http://dx.doi.org/10.1016/j.tox.2005.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15840437
http://dx.doi.org/10.1016/j.neuint.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22542418
http://dx.doi.org/10.1002/em.21821
http://www.ncbi.nlm.nih.gov/pubmed/24136419
http://dx.doi.org/10.1007/s11010-006-9165-z
http://www.ncbi.nlm.nih.gov/pubmed/16937016
http://dx.doi.org/10.1016/j.scitotenv.2012.10.057
http://dx.doi.org/10.1111/aor.12198
http://www.ncbi.nlm.nih.gov/pubmed/24117786
http://dx.doi.org/10.1089/ars.2012.4996
http://www.ncbi.nlm.nih.gov/pubmed/23249101
http://dx.doi.org/10.1016/S0009-2797(00)00272-6
http://dx.doi.org/10.1385/ENDO:27:2:119


Int. J. Environ. Res. Public Health 2016, 13, 258 14 of 14

49. Rodriguez, C.; Mayo, J.C.; Sainz, R.M.; Antolin, I.; Herrera, F.; Martin, V.; Reiter, R.J. Regulation of antioxidant
enzymes: A significant role for melatonin. J. Pineal Res. 2004, 36, 1–9. [CrossRef] [PubMed]

50. Tulpule, K.; Dringen, R. Formaldehyde in brain: An overlooked player in neurodegeneration? J. Neurochem.
2013, 127, 7–21. [CrossRef] [PubMed]

51. Buzsaki, G.; Moser, E.I. Memory, navigation and theta rhythm in the hippocampal-entorhinal system.
Nat. Neurosci. 2013, 16, 130–138. [CrossRef] [PubMed]

52. Tan, D.X.; Manchester, L.C.; Reiter, R.J.; Qi, W.B.; Karbownik, M.; Calvo, J.R. Significance of melatonin in
antioxidative defense system: Reactions and products. Biol. Signals Recept 2000, 9, 137–159. [CrossRef]
[PubMed]

53. Hardeland, R. Neurobiology, pathophysiology, and treatment of melatonin deficiency and dysfunction.
Sci. World J. 2012, 2012, 640389. [CrossRef] [PubMed]

54. Jean-Louis, G.; von Gizycki, H.; Zizi, F. Melatonin effects on sleep, mood, and cognition in elderly with mild
cognitive impairment. J. Pineal Res. 1998, 25, 177–183. [CrossRef] [PubMed]

55. Haimov, I.; Laudon, M.; Zisapel, N.; Souroujon, M.; Nof, D.; Shlitner, A.; Herer, P.; Tzischinsky, O.; Lavie, P.
Sleep disorders and melatonin rhythms in elderly people. BMJ 1994, 309, 167. [CrossRef] [PubMed]

56. Karasek, M. Melatonin, human aging, and age-related diseases. Exp. Gerontol. 2004, 39, 1723–1729. [CrossRef]
[PubMed]

57. Almughrabi, O.M.; Marzouk, K.M.; Hasanato, R.M.; Shafik, S.S. Melatonin levels in periodontal health and
disease. J. Periodontal Res. 2013, 48, 315–321. [CrossRef] [PubMed]

58. Corrales, A.; Martinez, P.; Garcia, S.; Vidal, V.; Garcia, E.; Florez, J.; Sanchez-Barcelo, E.J.; Martinez-Cue, C.;
Rueda, N. Long-term oral administration of melatonin improves spatial learning and memory and protects
against cholinergic degeneration in middle-aged Ts65Dn mice, a model of Down syndrome. J. Pineal Res.
2013, 54, 346–358. [CrossRef] [PubMed]

59. Wu, Y.H.; Swaab, D.F. The human pineal gland and melatonin in aging and Alzheimer’s disease. J. Pineal Res.
2005, 38, 145–152. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1046/j.1600-079X.2003.00092.x
http://www.ncbi.nlm.nih.gov/pubmed/14675124
http://dx.doi.org/10.1111/jnc.12356
http://www.ncbi.nlm.nih.gov/pubmed/23800365
http://dx.doi.org/10.1038/nn.3304
http://www.ncbi.nlm.nih.gov/pubmed/23354386
http://dx.doi.org/10.1159/000014635
http://www.ncbi.nlm.nih.gov/pubmed/10899700
http://dx.doi.org/10.1100/2012/640389
http://www.ncbi.nlm.nih.gov/pubmed/22629173
http://dx.doi.org/10.1111/j.1600-079X.1998.tb00557.x
http://www.ncbi.nlm.nih.gov/pubmed/9745987
http://dx.doi.org/10.1136/bmj.309.6948.167
http://www.ncbi.nlm.nih.gov/pubmed/8044096
http://dx.doi.org/10.1016/j.exger.2004.04.012
http://www.ncbi.nlm.nih.gov/pubmed/15582288
http://dx.doi.org/10.1111/jre.12010
http://www.ncbi.nlm.nih.gov/pubmed/23033974
http://dx.doi.org/10.1111/jpi.12037
http://www.ncbi.nlm.nih.gov/pubmed/23350971
http://dx.doi.org/10.1111/j.1600-079X.2004.00196.x
http://www.ncbi.nlm.nih.gov/pubmed/15725334
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Methods 
	Animals 
	Reagents and Kits 
	Experimental Protocol 
	Morris Water Maze Test 
	Preparation of Brain Tissue Homogenates and Histological Analysis 
	Determination of FA by UV-HPLC 
	Detection of MT Levels Using ELISA Kit 
	Intracerebroventricular Injection of Reagents in Mice 
	Reactive Oxygen Species (ROS) Assay 
	l-glutathione (GSH) Assay 
	Cell Culture and Cell Viability Assay 
	Chemical Reaction between FA and MT 
	Statistical Analysis 

	Results 
	Treatment with MT Reverses Gaseous FA Exposure-Induced Memory Deficits 
	Treatment with MT Attenuates Hippocampal Neuronal Damage Induced by Exposure to FA 
	Application of MT Restores Brain MT Concentrations in Gaseous FA-Exposed Mice 
	An i.c.v. Injection of Liquid FA Induces Endogenous MT Reduction in the Brain 
	Liquid FA Directly Inactivates MT in Cultured Cells and in Vitro 

	Discussion 
	Conclusions 

