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Fluoxetine protects against methamphetamine-induced
lung inflammation by suppressing oxidative stress
through the SERT/p38 MAPK/Nrf2 pathway in rats
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Abstract. Methamphetamine (MA) abuse is a major public
health and safety concern throughout the world and a growing
burden on healthcare costs. The purpose of the present study
was to investigate the protective effect of fluoxetine against
MA-induced chronic pulmonary inflammation and to evaluate
the potential role of nuclear factor erythroid 2-related factor 2
(Nrf2)-mediated antioxidative stress. Wistar rats were divided
into control, MA and two fluoxetine-treated groups. Rats in the
MA and the two fluoxetine-treated groups were treated daily
with intraperitoneal injection of 10 mg/kg M A twice daily. Rats
in the two fluoxetine-treated groups were injected intragastri-
cally with fluoxetine (2 and 10 mg/kg) once daily, respectively.
After 5 weeks, the rats were euthanized and hematoxylin and
eosin staining, immunohistochemistry, western blot analysis
and redox assay were performed. It was demonstrated that
chronic exposure to MA can induce pulmonary inflammation
in rats, with the symptoms of inflammatory cell infiltration,
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crowded lung parenchyma, thickened septum and a reduced
number of alveolar sacs. Fluoxetine attenuated pulmonary
inflammation and the expression of interleukin-6 and tumor
necrosis factor-a in rat lungs. Fluoxetine inhibited M A-induced
increases in the expression levels of serotonin transporter
(SERT) and p-p38 mitogen-activated protein kinase (MAPK),
and reversed the MA-induced decrease in nuclear Nrf2 and
human heme oxygenase-1 in lungs. Fluoxetine at 10 mg/kg
significantly reversed the reduced glutathione (GSH) level,
the ratio of GSH/oxidized glutathione, and the reactive oxygen
species level in rat lungs from the MA group. These findings
suggested that fluoxetine, a SERT inhibitor, has a protective
effect against MA-induced lung inflammation by suppressing
oxidative stress through the SERT/p38 MAPK/Nrf2 pathway
in rats.

Introduction

Methamphetamine (MA) abuse is a growing health problem
worldwide, and there has been an increase in the number
of medical complications and fatalities associated with the
toxicity of MA (1,2). A previous study (3) reported that the
widest distribution and the highest uptake of MA in the
human body occurred in the lungs, and that this may render
the lungs vulnerable to infection, pulmonary hypertension
and pulmonary edema (3,4). The long-lasting pulmonary toxic
effects of MA have placed an increased burden on healthcare
costs (5). Therefore, it is particularly important to investigate
the mechanism of pulmonary toxicity for drug targets. A
previous study (6) demonstrated that serotonin is possibly
associated with M A-induced pulmonary toxicity. Pulmonary
toxicity is pathologically characterized by parenchymal
damage, recruitment of inflammatory cells and a progression
of the inflammatory processes (7). Inflammatory changes in
lung tissue are the key to the pulmonary toxicity. However,
problems remain about the exact pathogenesis of MA-induced
chronic pulmonary inflammation through serotonin.

The neurotransmitter serotonin (5-hydroxytryptamine;
5-HT) is implicated in increasing inflammatory reactions of
the skin, lungs and gastrointestinal tract (8). An etiological
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agent of chronic inflammation is deregulation of the tissue
macrophage polarization balance (9). The modulation of the
phenotypic and functional polarization of macrophages is
by 5-HT, which regulates the inflammation and the tissue
restoration via a large set of receptors (5-HTR1-7) and/or a
transporter (9). Lung macrophages express the serotonin
transporter (SERT) and 5-HT receptors 2a, and 2b (10). A
previous study (11) reported that the inhibition of 5-HTR2a
and 5-HTR2b had no effect on efferocytosis, although
inhibiting SERT prevented 5-HT-impaired efferocytosis. A
previous epidemiological study (12) suggested that MA abuse
significantly increased the risk of developing pulmonary
arterial hypertension (PAH). The disease severity and suscep-
tibility to PAH may be associated with the increased SERT
activity (13). Pulmonary vascular remodeling and pulmonary
inflammation in pulmonary hypertension were associated with
a SERT-induced rapid activation of extracellular signal-regu-
lated kinase (ERK) 1/2 (14,15). The phosphorylation and
subsequent activation of ERK, p38 mitogen activated protein
kinases (p38 MAPK) and Akt, and the production of reactive
oxygen species (ROS) appeared to be a common mechanism of
proliferation and inflammation (16,17). A previous study (18)
reported that MAPK signaling is involved in the regulation of
nuclear factor erythroid 2-related factor 2 (Nrf2).

Nrf2 is a basic leucine zipper redox-sensitive transcrip-
tional factor that serves a central role in the transcriptional
regulation of antioxidant and/or detoxifying genes (19).
Nuclear localization of Nrf2 activation efficiently protects
cells from ROS-induced damage in vivo and in vitro by
inducing the expression of numerous detoxifying enzymes
and antioxidant proteins (20). As Nrf2 is a transcription
factor with potent antioxidant effects against cell death
caused by ROS-induced damage, targeting Nrf2 may serve
an essential role in the protection against various inflamma-
tory diseases (20). However, the role of Nrf2 in MA-induced
pulmonary inflammation and the protective mechanism of
fluoxetine against MA-induced oxidative stress and pulmo-
nary inflammation remain to be elucidated. Therefore, the
present study was designed to further evaluate the potential
role of Nrf2 and to investigate if fluoxetine can ameliorate
MA-induced oxidative stress and pulmonary inflammation
throughthep38 MAPK/Nrfr2 pathway in rats.

Materials and methods

Drugs. MA was obtained from the China Criminal Police
University (Shenyang, Liaoning, China). The purity of the
MA was identified as 97% by a Bio-Rad REMEDi HS system
(Bio-Rad, Milan, Italy) and by liquid chromatography-mass
spectrometry-mass spectrometry (Shimadzu Corporation,
Kyoto, Japan). MA was dissolved in 0.9% sterile saline and
prepared as 4 mg/ml for drug administration.

Animal and experimental paradigm. A total of 30 male Wistar
rats (180+10 g) were obtained from the Animal Resource
Center, China Medical University (Shenyang, Liaoning,
China; certificate number: Liaoning 034) and divided into four
groups: i) Control; ii) MA; iii) MA plus fluoxetine 2 mg/kg
(MA+F2); and iv) MA plus fluoxetine 10 mg/kg (MA+F10).
Rats in the MA and the two fluoxetine-treated groups were also
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treated daily with intraperitoneal injection of 10 mg/kg MA
(China Criminal Police University) twice daily for 5 weeks.
Rats in the control group received the respective vehicles only.
Rats in the MA+F2 and MA+F10 groups were treated with
intragastric fluoxetine (Cadila Pharmaceuticals, Ankleshwar,
India) at 2 or 10 mg/kg once daily for 5 weeks, respectively.
All the rats were housed in a controlled humidity (50-70%)
and temperature (18-22°C), and were given access to food and
water ad libitum in an alternating 12 h light/dark cycle over a
period of 5 weeks. All experimental protocols for the present
study were approved by the Institutional Animal Care and Use
Committee of China Medical University.

Morphological analysis by hematoxylin and eosin (H&E)
staining. A total of 3% sodium pentobarbital (45 mg/kg)
was used to euthanize the rats. The right lower lung tissues
were dissected, fixed with paraformaldehyde and embedded
in paraffin wax. Sections (5 ym) were stained with H&E for
observation and analysis under light microscopy. The inflam-
matory changes of rat lung parenchyma were evaluated by the
thickness of alveolar septum and the destructive index (DI;
three randomly selected sites were analyzed in each section;
magnification, x200).

DI, a measure of alveolar septal damage and emphysema,
has been proposed as a sensitive index of lung destruction that
closely reflects functional abnormalities (21). DI represents the
percentage of destroyed space as a fraction of the total alveolar
and duct space (21). The quantification of this destruction can
add greatly to the microscopic analysis of changes due to
pulmonary inflammation.

Immunohistochemistry. After processing the tissue and
embedding in paraffin wax, 5 ym thick sections were
stained by immunohistochemical (IHC) procedures using
Ultrasensitive TM SP kit (Maxin-Bio Co., Fuzhou, China) and
DAB Staining kit (Zhongshan Golden Bridge Biotechnology
Co., Ltd., Beijing, China). IHC staining followed a basic
indirect protocol using a citrate antigen retrieval method. A
primary rabbit anti-interleukin-6 (IL-6; cat. no. bs 0379R,
Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China)
was diluted at 1:50 and incubated overnight at 4°C. For the
negative control, the primary antibody was replaced by
0.01 M PBS in the incubation step. A biotin-labeled secondary
antibody from SP kit (cat. no. KIT-9706; Maxin-Bio Co.)
was incubated for 10 min at room temperature to detect the
primary antibody.

The positive expression of IL-6 was examined using light
microscopy. At least six visual fields of lung tissue were
examined on each slide. For the convenience of understanding
and statistical processes, the quantity of protein in the rat lung
was analyzed and calculated as optical density average by
microscope with a digital camera and MetaMorph software
version 7.7 (Molecular Devices, LLC, Sunnyvale, CA, USA).

Western blot analysis. Nuclear and cytoplasmic fractions
were extracted using a Nuclear and Cytoplasmic Protein
Extraction kit (Beyotime Institute of Biotechnology,
Shanghai, China). The protein concentrations were deter-
mined using a BCA protein assay kit (Beyotime Institute
of Biotechnology) prior to storage at -80°C. Electrophoresis



MOLECULAR MEDICINE REPORTS 15: 673-680, 2017

was performed with 10% SDS-polyacrylamide gel using
80 ug total protein in each lane. Following electrophoresis,
the protein was transferred onto a PVDF membrane using a
semi-dry transfer unit (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and the membranes were incubated for 1 h in
blocking buffer (5% non-fat dry milk, PBS and 0.1% Tween).
The membranes were probed with primary mouse mono-
clonal anti-fB-actin (1:2,000; cat. no. sc-130300; Santa Cruz
Biotechnology, Inc., Dallas, USA) and a-tubulin 1:2,000; cat.
no. 66031; ProteinTech Group, Inc., Chicago, IL, USA) and
rabbit polyclonal anti-SERT (1:200; cat. no. bs 1893R), IL-6
(1:200; cat. no. bs 0379R), tumor necrosis factor-a. (TNF-a;
1:200; cat. no. bs 0078R), human heme oxygenase-1 (HO-1;
1:400; cat. no. bs 2075R) (Biosynthesis Biotechnology Co.
Ltd.), anti-Nrf2 (1:600; cat. no. 16396-1-AP; ProteinTech
Group, Inc.), p38 (1:600; cat. no. ZS-7149), and phosphory-
lated (p)-p38 (1:600; cat. no. ZS-101759; Zhongshan Golden
Bridge Biotechnology Co., Ltd.) overnight at 4°C. Following
washing with PBS-0.1% Tween, the membranes were incu-
bated in the presence of goat anti-mouse secondary antibody
(cat. no. ZB-2305; Zhongshan Golden Bridge Biotechnology
Co., Ltd.) for B-actin and a-tubulin at a dilution of 1:4,000
for 2 h, and goat anti-rabbit secondary antibody (cat.
no. SA00001-2; ProteinTech Group, Inc.) for other proteins
at a dilution of 1:2,000 for 2 h at room temperature, followed
by enhanced chemiluminescence (Pierce™ ECL Western
Blotting Substrate; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The relative protein expression was quantified by
densitometry using Molecular Dynamics Image Quant soft-
ware (GE Healthcare Life Sciences, Chalfont, UK). The result
of the expression of nuclear Nrf2 was represented by the rela-
tive yield against a-tubulin, and the other protein expression
levels were represented by the relative yield against B-actin.

Reduced glutathione (GSH) and oxidized glutathione (GSSG)
assay. Lung tissues were homogenized with 10 ml ice-cold
lysis buffer (50 mM phosphate buffer containing 1 mM
EDTA/g). Following centrifugation at 10,000 x g for 15 min
at 4°C, the supernatant was removed, deproteinated and stored
at -20°C until further analyses. Total glutathione and oxidized
glutathione levels were determined using a GSH and GSSG
Assay kit (Beyotime Institute of Biotechnology), according to
the manufacturer's protocol.

ELISA. Samples of the rat lung tissue in each group were
homogenized using a Polytron homogenizer (Kinematical,
Lucerne, Switzerland) to extract protein. The homogenate was
centrifuged at 15,000 x g for 30 min at 4°C and the supernatant
was collected and stored at -80°C for ELISA. ROS concentra-
tion in the lung tissues was measured by the rat ROS ELISA
kits (R&D Systems, Inc., Minneapolis, MN, USA), according
to the manufacturer's protocol. The absorbance was measured
at 450 nm and the corresponding concentration was deter-
mined from the standard curve.

Statistical analysis. All data are presented as the mean + stan-
dard deviation. Statistical analysis was performed by one-way
analysis of variance with SPSS software, version 22.0 (IBM
SPSS, Armonk, NY, USA). P<0.05 was considered to indicate
a statistically significant difference.
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Figure 1. Effect of fluoxetine on the inflammatory changes induced by
MA in rat lungs. (A) Control group, (B) MA group, (C) MA+F2 group and
(D) MA+F10 group (magnification, x200). The changes in alveolar septum
thickness were marked by red arrows. Compared with (A) the control group,
in the (B) MA group the inflammatory injury was apparent in the rat lungs;
inflammatory cell infiltration, alveoli fusion, a reduced number of alveolar
sacs and an increased thickness of the alveolar septum. (C and D) All
inflammatory changes were dose-dependently attenuated by fluoxetine.
(E) The mean alveolar septal thickness and (F) destructive index (%) were
determined. The data are expressed as the mean + standard deviation (n=6;
“P<0.05 vs. the control group; *P<0.05 vs. the MA group). MA, methamphet-
amine; F2, fluoxetine at 2 mg/kg; F10, fluoxetine at 10 mg/kg.

Results

Effect of fluoxetine on the inflammatory changes induced
by MA in rat lungs. Representative H&E sections from the
different groups indicated that compared with the control
group (Fig. 1A) lung injury was markedly induced by 10 mg/kg
MA (Fig. 1B) and dose-dependently attenuated by fluoxetine
(Fig. 1C and D).

Under the microscope, the rat lung tissue was infiltrated
by inflammatory cells in the MA group, the lung parenchyma
was more compact and the septum thickened (P=0.003, MA
vs. control; Fig. 1E). The DI was significantly increased in the
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Figure 2. IL-6 protein expression illustrated by immunohistochemical analysis. (A) Control group, (B) MA group, (C) MA+F2 group, (D) MA+F10 group
(magnification, x400) and (E) IL-6 (optical density). Tissue sections (5 ym) from the different groups were stained with rabbit anti-IL-6 (brown) and counter-
stained with hematoxylin (blue). The data are expressed as the mean + standard deviation (n=6; "P<0.05, “P<0.01 vs. the control group; *P<0.05 vs. the MA
group). IL-6, interleukin-6; MA, methamphetamine; F2, fluoxetine at 2 mg/kg; F10, fluoxetine at 10 mg/kg.

MA group compared with the control group (P=0.007, MA
vs. control; Fig. 1F). The inflammatory damage to the lung
tissues was partly ameliorated following the administration of
fluoxetine at 10 mg/kg (P=0.028 vs. MA).

Immunohistochemical analysis of IL-6 protein expression
in pulmonary arteries. Sections were stained with rabbit
anti-IL-6 (brown) and counterstained with hematoxylin (blue)
in the different groups. Compared with control group, IL-6
protein expression in the lungs in the rats of the MA group was
significantly increased (P=0.003), and administration of fluox-
etine dose-dependently decreased IL-6 protein expression.
IL-6 expression in the rats of MA+F10 group was significantly
decreased, compared with the MA group (P=0.0174; Fig. 2).

Western blot analysis of IL-6 and TNF-a expression in rat
lungs. Results from western blot analysis demonstrated that

compared with the control group, IL-6 protein expression
was significantly increased in the MA and MA+F2 groups
(0.84+0.20 vs. 0.40+0.10, 0.67+0.10 vs. 0.40+0.10; P=0.004).
IL-6 expression was decreased following administration of
fluoxetine at 10 mg/kg. Compared with the MA group, relative
IL-6 protein level was significantly decreased in the MA+F10
group (0.43+0.10 vs. 0.84+0.20, P=0.006; Fig. 3A).

Western blot analysis was performed to further demonstrate
that TNF-a protein expression was significantly increased in
the MA group compared with the control group (0.60+0.07
vs. 0.26+0.08; P=0.003). Compared with the MA group, rela-
tive TNF-a protein expression in the lungs was not markedly
changed in the MA+F2 group, but was significantly decreased in
the MA+F10 group (0.35+0.09 vs. 0.60+0.07, P=0.032; Fig. 3B).

SERT and p38 MAPK protein expression in lungs. Results from
western blot analysis also demonstrated that SERT expression
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Figure 3. IL-6 and TNF-a protein expression in rat lungs in the different
groups. (A) IL-6 and (B) TNF-a protein expression in lungs was assessed
and quantified. The data are expressed as the mean + standard deviation
(n=6; “P<0.01 vs. the control group; **P<0.01 vs. the MA group). IL-6,
interleukin-6; MA, methamphetamine; TNF-a, tumor necrosis factor-a; F2,
fluoxetine at 2 mg/kg; F10, fluoxetine at 10 mg/kg.

was significantly upregulated in lungs in the MA and MA+F2
groups, compared with the control group (0.89+0.15 vs.
0.34+0.08, P=0.005; 0.76+0.20 vs. 0.34+0.08, P=0.017), and
that it was downregulated in the MA+F10 group (0.57+0.14
vs. 0.89+0.18, P=0.034), compared with the MA group (Fig. 4A).

Western blot analysis was performed to further demon-
strate that in the M10 group p38 MAPK was phosphorylated
compared with the control group (0.84+0.14 vs. 0.25+0.06;
P=0.003). In addition, p-p38 MAPK expression was decreased
following administration of fluoxetine. Compared with the
MI10 group, the relative p-p38 MAPK protein level in lungs
was markedly decreased in the M10+F2 group (0.52+0.18
vs. 0.84+0.14; P=0.034) and in the M10+F10 group (0.44+0.13
vs. 0.84+0.14, P=0.028; Fig. 4B).

Nrf2/HO-1 expression in the lungs from the different groups.
Results from western blot analysis also demonstrated that
nuclear Nrf2 expression was significantly decreased in
the lungs in the MA and MA+F2 groups, compared with
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Figure 4. SERT protein expression and P-38 MAPK phosphorylation in rat
lungs in the different groups. (A) SERT protein expression and (B) the rela-
tive p-p38 MAPK expression in lungs were determined and quantified. The
data are expressed as the mean + standard deviation (n=6; "P<0.05, “P<0.01
vs. the control group; *P<0.05 vs. the MA group). SERT, serotonin trans-
porter; MAPK, mitogen activated protein kinases; MA, methamphetamine;
F2, fluoxetine at 2 mg/kg; F10, fluoxetine at 10 mg/kg.

the control group (0.21+0.11 vs. 0.61+0.12, 0.22+0.09
vs. 0.61+0.12, respectively; P=0.004) and that it was increased
in the MA+F10 group (0.48+0.19 vs. 0.21+0.0.11, P=0.032),
compared with the MA group (Fig. 5A).

Western blot analysis further demonstrated that the HO-1
expression was significantly downregulated in the lungs of the
MA and MA+F2 groups, compared with the control group
(0.23+0.02 vs. 0.60+0.04, P=0.004; 0.27+0.11 vs. 0.60+0.04;
P=0.005). However, it was markedly upregulated in the
MA+F10 group, compared with the MA group (0.48+0.03
vs. 0.23+0.02, P=0.036; Fig. 5B).

Effect of fluoxetine and MA on GSH and GSSG in lungs. In
the present study, MA markedly downregulated the GSH level
and upregulated the GSSG level in rat lungs, compared with the
control group (2.2+0.7 vs. 4.1+1.0,P=0.035; 0.5+0.18 vs.0.2+0.1,
P=0.027; Fig. 6A and B). However, both were markedly reversed
in the MA+F10 group compared with the MA group.

Together with the decreased GSH level, the GSH/GSSG
ratios were significantly reduced by MA, as is presented in
Fig. 6C (4.4+1.4 vs. 20+3.0, P=0.001). However, the ratio was
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Figure 5. Nrf2 and HO-1 expression in lungs in different groups. (A) Nuclear
Nrf2 in lungs was determined and quantified. (B) HO-1 protein expression
in lungs was determined and quantified. The data are expressed as the
mean = standard deviation (n=6; “P<0.01 vs. the control group; *P<0.05
vs. the MA group). Nrf2, nuclear factor erythroid 2-related factor 2; HO-1,
human heme oxygenase-1; MA, methamphetamine; F2, fluoxetine at 2 mg/kg;
F10, fluoxetine at 10 mg/kg.

markedly reversed from 4.4+1.4 in the MA group to 11+3.8 in
the MA+F10 group. These findings supported the hypothesis
that the protective effect of fluoxetine was possibly performed by
suppressing the Nrf2-mediated antioxidative stress in the lungs.

Effect of fluoxetine and MA on lung ROS level. The
results of the ELISA analysis demonstrated that ROS in
the lungs were at a low level in the control group, (control:
1,608.4+364.6 U/mg protein). However, in the MA and
MA+F2 groups, lung ROS levels were markedly enhanced to
4,938.8+265.1 and 4,256.2+470.1 U/mg protein (P<0.0001,
vs. control). The ROS level in lungs was significantly decreased
in the MA+F10 group (2,271.4+334.5 vs. 4,938.8+265.1 U/mg
protein, P=0.015 vs. MCT; Fig. 7).

Discussion

Results from the present study demonstrated that chronic use
of MA caused rat pulmonary inflammation; inflammatory

WANG et al: FLUOXETINE INHIBITS MA-INDUCED LUNG INFLAMMATION

A &f
&>~ 5
5%
ca 4
oo 3
85
3¢ 2 i i
=
w =
0] 1
0
Control MA+F2 MA+F10
B 08r
w
=
5% 06
£ 2
% > 04f
L5
S
8 e 0.2 j
=
(]
0
Control MA+F2  MA+F10
C
2
©
O]
%]
w
Q
T
w
g 8 i
g i
[ =
2
Control MA+F2 MA+F10

Figure 6. Effect of fluoxetine and MA on GSH and GSSG in lungs. (A) GSH
and (B) GSSG levels in the lungs were assessed (mM/g tissue). (C) The lung
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oxidized glutathione; F2, fluoxetine at 2 mg/kg; F10, fluoxetine at 10 mg/kg.

IR

MA+F2  MA+F10

6000

5000

4000

3000

2000
1000 j
0

Control MA

Lung ROS level in different groups
(U/mg prot)

Figure 7. Lung ROS level in different groups (U/mg protein). The data are
expressed as the mean + standard deviation (n=6; “P<0.01 vs. the control
group; *P<0.05 vs. the MA group). ROS, reactive oxygen species; MA, meth-
amphetamine; F2, fluoxetine at 2 mg/kg; F10, fluoxetine at 10 mg/kg.

cell infiltration, crowded lung parenchyma, thickened septum
and increased DI. Fluoxetine attenuated the inflammatory
changes and the expression of the inflammatory factors IL-6
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and TNF-a in rat lungs. Fluoxetine also inhibited MA-induced
increases in the expression of SERT and p-p38 MAPK, and
reversed the MA-induced decrease in nuclear Nrf2 and HO-1
in lungs. Additionally, fluoxetine at 10 mg/kg significantly
reversed the increases in GSH level, GSH/GSSG ratio and
the ROS level in rat lungs from the MA group. These findings
suggested that fluoxetine, a SERT inhibitor, has a protective
effect against MA-induced lung inflammation by suppressing
oxidative stress through the SERT/p38 MAPK/Nrf2 pathway
in rats.

Pulmonary toxicity is pathologically characterized by
parenchymal damage, the recruitment of inflammatory
cells and the progression of the inflammatory process (7).
Inflammatory changes in lung tissue are the key to pulmonary
toxicity. Endogenous IL-6 serves a critical role in the inflam-
matory response to injury in the lungs of mice (22). TNF-a is
involved in lung matrix fragmentation, macrophage activation
and endothelial cell apoptosis (23). Thus, both IL-6 and TNF-a
are the classical markers of pulmonary inflammation (24).
It was demonstrated in the present study that the expression
of IL-6 protein was significantly increased in MA-induced
lung inflammation in rats, that fluoxetine dose-dependently
inhibited the expression of IL-6 and TNF-a, and that fluox-
etine significantly attenuated the inflammatory cell infiltration
and reduced the inflammation of the alveoli with thickened
septum; this all suggested the protective effect of fluoxetine on
MA-induced lung inflammation.

Fluoxetine inhibited the SERT-mediated reuptake of
cytoplasmic 5-HT in the lungs (25). 5-HT, released from
enterochromaffin cells, can act on various innate and adaptive
immune cells, and, under inflammatory conditions, increased
5-HT production can promote local inflammation (26). In a
previous study (6), it was identified that MA induced the
increasedconcentration of 5-HT, which indicated that the
serotonin mechanism is involved in MA-induced pulmonary
toxicity. MA, as a substrate for SERT, was transported into
cells and subsequently inhibited the metabolism of 5-HT by
inhibiting monoamine oxidase A (6,27). The activation of
SERT can promote 5-HT-impaired efferocytosis (11). SERT
is the predominant protein responsible for the uptake and
release of serotonin by transporting serotonin in either direc-
tion (28). Accordingly, SERT contributes to the modulation of
extracellular and intracellular 5-HT concentration (29). In the
present study, it was demonstrated that fluoxetine at 10 mg/kg
attenuated MA-induced pulmonary inflammation and inhib-
ited MA-induced upregulation of SERT expression in the lung.
These findings suggested that SERT may serve an important
role in MA-induced pulmonary inflammation.

SERT-induced rapid activation of MAPK is associated
with 5-HT-induced pulmonary inflammation (30). The p38
MAPK signaling pathways are involved in the regulation of
the Nrf2-mediated cytoprotective effect (31). The present study
demonstrated that MA induced the upregulation of SERT
and the phosphorylation of p38 MAPK in the lungs. In addi-
tion, MA inhibited the expression of Nrf2 in nucleoprotein.
Therefore, it is hypothesized that Nrf2 expression is possibly
regulated by the activation of SERT/p38 MAPK signaling in
MA-induced pulmonary inflammation.

Nrf2 is a transcription factor that controls the expression
of a variety of antioxidant and detoxification genes (32).
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Nrf2 is an important protein involved in the transcrip-
tional upregulation of numerous target genes in phase II
drug metabolizing enzymes, including y-glutamylcysteine
synthetase and HO-1 (32). Oxidant/antioxidant balance
may serve an important role in a number of the processes
of inflammation and fibrosis (33). GSH is an abundant
endogenous antioxidant and a critical regulator of oxidative
stress (34,35). The GSH level and the ratio of GSH to GSSG
(GSH/GSSG) serve a role in the Nrf2-mediated antioxidative
stress (36). ROS activation in oxidative stress is considered
to be the key factor in inflammatory amplification (37). The
present study demonstrated that MA significantly inhibited
the protein expression levels of Nrf2 and HO-1 in rat lungs,
and that the GSH level and the ratio of GSH/GSSG were
decreased in the MA group, accompanied by increasing
ROS Ilevel in the lungs. The above indices of antioxidative
stress from MA were significantly reversed by fluoxetine at
10 mg/kg. Taken together, it is suggested that fluoxetine may
alleviate pulmonary inflammation, and may be associated
with the inhibition of oxidative stress including upregulation
of the endogenous antioxidative factor GSH and the down-
regulation of ROS levels in the lungs by the activation of the
Nrf2/HO-1 pathway.

In conclusion, long-term administration of MA induces
chronic pulmonary inflammation. Fluoxetine, as a SERT
inhibitor, alleviated the MA-induced lung inflammation in
rats. The potential protective mechanisms of fluoxetine may
be associated with suppressing oxidative stress through the
SERT/p38 MAPK/Nrf2 pathways in rats.
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