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Suppression of nuclear factor erythroid-2-related factor
2-mediated antioxidative defense in the lung injury induced
by chronic exposure to methamphetamine in rats
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Abstract. The imbalance between oxidative stress and antioxi-
dant defense is important in the pathogenesis of lung diseases.
Nuclear factor erythroid-2-related factor 2 (Nrf2) is a key
transcriptional factor that regulates the antioxidant response.
The purpose of the present study was to investigate whether
Nrf2-mediated antioxidative defense is involved in meth-
amphetamine (MA)-induced lung injury in rats. Following
establishment of chronic MA toxicity in rats, Doppler
ultrasonic detection was used to measure the changes of physi-
ological indexes, followed by hematoxylin and eosin staining,
ELISA and western blot analysis. MA was demonstrated
to increase the heart rate and peak blood flow velocity of
pulmonary arterial valves and to decrease the survival rate of
rats, and resulted in lung injury characterized by perivascular
exudates, airspace edema, slight hemorrhage and inflamma-
tory cell infiltration. MA significantly inhibited the expression
of nuclear Nrf2 protein and its target genes (glutamate-cysteine
ligase catalytic subunit C and heme oxygenase-1), and
dose-dependently reduced glutathione (GSH) levels and the
ratio of GSH/oxidized glutathione, accompanied by increases
in reactive oxygen species (ROS) levels in rat lungs. Linear
regression analysis revealed that there was a positive correla-
tion between lung ROS level and lung injury indexes. These
findings suggested that chronic exposure to MA led to lung
injury by suppression of Nrf2-mediated antioxidative defense,

Correspondence to: Dr Yun Wang, Department of Clinical
Pharmacology, School of Pharmacy, China Medical University,
77 Puhe Road, Shenyang, Liaoning 110122, P.R. China

E-mail: ywang28@cmu.edu.cn

Key words: methamphetamine, nuclear factor erythroid-2-related
factor 2, oxidative stress, reactive oxygen species, glutamate-cysteine
ligase catalytic subunit C, heme oxygenase-1, glutathione

suggesting that Nrf2 may be an important therapeutic target
for MA-induced chronic lung toxicity.

Introduction

Methamphetamine (MA) is an addictive drug that is abused
globally (1). MA abuse significantly increases the risk of
developing pulmonary arterial hypertension (PAH) (2,3).
Oxidative stress, which occurs in diseased lungs and is associ-
ated with PAH, is thought to be responsible for the progression
of cardiopulmonary changes (4,5). Reactive oxygen species
(ROS) may serve as signaling molecules to mediate multiple
cell functions, and have been implicated in the pathogenesis
of many diseases (6,7). ROS formation additionally controls
inducible expression of chemokines and other inflammatory
genes in response to infection, implying a causal relationship
between increased ROS production and lung injury (8,9). MA
abuse has previously been demonstrated to induce pulmonary
toxicity in rats (10). Therefore, it has been hypothesized that
methamphetamine may have the capacity to generate oxida-
tive damage in lung tissues by inducing the formation of free
radicals, including ROS.

Oxidative stress interferes with the expression of
genes and transcriptional factors, including nuclear factor
erythroid-2-related factor 2 (Nrf2)-dependent antioxidant
response element (ARE) (11). It has been reported that low
levels of ROS may induce Nrf2 activation (12). Nrf2 belongs
to a small family of transcription factors containing a unique
basic-leucine-zipper motif, the cap-n-collar (CNC) family (13).
Nrf2 is a transcription factor that is involved in cellular
defense against oxidative stress and electrophilic insults (14).
Nrf2 is located in the cytoplasm as an inactive form associ-
ated with its repressor protein, Kelch-like ECH associating
protein 1 (Keapl) (15). Oxidation of redox-sensitive cysteines
in Keapl during oxidative stress allows Nrf2 to dissociate
from Keapl and translocate to the nucleus, where it heterodi-
merizes with other proteins and binds to ARE, an enhancer
sequence that regulates the transcription of cytoprotective
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enzymes including glutamate-cysteine ligase catalytic subunit
C (GCLC), glutathione S-transferase (GST) and heme
oxygenase-1 (HO-1) (15,16).

Nrf2 induces the expression of several oxidant-signaling
proteins that affect particular cellular functions, including
autophagy, inflammation, apoptosis and mitochondrial
biogenesis, by controlling the transcription of several drug
metabolizing enzymes, transporters, cellular reducing equiva-
lents including reduced glutathione (GSH) and nicotinamide
adenine dinucleotide phosphate, and proteasomes (17).
Multiple enzymes regulated by Nrf2 are essential in the patho-
genesis of cardiovascular diseases, including atherosclerosis,
ischemia-reperfusion injury and hypertension (18). However,
little evidence has been provided concerning whether Nrf2
and its regulated enzymes are related to MA-induced lung
injury. The present study was designed to investigate the func-
tion of Nrf2 and whether the suppression of Nrf2-mediated
antioxidative defense is associated with lung injury induced by
chronic exposure to MA in rats.

Materials and methods

Drug. MA was obtained from China Criminal Police
University (Shenyang, China). The identity and purity of
MA were determined using a Bio-Rad REMEDi HS system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
confirmed by liquid chromatography-mass spectrometry-mass
spectrometry (Department of Drug Control, China Criminal
Police University). MA was dissolved in 0.9% sterile saline at
4 mg/ml for drug administration.

Animals and procedures. All procedures were approved by the
Institutional Animal Care and Use Committee of China Medical
University (Shenyang, China). Male Wistar rats (n=30; age,
7 weeks; weight, 180+10 g) from the Animal Resource Center,
China Medical University (Shenyang, China; certificate no.
Liaoning 034) were divided into 3 groups (n=10/group): 0.9%
saline (control), 5 mg/kg MA (M5), and 10 mg/kg MA (M10).
Rats were administrated twice daily for 5 weeks. They were
maintained in standard conditions (at 18-22°C, 50% humidity)
throughout the experimental period and were given ad libitum
access to food and water in an alternating 12-h light/dark cycle
over a period of 5 weeks. The procedure of establishment of
the rat chronic lung injury models was in accordance with
previous studies (10,19).

Doppler ultrasonic detection of physiological indexes. The
abdomen hair of rats was thoroughly clipped and shaved
immediately following intraperitoneal anesthesia with 3%
pentobarbital sodium (45 mg/kg; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) to achieve full contact of the
probe with the skin in the region concerned. The rats were
examined in the supine position. Acoustic gel (Skintact;
Leonard Lang GmbH, Innsbruck, Austria) was applied to hold
the animal dander andimprove the resolution of the ultrasound.
A Philips IE33 cardiovascular ultrasound (Philips Healthcare,
Andover, MA, USA) with a linear transducer probe S5-1 was
used. The frequency of 4.5 MHz and one focal zone set at a
depth of 0.5-2 cm were used to achieve detailed imaging of
the rats.
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Lung wet-to-dry weight (W/D) ratio. In the present study, lung
W/D weight ratio was calculated to assess tissue edema. Rats
were euthanized 5 weeks following MA administration. The
left upper lobes were isolated, blotted dry and weighed to
obtain the ‘wet’ weight. Following this, the left upper lobes
were placed into an oven at 80°C for 48 h to obtain the ‘dry’
weight. The ratio of the wet lung to dry lung was calculated to
quantify the magnitude of pulmonary edema.

Histological evaluation. The left lower lung lobes were
isolated and fixed with 4% paraformaldehyde for 24 h.
Following washing 3 times with 0.1 M PBS (pH 7.2), the fixed
tissues were prepared for paraffin embedding and then cut into
5 pm thick sections. To examine the inflammatory aspects
of the lung, the sections were processed for hematoxylin and
eosin staining. The stained sections were imaged under a
Olympus BX51 fluorescence microscope (Tokyo, Japan) at an
original magnification of x200. Six sections from each sample
were evaluated and scored independently by two members
of the laboratory trained in histological assessment and use
of the scoring system. Different lobes were examined for the
following features: Interstitial edema, hemorrhage and inflam-
matory cell infiltration. Each feature received a score of 0,
no injury; 1, minimal injury; 2, moderate injury; or 3, severe
injury. This was totaled for a given lobe's score, and 3 lobes
per rat (2-3 rats per group) were averaged to generate a score,
giving a minimum score of 0 and a maximum of 9 (20).

Western blot assay. The right lungs were stored in liquid
nitrogen at -80°C until analysis. Lung tissues were homogenized
in radioimmunoprecipitation lysis buffer (cat. no. POO13B;
Beyotime Institute of Biotechnology, Haimen, China)
containing protease inhibitor phenylmethylsulfonyl fluoride
(cat. no. ST506; Beyotime Institute of Biotechnology) on ice,
and protein concentrations were determined using Bradford
reagent (Bio-Rad Laboratories, Inc.). Nuclear and cytoplasmic
fractions were extracted using aprotein extraction reagent
(cat. no. P0O027; Beyotime Institute of Biotechnology). The
protein concentrations were determined using a bicinchoninic
acid protein assay kit (Beyotime Institute of Biotechnology)
prior to storage at -80°C. Protein samples (80 pg) were
separated by 10% SDS-PAGE and subsequently transferred
onto a polyvinylidene fluoride membrane (EMD Millipore,
Billerica, MA, USA). Following blocking of the nonspecific
site with 5% non-fat dry milk for 1 h at room temperature,
the membrane was incubated with primary rabbit anti-Nrf2
(1:600 dilution; cat. no. 16396-1-AP; Proteintech Group,
Inc., Chicago, IL, USA), anti-GCLC (1:200 dilution; cat. no.
bs-8402R; Beijing Biosynthesis Biotechnology Co., Ltd.,
Beijing, China), anti-HO-1 (1:200 dilution; cat. no. bs-2075R;
Beijing Biosynthesis Biotechnology Co., Ltd.), primary mouse
anti-B-actin (1:3,000 dilution; cat. no. sc-130300; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) and anti-a-tubulin
(1:3,000 dilution; cat. no. 66031, ProteinTech Group, Inc.)
overnight at 4°C. The membrane was then incubated for an
additional 2 h at room temperature with goat anti-mouse
secondary antibody (1:4,000 dilution; cat. no. ZB-2305;
Zhongshan Golden Bridge Biotechnology Co Ltd., Beijing,
China) for B-actin and a-tubulin, or goat anti-rabbit secondary
antibody (1:2,000 dilution; cat. no. SAO0001-2; ProteinTech



MOLECULAR MEDICINE REPORTS 15: 3135-3142, 2017

Group, Inc.) for other proteins. The immunoreactive proteins
were detected using an enhanced chemiluminescence western
blotting detection kit (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The relative protein expression was quantified with
Molecular Dynamics Image Quant software (GE Healthcare
Life Sciences, Chalfont, UK). Expression of nuclear Nrf2 was
normalized to a-tubulin, while expression of the other proteins
was normalized to -actin.

Measurement of GSH and oxidized glutathione (GSSG) in
rat lungs. Lung tissues (n=6) were homogenized with 10 ml
ice-cold lysis buffer (50 mM phosphate buffer containing | mM
EDTA) per gram of tissue. The homogenate was centrifuged
at 10,000 x g for 15 min at 4°C, and then deproteinated with
1.25 M metaphosphoric acid (cat. no. 04103, Sigma-Aldrich;
Merck KGaA) and stored at -20°C. Total glutathione and
oxidized glutathione levels were determined using a gluta-
thione assay kit (Cayman Chemical Company, Ann Arbor, MI,
USA), according to the manufacturer's protocol.

Measurement of lung ROS levels. Samples of lung tissue from
rats in each group (n=6) were homogenized using a Polytron
homogenizer (Kinematica, 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 enzyme-linked immunosorbent assay (ELISA).
ROS concentration in the lung tissues was measured using
a ROS ELISA kit (cat. no. MAB7475; R&D Systems, Inc.,
Minneapolis, MN, USA) according to the manufacturer's
protocol. The absorbance was detected using a Tecan Sunrise
microplate reader (Tecan Group, Ltd., Médnnedorf, Switzerland)
at a wave length of 450 nm and the corresponding concentra-
tion was determined from the standard curve.

Statistical analysis. All data are presented as mean + standard
deviation. Statistical analysis was performed using one-way
analysis of variance followed by the least significant differ-
ence (LSD) test with SPSS 13.0 software (SPSS, Inc., Chicago,
IL, USA). Linear regression analysis was used to evaluate the
correlation of lung ROS level with MA-induced lung injury.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Comparison of the survival rate of rats in different groups.
In the present experiment, 10 rats in different groups were
administrated with 0.9% saline, 5 mg/kg MA and 10 mg/kg
MA, respectively. The survival rate was assessed at the end
of every week. During the time of the model establishment,
there was no mortality in the control group, but the survival
rate reduced from 100% in the M5 group and 90% in the M10
group at the end of the 1st week, to 80% in the M5 group and
60% in the M10 group at the end of the last week. Compared
with the control group, the survival rate was significantly
reduced in the M10 group (P<0.05; Fig. 1). The survival curves
were compared using the log-rank test.

Effect of MA on heart rate (HR) and peak blood flow velocity
of pulmonary arterial valves (PAV). Blood flow velocity alters
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Figure 1. Comparison of survival rate of rats in different groups. Data are
expressed as the mean + standard deviation. M5, 5 mg/kg methamphetamine;
M10, 10 mg/kg methamphetamine.

with respiration (21). The fluctuation of respiratory blood flow
velocity is helpful to evaluate the degree of damage of lung
tissue in patients (21,22). Ultrasonic imaging (Fig. 2A) revealed
that 10 mg/kg MA significantly increased mean blood flow
velocity (Fig. 2B) and HR (Fig. 2C) compared with the control.

HR was ~330+60 bpm in the control group, and following
treatment with 5 mg/kg MA the.

PAV was ~96+7.4 cm/s in the control group, and following
5 mg/kg MA treatment, PAV did not significantly differ
between the control group and M5 group (P>0.05; Fig. 2B).
However, 10 mg/kg MA treatment significantly increased PAV
to 136+14 cm/s compared with the control group (P<0.01;
Fig. 2B).

HR was elevated to 360+120 bpm, but no significant
differences were observed compared with the control group
(P>0.05). However, 10 mg/kg MA treatment significantly
increased HR to 540+180 bpm compared with the control
group (P<0.05; Fig. 2C).

Histopathological analysis of lung injury induced by MA.
To assess lung injury response to MA, histopathological
analysis was performed on sections stained with hematoxylin
and eosin. Following MA administration for 5 weeks, visible
differences in the level of lung injury were observed in the M5
and M10 groups compared with the control group. Perivascular
exudates, thickened alveolar septa, slight hemorrhage, airspace
edema and inflammatory cell infiltration were observed in rats
treated with MA (Fig. 3A). Only inflammatory cell infiltration
was significantly increased in the M5 group compared with
the control (P<0.05; Fig. 3B). However, edema, hemorrhage,
inflammatory cell infiltration and total lung injury scores were
significantly increased in the M10 group compared with the
control group (P<0.05, P<0.05, P<0.01 and P<0.01, respec-
tively; Fig. 3B and C, respectively). Consistent with this injury
pattern, the lung W/D weight ratios of rats were significantly
increased in the M5 and M10 groups compared with the
control (P<0.05 and P<0.01, respectively; Fig. 3D).

Effect of chronic MA exposure on Nrf2 expression in rat
lungs. Cytoplasmic and nuclear extracts were subjected to
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Figure 2. Doppler ultrasonic detection of physiological indexes. (A) Cardiovascular ultrasound imaging of rats in different groups. A frequency of 4.5 MHz
and one focal zone set at a depth of 0.5-2 cm were used to achieve detailed imaging. Comparison of the (B) heart rate and (C) peak blood flow velocity of
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Figure 3. Histopathological analysis of lung injury induced by methamphetamine. (A) Representative images of lung injury following hematoxylin and eosin
staining from the control, M5 and M 10 groups (magnification, x200). (B) Histological scores for interstitial edema, hemorrhage and inflammatory cell infiltra-
tion. Each feature received a score of 0, no injury; 1, minimal injury; 2, moderate injury or 3, severe injury. (C) Total lung injury scores in different groups. The
score for each rat was given as a minimum of 0 and a maximum of 9. (D) Comparison of lung wet-to-dry weight ratio in different groups. Data are expressed
as the mean = standard deviation (n=6). "P<0.05, “P<0.01 vs. control group. M5, 5 mg/kg methamphetamine; M10, 10 mg/kg methamphetamine.
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Figure 4. Effect of chronic exposure to methamphetamine on Nrf2 expression
in rat lungs. (A) Expression of cytoplasmic Nrf2 protein in different groups.
(B) Expression of nuclear Nrf2 protein in different groups. (C) Relative
proportion of cytoplasmic Nrf2 protein and nuclear Nrf2 protein. Data
are expressed the mean + standard deviation (n=6). "P<0.05, “P<0.01 vs.
control group. Nrf2, nuclear factor erythroid-2-related factor 2; M5, 5 mg/kg
methamphetamine; M10, 10 mg/kg methamphetamine.

immunoblotting against Nrf2. MA significantly increased
Nrf2 cytoplasmic protein expression levels in the M5 group
compared with the control group (P<0.01; Fig. 4A). Nrf2
nuclear protein expression levels were significantly reduced
in the M10 group compared with the control group (P<0.05;
Fig. 4B). The relative proportion of Nrf2 cytoplasmic to
nuclear protein was significantly increased in the M5 and M10
groups compared with the control group (P<0.05 and P<0.01,
respectively; Fig. 4C). Therefore, MA treatment significantly
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Figure 5. Effect of chronic exposure of MA on GCLC and HO-1 protein
expression levels in rat lungs. (A) Representative western blot images and
quantification of (B) GCLC and (C) HO-1 protein expression levels. Data
are expressed as the mean + standard deviation (n=6). "P<0.05 vs. control
group. MA, methamphetamine; GCLC, glutamate-cysteine ligase catalytic
subunit C; HO-1, heme oxygenase-1; M5, 5 mg/kg methamphetamine; M 10,
10 mg/kg methamphetamine.

suppressed the translocation of Nrf2 from the cytoplasm to
nucleus and inhibited the Nrf2-mediated antioxidative defense
in a concentration-dependent manner.

Inhibitory effect of MA on antioxidant enzymes GCLC and
HO-1inratlungs. The western blot assay (Fig. 5A) demonstrated
that the Nrf2 target genes GCLC (P<0.05; Fig. 5B) and HO-1
(P<0.05; Fig. 5C) protein expression levels were significantly
reduced in the M10 group compared with the control group.

Effect of MA on GSH and GSSG protein expression levels in lung
tissues. The GSH protein level and the ratio of GSH to GSSG
(GSH/GSSG) are involved in antioxidative defense (23). In the
present study, MA treatment significantly and dose-dependently
downregulated lung GSH protein levels compared with the
control (M5 group, P<0.05; M10 group, P<0.01; Fig. 6A),
and lung GSSG protein levels were additionally significantly
upregulated in the M10 group compared with the control group
(P<0.01; Fig. 6B). Associated with the decreased GSH protein
level, the GSH/GSSG ratios were dose-dependently signifi-
cantly reduced by MA treatment compared with the control
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Figure 6. Effect of methamphetamine on GSH and GSSG in lung tissues.
Protein expression levels of (A) GSH and (B) GSSG in rat lungs in different
groups. (C) Comparison of the lung GSH/GSSG ratio in different groups.
Data are expressed as the mean + standard deviation (n=6). "P<0.05, “P<0.01
vs. control group. GSH, glutathione; GSSG, oxidized glutathione; M5,
5 mg/kg methamphetamine; M10, 10 mg/kg methamphetamine.

(M5 group, P<0.05; M10 group, P<0.01; Fig. 6C). These findings
support that MA suppresses antioxidative defense in rat lungs.

Correlation between lung ROS levels and the indexes of lung
injury. The results of ELISA revealed that, although no signifi-
cant differences were observed in ROS level between the control
and M5 groups, ROS levels were significantly increased in the
M10 group compared with the control (P<0.01; Fig. 7A). Linear
regression analysis revealed a significant positive correlation
between lung ROS levels and the indexes of lung injury: Lung
injury scores (R?=0.8,674; P<0.05; Fig. 7B) and W/D weight
ratios (R?=0.7,087; P<0.05; Fig. 7C). These results suggested
that alterations in lung ROS levels coincided with alterations in
lung injury induced by chronic exposure to MA.

Discussion

The results of the present study indicated that chronic expo-
sure to MA induced an increase in HR and PAV and a decrease
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Figure 7. Correlation between lung ROS level and lung injury indexes.
(A) Influence of methamphetamine on ROS level in rat lungs. Data are
expressed as the mean + standard deviation (n=6). “"P<0.01 vs. control group.
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P<0.05). ROS, reactive oxygen species; M5, 5 mg/kg methamphetamine;
M10, 10 mg/kg methamphetamine.

in the survival rate of rats, and led to histopathological altera-
tions common to lung injury: Perivascular exudates, airspace
edema, slight hemorrhage and inflammatory cell infiltration.
Furthermore, 10 mg/kg MA treatment significantly inhibited
the expression of nuclear Nrf2 protein and Nrf2 target genes
(GCLC and HO-1), and MA dose-dependently reduced GSH
protein levels and the ratio of GSH/GSSG, accompanied
by increases in ROS levels in rat lungs, which implied that
MA suppresses Nrf2-mediated antioxidative properties.
Linear regression analysis revealed that there was a positive
correlation between lung ROS level and lung injury indexes,
as determined by histological scores of lung injury and lung
W/D ratio. These findings suggested that suppression of
Nrf2-mediated antioxidative defense is associated with lung
injury induced by chronic exposure to MA in rats.

The lungs are the principal organ exposed to MA
abuse (24). Baylor et al (25) confirmed that inhalation of
MA results in interstitial pulmonary fibrosis and progressive
massive fibrosis in the absence of other causes. Previous studies
have also demonstrated that chronic exposure to MA induces
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pulmonary toxicity, including pulmonary vascular remodeling
and pulmonary inflammation (10,19). Blood flow velocity
changes with respiration. In the present study, 10 mg/kg MA
significantly increased the heart rate accompanied with the
increasing peak blood flow velocity of pulmonary arterial
valves, which reflected the clinical manifestation: palpitation
and shortness of breath of pulmonary arterial hypertension (2).
The fluctuation of blood flow velocity of pulmonary arterial
valves is helpful to indirectly evaluate the degree of damage
of lung tissue in patients (21,22). In the present study, MA
induced perivascular exudates, airspace edema, slight hemor-
rhage and inflammatory cell infiltration, which resulted in a
decline in cardiopulmonary function and the survival rate of
rats. These findings indicated that lung injury was one of the
important causes of the mortality that resulted from chronic
exposure to MA.

Oxidative stress is a general term used for describing
pathologies of various diseases at a molecular level, and
reflects an imbalance between free radical production and
antioxidant defense of the biological system (26,27). ROS
activate redox-sensitive transcription factors including Nrf2
during oxidative stress (11,28,29). Nrf2 is a key molecule in the
antioxidant defense system (30). Nrf2 is a transcription factor
responsible for regulating a group of antioxidant enzymes
including GCLC and HO-1 against oxidative stress (31,32).
The present study demonstrated that MA increased cyto-
plasmic Nrf2 protein expression, but significantly inhibited
nuclear Nrf2 protein expression levels. MA also significantly
increased the relative proportion of cytoplasmic Nrf2 compared
with nuclear Nrf2, which confirmed that MA significantly
suppressed the translocation of Nrf2 from the cytoplasm to the
nucleus. Furthermore, MA significantly inhibited the protein
expression of Nrf2 target genes, the antioxidant enzymes
GCLC and HO-1, in rat lungs. These findings suggested that
chronic exposure to MA inhibits the Nrf2-mediated antioxida-
tive defense system.

GSH is an abundant endogenous antioxidant and a critical
regulator of oxidative stress and immune function (33,34).
Cellular GSH homeostasis is maintained by catalyzing the
reduction of GSSG into GSH (34,35). As a co-factor for
various enzymatic reactions, GSH reduces cellular ROS levels
to protect against oxidative stress-induced injury (35-37).
ROS can be produced from multiple sources, including
mechanical ventilation, surgical trauma, manipulated lung
tissue, and hyperoxia in the ventilated lung (38). ROS have
been demonstrated to regulate inflammation and structural
changes in the lungs (39). In the present study, it was revealed
that MA dose-dependently reduced the GSH level and the
ratio of GSH/GSSG, accompanied by increases in the ROS
level in rat lungs. In addition, there was a positive correla-
tion between lung ROS levels and histological scores of lung
injury and the lung W/D ratio, which suggested that altera-
tions in lung ROS levels coincided with the degree of lung
injury induced by chronic exposure to MA. Taken together,
this indicated that the GSH-dependent Nrf2 antioxidant
defense was involved in regulating oxidative stress-induced
lung injury by MA.

In conclusion, suppression of Nrf2-mediated antioxidative
defense was demonstrated to be associated with lung injury
induced by chronic exposure to MA in rats. The present study
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suggests that Nrf2, as the key factor in the balance between
oxidant load and antioxidative capacity, may be an important
therapeutic target for MA-induced chronic lung toxicity.
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