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Abstract
Peroxiredoxin 6 (Prdx6) exerts its protective role through peroxidase activity against H2O2 and
phospholipid hydroperoxides. We hypothesized that targeted disruption of Prdx6 would lead to
enhanced susceptibility to cigarette smoke (CS)-mediated lung inflammation and/or emphysema
in mouse lung. Prdx6 null (Prdx6−/−) mice exposed to acute CS showed no significant increase of
inflammatory cell influx or any alterations in lung levels of pro inflammatory cytokines compared
to wild-type (WT) mice. Lung levels of antioxidant enzymes were significantly increased in acute
CS-exposed Prdx6−/− compared to WT mice. Overexpressing (Prdx6+/+) mice exposed to acute
CS showed significant decrease in lung antioxidant enzymes associated with increased
inflammatory response compared to CS-exposed WT mice or air-exposed Prdx6−/− mice.
However, chronic 6 months of CS exposure resulted in increased lung inflammatory response,
mean linear intercept (Lm), and alteration in lung mechanical properties in Prdx6−/− when
compared to WT mice exposed to CS. These data show that targeted disruption of Prdx6 does not
lead to increased lung inflammatory response but is associated with increased antioxidants,
suggesting a critical role of lung Prdx6 and several compensatory mechanisms during acute CS-
induced adaptive response, whereas this protection is lost in chronic CS exposure leading to
emphysema.

Keywords
antioxidants; cigarette smoke; COPD; inflammation; oxidants; Prdx6

Cigarette smoke (CS) is the major etiological agent in the pathogenesis of chronic
obstructive pulmonary disease (COPD). CS consists of over 4700 chemical compounds and
each puff contains 1014 to 1016 free radicals, including reactive aldehydes, quinones, and
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benzo(a)pyrene [1,2]. CS induces oxidative stress, leading to lipid peroxidation thereby
generating lipid hydroperoxides associated with inflammatory response and apoptosis [3].
Reduced glutathione (GSH), an important cellular thiol antioxidant, plays a key role in
maintaining the redox balance and integrity in epithelial lining. GSH levels are decreased in
response to CS exposure in lungs of rodents and in patients with COPD, highlighting the
role for oxidative stress in the pathogenesis of COPD [2].

Peroxiredoxins (Prdxs), a family of thiol-specific antioxidant proteins, exert their protective
role through peroxidase activity against hydrogen peroxide, peroxynitrite, and phospholipid
hydroperoxides [4]. The family of Prdxs contains 6 isoforms, all of them have been detected
in mammalian cells [5] and in the human lung [6,7]. These proteins are classified into 3
subgroups: 2-cysteine (2-Cys), atypical 2-Cys, and 1-Cys based on the number and position
of cysteine residues that participate in enzyme catalysis [8,9]. 2-Cys Prdx1 to Prdx4 contain
2 conserved cysteines; atypical 2-Cys Prdx5 also utilizes thioredoxin as an electron donor
[8]. Prdx6 is the only member of Prdxs that utilizes GSH as an electron donor to catalyze the
reduction of peroxides [10]. Prdx6 has the ability to reduce phospholipid hydroperoxides,
thereby being capable of repairing membrane damage caused by oxidative stress [11,12].
Alteration in the Prdxs, particularly Prdx6, would lead to altered redox balance and hence
ensue inflammatory response in the lung.

Prdx6 is highly expressed in the lungs [5,13,14], and detected in alveolar epithelial type II
cells, bronchial Clara cells, and alveolar macrophages [14–17]. Prdx6 can protect against
oxidative stress–induced membrane lipid peroxidation and apoptosis and regulate cellular
signaling [16]. Thus it is possible that Prdx6 is an important protective enzyme that
counteracts oxidant stress in the lung. Until now, there is no report describing the role of
Prdx6 in CS-mediated lung inflammation using in vivo mouse model. Hence, in order to
understand the potential role of Prdx6 in acute and chronic CS-mediated lung inflammation
and injury in vivo, we hypothesized that deficiency of Prdx6 leads to susceptibility, whereas
overexpression of Prdx6 protects against CS-induced lung oxidant stress and inflammation.
In the present study, mice lacking and overexpressing Prdx6 were used to understand the
role of Prdx6 in response to acute and chronic CS-induced lung inflammatory, injurious, or
protective responses.

MATERIALS AND METHODS
Materials

Unless otherwise stated, all biochemical reagents used in this study were purchased from
Sigma (St. Louis, MO). Antibodies for Western blotting such as anti-Prdx1 (LF-PA0095),
anti-Prdx2 (LF-PA0007), anti-Prdx3 (LF-PA0030), anti-Prdx4 (LF-PA0009), anti-Prdx5
(LF-PA0010), anti-Prdx6 (LF-PA0011), anti-Prdx6 SO3 (LF-PA0005), and anti-Prdx-SO3
(LF-PA0004) were purchased from Lab Frontier (Seoul, Korea). Antibodies against
sulfiredoxin 1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) (sc-51211),
anti-catalase (C 0979) from Sigma, anti-Cu/ZnSOD (SOD-101) and anti-MnSOD (06–984)
from Assay Designs (Ann Arbor, MI) and Upstate (Lake Placid, NY), respectively.

Animals
Prdx6 knockout mice (Prdx6−/−), which had targeted disruption of Prdx6 gene [14,18–20],
Prdx6 transgenic (Prdx6+/+) mice overexpressing Prdx6 gene [21–23], and wild-type (WT)
mice of genetic background C57BL/6J (Jackson Laboratory, Bar Harbor, ME) were used.
Mice were bred and maintained under specific pathogen–free condition in the vivarium
facility at the University of Rochester. Targeted disruption and overexpression of Prdx6
gene was verified by genotyping and only homozygous knockout and transgenic

Sundar et al. Page 2

Exp Lung Res. Author manuscript; available in PMC 2011 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



overexpressing mice were used along with wild-type mice in this study. Wild-type, Prdx6−/−

and Prdx6+/+ mice were 8 to 10 weeks of age at the beginning of experiments (air/CS
exposure). All experimental protocols were approved by the University Committee on
Animal Research at the University of Rochester.

Cigarette Smoke Exposure
Mice were exposed to acute (3 days) CS using Baumgartner-Jaeger CSM2082i cigarette
smoking machine (CH Technologies, Westwood, NJ) and subchronic (2 months) and
chronic (4 or 6 months) using a smoking machine (Model TE-10; Teague Enterprises) in the
Inhalation Core Facility at the University of Rochester [24]. For acute CS exposure, mice
were placed in individual compartments of a wire cage, which was placed inside a closed
plastic box connected to the smoke source. The smoke was generated from 3R4F research
cigarettes containing 10.9 mg of total particulate matter (TPM), 9.4 mg of tar, and 0.726 mg
of nicotine, and carbon monoxide 11.9 mg per cigarette (University of Kentucky, Lexington,
KY). Mice received two 1-hour exposures per day, 1 hour apart, according to the Federal
Trade Commission protocol (1 puff/min of 2-second duration and 35 mL volume) for 3 days
(acute exposure). Mainstream cigarette smoke was diluted along with filtered air and
directed into the exposure chamber. Monitoring of CS exposure (TPM per cubic meter of
air) was done in real time using a MicroDust Pro-aerosol monitor (Casella CEL, Bedford,
UK) and verified daily by gravimetric sampling immediately after the exposure was
completed. By adjusting the number of cigarettes used to produce smoke and the flow rate
of the dilution air, the concentration of smoke was set at a nominal value (~300 mg/m3

TPM). Similarly, the control mice were exposed to filtered air for the same duration of time
and the carbon monoxide concentration (290 to 300 ppm) in the chamber was monitored
[24].

For subchronic and chronic CS exposures, mice received a total of 5 hours of exposures per
day, 5 days a week for 2 months, 4 months, and 6 months, respectively. Each lighted
cigarette was puffed for 2 seconds and once every minute for a total of 8 puffs, with the flow
rate of 1.05 L/min, a standard puff of 35 cm3. The smoke machine (Model TE-10; Teague
Enterprises) was adjusted to produce a mixture of side stream smoke (89%) and mainstream
smoke (11%) by smoldering 5 cigarettes at one time and the smoke chamber atmosphere
was monitored for total suspended particulates (90 mg/m3) and carbon monoxide (350 ppm)
[25,26].

Tissue Harvest and Differential Cell Count in Bronchoalveolar Lavage (BAL) Fluid
Mice were injected intraperitoneally with 100 mg/kg body weight of pentobarbiturate
(Abbott laboratories, Abbott Park, IL) and then sacrificed by exsanguination. The lungs
were lavaged 3 times with 0.6 mL of saline via a cannula inserted into the trachea. The
aliquots were combined, centrifuged, and the BAL inflammatory cell pellet was resuspended
in saline. The total cell number was determined with a hemocytometer, and cytospin slides
(Thermo Shandon, Pittsburgh, PA) were prepared using 50,000 cells per slide. Differential
cell counts (~500 cells/slide) were performed on cytospin-prepared slides stained with Diff-
Quik (Dade Behring, Newark, DE).

Cytokine Analysis
The level of proinflammatory mediators, such as monocyte chemotatic protein (MCP)-1 and
the chemokine keratinocyte chemoattractant (KC), in lung homogenates were measured by
enzyme-linked immunosorbent assay (ELISA) using respective dual-antibody kits (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions. The results were
expressed in the samples as pg/mg protein.
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Protein Extraction From Lung Tissues
One lobe of the lung tissue (~50 mg) was homogenized (Pro 200 homogenizer, at maximum
speed, 5th gear for 40 seconds) in 0.5 mL of ice-cold RIPA buffer containing complete
protease inhibitor cocktail (Sigma) [24]. The tissue homogenate was then incubated on ice
for 45 minutes to allow total cell lysis. The homogenate was then centrifuged at 13,000 × g
for 5 minutes at 4°C to separate the protein fraction from the cell/tissue debris. The
supernatant containing protein was aliquoted and stored at −80°C for Western blotting.

Western Blot Analysis
Proteins (20 μg) from lung tissue homogenates, were separated on a 7.5% or 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel, transferred onto nitrocellulose membranes
(Amersham, Arlington Heights, IL), and blocked using 5% bovine serum albumin (BSA) for
1 hour at room temperature. The membranes were then probed with a specific primary
antibody (1:1000 dilution in 5% BSA in phosphate-buffered saline [PBS] containing 0.1%
Tween 20) at 4°C for overnight. After three 10-minute washing steps, the membrane was
probed with suitable secondary anti-rabbit, or anti-mouse, or anti-goat antibody (1:10,000
dilution in 5% BSA) linked to horseradish peroxidase for 1 hour, and detected using the
enhanced chemiluminescence method (Perkin Elmer, Waltham, MA). Equal loading of the
gel was determined by quantitation of protein as well as by reprobing the same membranes
for β-actin. The levels of the overoxidation/hyperoxidation forms of Prdxs (Prdx SO(2,3) and
Prdx6 SO(2,3)) and other antioxidant enzymes: catalase (CAT), copper/zinc superoxide
dismutase (Cu/ZnSOD), and manganese superoxide dismutase (MnSOD) were determined
from the lung homogenates of mice after (3 days) exposure to CS.

Hematoxylin and Eosin (H&E) Staining and Mean Linear Intercept (Lm) Analysis
Mice lungs (which had not been lavaged) after acute, subchronic, and chronic exposures,
were inflated by 1% low-melting agarose at a pressure of 25 cm H2O, and then fixed with
neutral buffered formalin. H&E-stained paraffin-embedded tissue sections (4 μm) were used
to evaluate the alveolar size from the mean linear intercept (Lm) of the alveolar airspace. In
each sample, 10 random fields at a magnification of ×200 using cross-lines were used to
calculate Lm as described previously [27–29].

Protein Assay
Protein level in lung samples were measured by bicinchoninic acid (BCA) colorimetric
assay (Thermo Scientific, Rockford, IL) using BSA as a standard.

Statistical Analysis
Data were presented as mean ± SEM. Statistical analysis of significance was calculated
using 1-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for
multigroup comparisons using StatView software. P < .05 is considered significant whereas
P > .05 is considered non significant.

RESULTS
Inflammatory Cell Influx into the Lung of WT, Prdx6−/−, and Prdx6+/+ Mice in Response to
Acute and Chronic Air and CS Exposures

In order to determine the role of Prdx6 in acute and chronic CS-mediated lung inflammation,
WT, Prdx6−/−, and Prdx6+/+ mice were exposed from 3 days to 6 months CS, and the
inflammatory cell in-flux into bronchoalveolar lavage (BAL) fluid was assessed by Diff-
Quik staining. Wild-type mice showed increased neutrophil influx (P < .001) into BAL fluid
at 3 days of CS exposure (TPM: 300 mg/m3). Surprisingly, when Prdx6−/− mice were
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exposed to CS, they showed a decrease (P < .001), and overexpressing Prdx6+/+ mice
showed an increase, in neutrophil influx when compared to CS-exposed WT mice (P < .05)
and to Prdx6−/− mice (P < .001) (Figure 1A). The number of total cells (data not shown) or
macrophages were not altered significantly in air- and CS-exposed WT or in Prdx6−/− mice
after acute CS exposure, whereas air- and CS-exposed overexpressing Prdx6+/+ mice
showed significant decrease in macrophages (P < .001 and P < .01, respectively) compared
to air- and CS- exposed WT mice (Figure 1B).

The total number of cells and macrophages increased (P < .05) in WT mice in response to
chronic 6 months of CS exposure, whereas no change was observed in the Prdx6−/− mice
(TPM: 90 mg/m3) (Figures 1C, D). Because subchronic CS exposure of Prdx6+/+ mice
produced only mild, if any, changes in inflammatory cell influx, no long-term CS exposures
were conducted in these mice. Overall, these results suggest that Prdx6 differentially
regulates lung inflammatory cell influx in response to acute and chronic CS exposures.

Levels of Proinflammatory Mediators in Lungs of WT, Prdx6−/−, and Prdx6+/+ Mice in
Response to Acute Air and CS Exposures

In order to confirm the pro inflammatory response in these mice, the levels of pro
inflammatory mediators (MCP-1 and KC) were measured in lung homogenates of acute air-
and CS-exposed WT, Prdx6−/−, and Prdx6+/+ mice. CS-exposed WT mice showed MCP-1
increase (P < .001) when compared to air-exposed WT. CS-exposed Prdx6−/− mice showed
MCP-1 decrease (P < .001) and overexpressing Prdx6+/+ mice showed an increase (P < .
001) when compared to corresponding air-exposed mice (Figure 2A). CS-exposed WT mice
showed an increase in KC levels (P < .01) when compared to air-exposed WT mice. The
levels of KC were lower (P < .001) in CS-exposed Prdx6−/− mice compared to CS-exposed
WT mice. However, the levels of KC did not differ in lungs of air- and CS-exposed
Prdx6−/−mice. Surprisingly, the levels of KC were lower (P < .001) in CS-exposed
overexpressing Prdx6+/+ mice compared to CS-exposed WT mice (Figure 2B). Similarly,
overexpressing Prdx6+/+ mice exposed to CS showed decrease in KC levels (P < .05)
compared to air-exposed Prdx6+/+ mice (Figure 2B). Chronic CS exposure led to KC
increase (P < .05) in WT mice compared to air-exposed WT mice, whereas Prdx6−/− mice
exposed to CS revealed a pattern of KC increase when compared to the corresponding air-
exposed mice (Figure 2C). Because CS exposure to Prdx6+/+ mice produced only mild
changes in inflammatory cell influx into the lung after sub-chronic exposure, no further
cytokine analyses were conducted on these mice.

Chronic CS Exposure Led to Airspace Enlargement and Emphysema in Prdx6−/−Mouse
Lung

Mean linear intercept (Lm) is commonly used as an index for characterizing airspace
enlargement (emphysema) and the severity associated with structural destruction in the
lungs. Increase in Lm is directly related to an increase in airspace sizes [30]. To assess the
role of Prdx6 in chronic CS-mediated air-way enlargement/emphysema, the Lm was
assessed in Prdx6−/− mice exposed to air or CS for 6 months. Lungs from the Prdx6−/− mice
appeared to have greater Lm than the WT mice, in general the alveolar size being
quantitatively greater (P < .05) both in air- and CS-exposed Prdx6−/− mice at 6 months
when compared to air-exposed WT mice (Figure 3A and B). Increased airspace enlargement
in chronic air-exposed Prdx6−/− mice may be due to developmental abnormalities such as
airspace formation and maintenance as well as lung morphogenesis in Prdx6-deficient mice,
which requires future studies. CS-exposed Prdx6−/− mice showed no change in Lm after 6
months of CS exposure when compared to WT mice exposed to CS.
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The mechanical properties of the lungs were assessed by using Scireq Flexivent apparatus
(Montreal, Canada) as described elsewhere [27]. Lung compliance was increased in CS-
exposed WT mice compared to air-exposed WT (0.037 ± 0.003 versus 0.030 ± 0.002 mL/cm
H2O; P < .01, n = 4 mice per group). The basal level of lung compliance in Prdx6−/− mice
exposed to air and CS was already higher than in WT mice (0.050 ± 0.003; 0.052 ± 0.003
mL/cm H2O; P < .001, n = 4 mice per group). The only significant difference in CS-exposed
Prdx6−/− mouse was evident when this group was compared with air- or CS-exposed WT
mice. The lung resistance was significantly lower in CS-exposed WT as compared to air-
exposed WT (0.50 ± 0.042 versus 0.58 ± 0.049 cm H2O·s/mL; P < .05, n = 4 mice per
group), but the resistance was further lowered and there was no change in lung resistance
between the air- and CS-exposed Prdx6−/− mice (0.49 ± 0.010 versus 0.51 ± 0.26 cm H2O·s/
mL, n = 4 mice per group).

Overall, these results confirm that WT mice have pro inflammatory response to acute CS
exposure. Prdx6−/− mice exposed to acute CS showed adaptation but chronic CS exposure
led to sustained lung inflammatory response associated with alterations in Lm, and lung
mechanical properties.

CS-Induced Changes of Antioxidant Enzymes in Lungs of Mouse Exposed to Acute CS
The abundance of antioxidant enzymes such as CAT, Cu/ZnSOD, and MnSOD in WT,
Prdx6−/−, and Prdx6+/+ mice exposed to air or CS for 3 days were determined using
immunoblot analysis. WT mice exposed to CS did not show significant changes in the levels
of these antioxidant enzymes. Instead, Prdx6−/− mice exposed to CS showed an increase (P
< .01) in levels of CAT, Cu/ZnSOD, and MnSOD when compared to air-exposed Prdx6−/−

or air- and CS-exposed WT mice (Figure 4A and B). Prdx6+/+ mice showed a decrease in
levels of Cu/ZnSOD both in air- (P < .01) and CS- (P < .001) exposed mice lungs compared
to air- and CS-exposed WT mice (Figure 4C and D). CS-exposed WT mice showed a
decrease (P < .001) in CAT compared to air-exposed WT mice. CAT and MnSOD were not
altered in air-and CS- exposed Prdx6+/+ mice. Similarly, the levels of other antioxidant
enzymes such as glutathione peroxidase 1 (GPx1) and sulfiredoxin 1 (Srx1) were also
significantly increased in CS-exposed WT, Prdx6−/−and Prdx6+/+ mice compared to air-
exposed WT, Prdx6−/−, and Prdx6+/+ mice (data not shown).

Further studies were conducted to assess total GSH levels in lung homogenates of mice
exposed to CS for 3 days (i.e., acute exposure). Total GSH level did not alter between the
acute air- or CS-exposed WT mice as measured by the method described previously [31]
(Figure 5). However, the Prdx6−/− mice exposed to CS for 3 days showed an increase in
total GSH when compared to air-exposed Prdx6−/− and air- and CS-exposed WT mice.
Prdx6+/+ mice exposed to CS showed decreased GSH compared to CS-exposed Prdx6−/−

mice (Figure 5).

Immunohistochemistry of CS-exposed WT, Prdx6−/−, and Prdx6+/+ mouse lung showed an
increase in abundance of Srx1 expression in bronchial epithelium and alveolar septum
compared to air-exposed WT, Prdx6−/−, and Prdx6+/+ mice (data not shown). Similarly,
Srx1 expression levels by immunoblot analysis revealed a significant increase in lung
homogenates of WT, Prdx6−/−, and Prdx6+/+ mice in response to CS exposure (data not
shown). The level of Nrf2 was not changed in lungs of Prdx6−/− mice as compared to WT
mice exposed to CS, but it was decreased in CS-exposed Prdx6+/+ mice and CS-exposed
WT mice (data not shown), suggesting that Nrf2, which is altered by CS [32], is not affected
in Prdx6−/− mice, whereas the level was decreased in Prdx6+/+ mice compared to WT mice
exposed to CS. This confirms that Srx1 (which is Nrf2 dependent) plays an important role in
protection against acute CS-induced oxidative stress. Thus, the antioxidant enzymes could
play a compensatory role against acute CS-induced oxidative stress in Prdx6−/− mice.
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In order to understand the role of other 2-Cys peroxiredoxins in Prdx6−/− and Prdx6+/+ mice
exposed to acute CS, the abundance of other 2-Cys peroxiredoxins (Prdx1 to Prdx5) and
Prdx overoxidation (Prdx SO(2,3), and Prdx6 SO(2,3)) forms were measured using
immunoblotting. Immunohistochemistry revealed that Prdx6 was expressed widely
throughout the WT lung except in vascular structures and airway smooth muscle, high
expression being detected in airway epithelium and alveolar septum. The distribution of
Prdx6 in lung of WT mice was almost similar to that in transgenic mice as reported earlier
[23]. Exposure to CS resulted in a slight decrease in Prdx6 expression in airway epithelium
and alveolar septum of WT mice lungs when compared to air-exposed WT mice (data not
shown). No major alterations in the levels of Prdx1 to Prdx3 and overoxidation forms (Prdx
SO(2,3) and Prdx6 SO(2,3)) could be seen between the acute air- and CS-exposed WT mice as
well as in Prdx6−/− and Prdx6+/+ mice (data not shown). Prdx4 was significantly increased
in response to CS compared to corresponding air-exposed and CS-exposed WT mice. The
basal level of Prdx5 was higher both in air- and CS-exposed Prdx6−/− mice compared to air-
and CS-exposed WT mice (data not shown). Because Prdx6−/− mice lost this protective
effect, as shown by the increased lung inflammatory and physiological/mechanical
responses, no further measurements of antioxidants or other parameters in chronic CS
exposures in Prdx6−/− or Prdx6+/+ mice were conducted.

DISCUSSION
Peroxiredoxins play a protective role in maintaining an appropriate redox balance under
normal conditions and during oxidative stress [8,33,34]. Thus, different Prdxs are capable of
detoxifying reactive oxygen species (ROS) and hydroperoxides in many cell compartments
and tissues including the lung. In human COPD lung, the expression of Prdxs, including
Prdx6 appears to be relatively constant, although Prdx6 has been detected in airway
secretions/induced sputum supernatants in COPD [13]. In light of the presence of Prdxs in
the lung, an organ that is the primary target for inhaled toxicants, we hypothesized that
knockdown or ablation of Prdx6 leads to susceptibility to oxidative stress associated with
CS, whereas overexpression of Prdx6 would protect against CS-induced lung inflammation.
When these mice were exposed to acute CS for 3 days, Prdx6−/− mice surprisingly showed
no significant increase in the inflammatory cell influx into the lungs (BAL fluid) when
compared to WT mice. Acute CS exposure of the Prdx6+/+ mice caused a significant
increase in the inflammatory cell influx similar to WT mice exposed to CS.

We and others have reported that CS induces inflammatory response in the lung by release
of pro inflammatory mediators such as MCP-1 and KC, growth factors, and adhesion
molecules that in turn can cause changes in lung damage and function [1,24,35]. In the
present study, not only WT mice but also Prdx6+/+ mice exposed to acute CS resulted in a
significant increase in the levels of MCP-1 and KC, leading to pro inflammatory response.
Instead, air- and CS-exposed Prdx6−/− mice revealed reduced levels of these pro
inflammatory cytokines (MCP-1 and KC), thereby probably protecting against acute CS-
mediated inflammatory response. In general, WT and Prdx6+/+ mice presented significant
proinflammatory response to acute CS exposure compared to the air- and CS-exposed
Prdx6−/− mice.

Prdx6 overexpressing transgenic mice have reduced cellular H2O2 levels [22] and increased
defense against hyperoxia-induced lung injury [23]. Prdx6 antisense RNA–treated lung cells
have increased susceptibility to oxidative stress and cell death [36], and Prdx6−/− mice
exhibit increased susceptibility to paraquat-induced oxidative stress [18,20]. Earlier study
using Prdx6−/− mice exposed to hyperoxia have also shown that the levels of gene
expression of several antioxidant enzymes (AOEs), such as CAT, GPx, and MnSOD, were
unaltered, suggesting that Prdx6 cannot be compensated by other genes [18]. Contrasting
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observation was observed in this study perhaps due to the complex mixture of agents present
in CS, which includes a number of different oxidants, free radicals, reactive aldehydes, and
quinones. These compounds can cause overwhelming response due to increased aldehyde-
mediated stress and oxidant burden in the lungs [1]. It is likely that oxidant/carbonyl burden
can induce AOEs in the lung particularly in response to CS. Thus the results/protection
obtained with the Prdx6−/− mice could be related to the compensatory elevation of other
Prdxs and AOEs in the lungs.

To study the compensatory role of other Prdxs, the levels of several Prdxs were assessed in
the lungs of Prdx6−/− mice exposed to CS. The expression levels of the other 2-Cys
peroxiredoxins (Prdx1 to Prdx5) revealed virtually no change except for Prdx4, which was
elevated. Also the basal level of Prdx5 was significantly higher in lung of air- and CS-
exposed Prdx6−/−mice compared to WT and Prdx6+/+ mice (data not shown). It is therefore
very likely that the increased protein levels of Prdx4 and Prdx5 in mouse lung can
compensate other Prdxs and lead to enhanced antioxidant defense against acute CS-induced
oxidative stress in the absence of Prdx6. These results are in line with another study where
Prdx6−/− mice in a hepatic ischemia/reperfusion injury model revealed increased
mitochondrial oxidative stress, which led to increased Prdx3 expression in mitochondria
[37]. Interestingly, Prdx5 is present in high concentrations both in human lung [6] and in
airway secretions [38,39]. Expression of Prdx5 in human lung has been shown to increase
during inflammation, and up-regulation of Prdx5 decrease DNA double-strand breaks and
protein oxidation by cigarette smoke extract (CSE) and hydrogen peroxide [38,39]. Overall,
our results on increased Prdx4 and Prdx5 in lungs of Prdx6−/− mice suggest some of the
Prdx isoforms play a compensatory response to acute CS exposure.

GSH and antioxidant enzymes in lung structural cells play a pivotal role against lung
inflammatory reaction both intracellularly and extracellularly by offering significant
protection against oxidants [1,2]. CS-mediated decreases in GSH were observed in lungs of
WT mice but the total GSH levels were constitutively increased in Prdx6−/− mice exposed to
CS. This finding is in parallel with a study showing ethanol-mediated oxidative stress and
liver damage in Prdx6−/− mice [40].

It is well known that nuclear factor (erythroid-derived 2)-like 2 (Nrf2) plays a protective role
in oxidative stress–induced tissue injury via antioxidant response element (ARE)-mediated
activation of antioxidant and phase II detoxifying enzymes, including glutamate cysteine
ligase (GCL), the rate limiting enzyme in the GSH synthesis [41,42]. Increased levels of
intracellular oxidants have been shown to lead to the induction of other AOEs, such as SOD,
GPx, or catalase, that can provide protection against oxidative damage in cells [1,2]. A
significant increase in the abundance of AOEs was also observed in the Prdx6−/− mice
exposed to CS compared to the air-exposed Prdx6−/− mice. It is likely that oxidant burden
induced by CS led to the activation of antioxidant defense thus playing a compensatory role
in controlling the CS-mediated lung inflammation in Prdx6−/− mice. In contrast to Prdx6−/−,
Prdx6+/+ mice had not been shown to be protective in several earlier studies [34,40]. One
explanation in those and the present studies is the possible modification of Prdx6 (hereby
CS-induced 4-HNE aldehyde), which in turn causes loss of its activity [34,40]. Overall, our
studies revealed that alternative or compensatory regulatory mechanisms including GSH and
several AOEs may play an important role in Prdx6−/− mice against acute CS-induced
oxidative stress and lung inflammation.

Sulfiredoxin 1 (Srx1) catalyzes the reduction of sulfinic forms of Prdxs to sulfenic acid in
presence of Mg2+, ATP, and thiol as electron donors, thus restoring the functional cysteine
residues and activity of Prdxs [43–46]. An oxidative stress–inducible gene, Srx1 is regulated
by Nrf2, which plays a protective role in antioxidant defense against acute CS-induced

Sundar et al. Page 8

Exp Lung Res. Author manuscript; available in PMC 2011 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



oxidative stress in mouse lung [42,47,48]. In the present study, CS-induced elevation of
Srx1 expression and localization in bronchial epithelium and alveolar septum of Prdx6−/−

mice exposed to CS suggests that Srx1 can be one of the key enzymes that contribute to
protection against CS-mediated oxidative stress in Prdx6−/− mice. Prdx6 deficiency may
lead to stabilization of Nrf2 by inducing Srx1 and reversing thiol modifications in Keap1
and Nrf2 proteins. Our earlier study has shown that Nrf2 levels are decreased in response to
CS exposure [32], whereas Prdx6+/+ mice showed lower levels of AOEs, which is probably
related to Nrf2 reduction in response to CS. Nrf2 plays a critical buffering role in altering
the levels of Srx1, AOEs, and other phase II enzymes, which is in full agreement with the
results obtained with the Prdx6−/− and Prdx6+/+ mice. Furthermore, the levels of AOEs,
along with some isoforms of Prdxs (Prdx4 and Prdx5) and Srx1, are elevated and possibly
induced coordinately to regulate acute CS-mediated lung inflammatory response in Prdx6−/−

mice.

The compensatory response observed in acute CS-exposed Prdx6−/− mice during early time
point was lost in chronic CS exposure, which was associated with increased inflammatory
response and lung injury in these mice. Chronic exposure to CS in Prdx6−/− mice shows
significant changes in the levels of pro inflammatory cytokines, increased alveolar
destruction and airspace enlargement, increase in lung compliance, and decrease in lung
resistance. Several earlier reports state that CS inhalation leads to oxidative stress, which
further influences the pulmonary function as well [1]. As expected, chronic CS exposure
caused a significant increase in lung compliance and decrease in lung resistance in CS-
exposed WT mice compared to air-exposed WT mice. This is in support of previous studies
showing alteration in lung mechanical properties in mice after chronic CS exposure [49].
We also found an increase in lung compliance in response to chronic CS exposure, which
was consistent with airspace enlargement in mice.

In summary, these data show that WT, Prdx6−/−, and Prdx6+/+ mice display variable levels
of susceptibility to acute and chronic CS exposures. CS-exposed WT mice, but not the
Prdx6−/− mice, showed increased inflammatory cell influx into BAL fluid. Instead, Prdx6+/+

mice exposed to CS revealed increased inflammatory cell influx into the BAL fluid
compared to Prdx6−/− mice. WT and Prdx6+/+ mice also had significant increase in pro
inflammatory cytokines, MCP-1 and KC, in response to acute CS exposure, a response that
could not be seen in the Prdx6−/− mice. The levels of total GSH, and AOEs CAT, Cu/
ZnSOD, and MnSOD, were significantly increased only in the lungs of CS-exposed
Prdx6−/−compared to WT mice, whereas GSH levels and Cu/ZnSOD were declined in
Prdx6+/+ mice exposed to CS when compared to Prdx6−/− mice. Overall, targeted disruption
of Prdx6 does not lead to increased lung inflammatory response but instead is associated
with increased expression of AOEs and Srx1, suggesting a critical role of Prdx6 in
maintenance of cellular redox balance during acute CS-mediated oxidative stress and
inflammatory response in the lung, whereas this protection is lost in response to chronic CS
exposure leading to emphysema. Results from this study provide a better insight in
understanding the role of Prdx6 in CS-mediated chronic inflammatory diseases.
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FIGURE 1.
Neutrophils, macrophages, and total cell influx into BAL fluid of WT, Prdx6−/−, and
Prdx6+/+ mice after acute and chronic CS exposures. Mice were exposed to CS at 300 mg/
m3 total particulate matter (TPM) for 3 days and 90 to 100 mg/m3 TPM for 6 months and
sacrificed 24 hours after the last exposure. At least 500 cells in the BAL fluid were counted
using hemocytometer in a blinded manner to determine the number of neutrophils (A) and
macrophages (B, D) and total cells (C) on cytospin slides stained with Diff-Quik. Values are
mean ± SEM (n = 4–5 mice per group). ***P < .001, significant compared to air-exposed
WT mice. #P < .05, significant compared to CS-exposed WT mice. ###P < .001, significant
compared to CS-exposed WT and Prdx6+/+ mice. **P < .01, significant compared to air-
exposed Prdx6+/+ mice, CS-exposed WT, and Prdx6−/− mice. +++P < .001, significant
compared to air-exposed WT and Prdx6−/− mice.
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FIGURE 2.
The levels of lung pro inflammatory mediators in WT, Prdx6−/−, and Prdx6+/+ mice after
acute and chronic CS exposures. The levels of pro inflammatory mediators, MCP-1 and KC
after acute (3 days) (A and B) and chronic (6 months) (C) CS exposures. MCP-1 and KC
were measured by ELISA in lung homogenates of air- or CS-exposed mice. Values are mean
± SEM (n = 4 mice per group). *P < .05, **P < .01, and ***P < .001, significant compared
to corresponding air-exposed WT mice. +++P < .001 significant compared to CS-exposed
WT mice.
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FIGURE 3.
Airspace enlargement in lungs of WT and Prdx6−/− mice exposed to chronic CS.
Representative figure of hematoxylin and eosin (H&E) stained lung sections from chronic (6
month) air- and CS-exposed WT and Prdx6−/− mice (A). Mean linear intercept (Lm) was
calculated using H&E stained slides (B, original magnification: ×200). No significant
change in Lm between the air- and CS-exposed Prdx6−/− mice. WT exposed to chronic CS
shows an increase in Lm when compared to the air-exposed WT mice. Dark arrow indicates
alveolar airspace enlargement. Values are mean ± SEM (n = 5 mice per group). *P < .05,
significant compared to air-exposed WT mice.
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FIGURE 4.
Lung levels of antioxidant enzymes CAT, Cu/ZnSOD, and MnSOD in WT and Prdx6−/−

and Prdx6+/+ mice exposed to acute CS. Mice were exposed to CS at 300 mg/m3 TPM for 3
days and sacrificed 24 hours after the last exposure. Levels of CAT, Cu/ZnSOD, and
MnSOD in lung tissue homogenates were analyzed by Western blotting and β-actin was
used as a housekeeping control (A–D). Prdx6−/− mice exposed to CS showed significant
increase in the levels of CAT, Cu/ZnSOD, and MnSOD. Western blots are representative of
3 independent experiments and values are mean ± SEM (n = 3–5 mice per group). *P < .05,
***P < .001, ++P < .01, significant compared to air-exposed WT mice. *P < .05, **P < .01,
significant compared to corresponding air-exposed Prdx6−/− or Prdx6+/+ mice. ++P < .
01, +++P < .001, significant compared to CS-exposed WT mice.
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FIGURE 5.
Lung levels of total GSH in WT, Prdx6−/−, and Prdx6+/+ mice exposed to acute CS. Mice
were exposed to CS at 300 mg/m3 TPM for 3 days and sacrificed 24 hours after the last
exposure. Levels of GSH were measured spectrophotometrically in lung homogenates.
Values are mean ± SEM (n = 4 mice per group). **P < .01, significant compared to the air-
exposed Prdx6−/− mice. ++P < .01, significant compared to CS-exposed WT mice. +P < .05,
significant compared to CS-exposed Prdx6−/− mice.
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