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Heme oxygenase-1 attenuates inflammation and oxidative
damage in a rat model of smoke-induced emphysema
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Abstract. Emphysema is a serious disease of the respiratory
system and is associated with inflammation and oxidative stress.
Heme oxygenase-1 (HO-1), a rate-limiting enzyme involved
in heme biosynthesis, exerts potent anti-inflammatory, anti-
oxidant, anti-apoptotic and anti-proliferative effects in various
diseases. In the present study, we examined the effects of
HO-1 on smoke-induced emphysema, as well as the underlying
mechanisms in a rat model of smoke-induced emphysema. Rats
were either exposed to cigarette smoke or sham-exposed for
20 weeks to establish the model of smoke-induced emphysema.
The rats were subcutaneously injected with protoporphyrin IX
[tin-protoporphyrin IX (SnPP) or ferriprotoporphyrin IX
chloride (hemin)] during this period to examine the protective
effects of HO-1. Subsequently, the development of emphysema,
inflammatory cells, the levels of inflammatory mediators,
particularly interleukin (IL)-17, tumor necrosis factor (TNF)-a.,
monocyte chemotactic protein-1 [MCP-1, also known as
chemokine (C-C motif) ligand 2 (CCL2)], IL-8 [also known
as chemokine (C-X-C motif) ligand 8 (CXCLB8)], macrophage
inflammatory protein-2a [MIP-2a, also known as chemo-
kine (C-X-C motif) ligand 2 (CXCL2)] and IL-10, as well as
the malondialdehyde (MDA), superoxide dismutase (SOD)
and glutathione (GSH) content were determined. Exposure
to smoke increased the total cell, neutrophil and macrophage
counts in the bronchoalveolar lavage fluid (BALF). It also
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increased the levels of the inflammatory mediators, IL-17,
TNF-o, MCP-1, IL-8 and MIP-2q, as well as the MDA content
and induced emphysema. Treatment with hemin upregulated
HO-1 expression and attenuated the development of smoke-
induced emphysema by reducing inflammatory cell infiltration,
decreasing the levels of inflammatory mediators and attenu-
ating oxidative damage, to a certain extent. In conclusion, our
findings demonstrate that HO-1 exerts anti-inflammatory and
antioxidant effects, thus attenuating the development of smoke-
induced emphysema.

Introduction

Chronic obstructive pulmonary disease (COPD) is characterized
by chronic inflammation and oxidative damage that results
in airflow limitation; these changes are not fully reversible
and the disease is associated with progressive development.
Emphysema is the main pathological change and the major
factor responsible for the decline in lung function in COPD. In
recent years, COPD has become a major global public health
concern and is associated with high morbidity and mortality (1).
Currently, smoking is widely recognized as a major risk factor
for COPD. Cigarette smoke contains several harmful chemicals
that may lead to inflammatory responses and oxidative stress
in airway epithelial cells, fibroblasts and alveolar epithelial
cells. Inflammatory and alveolar epithelial cells release reactive
oxygen species (ROS), which stimulate inflammatory cells to
release inflammatory mediators. The interactions between these
mediators promote the development of COPD (1-4).

Inflammatory cells, such as neutrophils, alveolar
macrophages and T lymphocytes are activated by stimuli
in vivo and release a variety of inflammatory mediators, such
as leukotriene B4 (LTB4), tumor necrosis factor (TNF)-a,
interleukin (IL)-17 and chemokines, such as IL-8 [also known
as chemokine (C-X-C motif) ligand 8 (CXCLS8)] (1-5). These
mediators can damage the lung structure, promote neutrophil
inflammation and play an important role in the inflammation
and pathogenesis of COPD. IL-8, macrophage inflammatory
protein-2a [MIP-2a., also known as chemokine (C-X-C motif)
ligand 2 (CXCL2)] and monocyte chemotactic protein-1 [MCP-1,
also known as chemokine (C-C motif) ligand 2 (CCL2)] are
chemokines, that recruit neutrophils and monocytes to sites of
inflammation (6-10). Thus, these inflammatory mediators play
an important role in the development of emphysema.
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Heme oxygenase-1 (HO-1) is a rate-limiting enzyme
involved in mammalian heme biosynthesis. HO-1 breaks down
heme to form equimolar amounts of biliverdin, free iron and
carbon monoxide (CO) and it is rapidly activated by its physi-
ological substrate, heme, as well as inflammation and oxidative
stress-related stimuli, nitric oxide (NO), heat shock and other
factors. HO-1 and its products exert potent anti-inflammatory,
antioxidant, anti-apoptotic and anti-proliferative effects under
several and pathologies, such as asthma, organ transplantation,
acute lung injury (11-17).

Studies have found that HO-1 plays a role in the development
of COPD characterized by chronic inflammation and
oxidative damage and the overexpression of HO-1 mediated
by adenovirus in the lungs attenuates the development of
elastase-induced pulmonary emphysema in mice (18-27). We
thus hypothesized that the upregulation of HO-1 expression
induced by hemin may prevent the development of emphysema
by inhibiting inflammation and the associated damage induced
by oxidative stress.

Materials and methods

Animal model. Healthy male Wistar rats (4 weeks of age,
weighing 100-120 g) were obtained from the Experimental
Animal Center, Chinese Academy of Military Science. The
present study was approved by the Institutional Review Board
for Biomedical Research of Shanxi Medical University, Taiyuan,
China. The rats were allowed to acclimatize for 2 weeks and
had free access to food and water. The rats were then randomly
divided into 5 groups (n=10/group) as follows: i) the control
group (C): normal saline (NS) + sham smoke; ii) the smoke-
exposed group (SM): NS + smoke; iii) the hemin group (H):
hemin + smoke; iv) the SnPP group (S): SnPP + smoke; and
v) the H+S group (HS): hemin + SnPP + smoke. For 20 weeks,
the rats were treated with 0.3 mI NS or 0.3 ml protoporphyrin IX
[tin-protoporphyrin IX (SnPP), an inhibitor of HO-1 activity or
ferriprotoporphyrin IX chloride (hemin), an inducer of HO-1]
once daily for the first 3 days of each week and exposed to
smoke (or sham smoke) once daily from the 2nd to the 6th day
of each week. After 20 weeks, the animals were sacrificed, as
previously described (28).

The smoking regimen was 16 cigarettes each day, each for
10 min, with an interval of 5 min between cigarettes. The rats
were exposed to 24 puffs of cigarette smoke from 2 cigarettes
in a smoke exposure device (PAB-S200; Beijing Biolaunching
Technologies Co., Ltd., Beijing, China). The Monkey King
brand of cigarettes were commercial filter cigarettes produced
by the Baoji Cigarette Factory, Baoji, China and had a cigarette
standard tar volume of 11 mg.

Hemin or SnPP (Frontier Scientific, Inc., Logan, UT, USA)
were dissolved in 1 M NaOH and adjusted to pH 7.3-7.5 with
HCI and then diluted to the final concentration with NS. The
rats were subcutaneously injected with hemin (20 gmol/kg) or
SnPP (20 #mol/kg), or hemin (20 gmol/kg) + SnPP (20 #mol/kg)
or NS. The dose of hemin used in the present study was decided
upon following testing in preliminary experiments (data not
shown) and examing doses used in a previous study (41). In a
previous study (41) the dose of hemin used was 75 pmol/kg.
However, we found that this dose was too high for long-term
use, and from our preliminary experiments, we found that the

1385

dose of 20 ymol/kg hemin was the opitam one for long-term
use.

Collection of bronchoalveolar lavage and other specimens.
The animals were anesthetized and 8-10 ml blood specimens
were drawn from the abdominal aorta. The trachea was
cannulated, the right lung was ligated and the left lung was
intubated and injected thrice with 2 ml pre-cooled saline
(4°C). Bronchoalveolar lavage fluid (BALF) was recovered and
centrifuged. The supernatant was stored at -80°C and the cells
were allowed to settle, stained with Wright's dye (dye includes
methylene blue and eosin Y dissolved in methyl alcohol; all
obtained from Beyotime Institute of Biotechnology, Shanghai,
China) and counted using a standard technique. The right
upper lung tissue was removed, fixed with formalin, embedded
in paraffin, sectioned and stained with hematoxylin and
eosin [(H&E), H&E staining kit (C0105; Beyotime Institute of
Biotechnology, Shanghai, China)]. The pathological changes of
the lung tissues were then observed at x10 and x40 magnifica-
tion under a light microscope. The lung, BALF supernatant and
serum were stored at -80°C for other measurements.

Cell count in BALF.Following the recovery of BALF and placed
in a hemocytometer. The number of cells counted was the sum
of all cells across 4 squares in one chamber. The number of
cells was calculated using the following formula: total number
of cells/ml = cells in 4 squares /4x10%). The remaining BALF
was centrifuged at 400 x g at 4°C for 5 min. The supernatant
was saved and the precipitated cells were smeared and stained
with Wright's staining solution. The total number of cells,
macrophages and neutrophils was then counted in 5 high-power
(x40 magnification) microscopic fields, and we then calculated
the mean percentage of macrophages (or neutrophils) in the
total cells and the numbers/ml = the mean percentage x the
total number of cells/ml.

Morphometric evaluation of emphysema. Alveolar airspace
enlargement was assessed according to the mean linear inter-
cept (MLI), mean alveolar number (MAN) and mean alveolar
area (MAA) by 2 independent individuals in a blinded manner,
as previously described (29). MLI involved centering a ‘cross’
on the middle of each field, counting the number of alveolar
septa (Ns) through the crosshairs and measuring the total
length of the crosshairs (L), MLI = L/Ns. MAN was calcu-
lated by counting the number of alveoli (Na) within each field
divided by the area of the field (TA), MAN = Na/TA. MAA
involved counting the number of alveoli (Na) within each field,
measuring the area of each field(TA) and H&E staining (lung
parenchyma) of the area (PA), MAA = (TA-PA)/Na.

Preparation of 10% lung tissue homogenates. The rat lung
tissue (100 mg) was accurately weighed, cut into small pieces
and placed into 9 volumes of normal saline by weight (g)/
volume (ml) = 1:9,and homogenized using an ultrasonic processor
(CP-750, Cole-Parmer North America, Vernon Hills, IL, USA).
The supernatant was isolated by centrifugation at 3,000 rpm for
10 min and stored at -80°C for later use in other analyses.

Measurement of cytokine levels.In accordance with the instruc-
tions provided with the ELISA kit (Ebioscience, San Diego,
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CA, USA), the levels of cytokines (TNF-a and IL-8 in serum
and BALF, IL-17, IL-10, MIP-2a and MCP-1 in serum, BALF
and lung tissue supernatant) were measured. The OD values
were measured using a microplate reader (Gemini EM,
Molecular Devices, Sunnyvale, CA, USA) at 450 nm. Standard
curves were created and the concentrations were calculated
according to the relevant formulas.

Immunohistochemistry (IHC). Tissue blocks were
formalin-fixed, paraffin-embedded, sectioned, de-paraffinized
in 3 changes of xylene (5 min each), hydrated in 2 changes
of 100% ethanol (10 min each) and subsequently hydrated in
2 changes of 95% ethanol (10 min each). Antigen unmasking
was performed in a pressure cooker with 10 mM sodium citrate
buffer, pH 6.0. Endogenous peroxidase activity was quenched
by placing the sections in a 1% hydrogen peroxide solution in
methanol for 30 min. The tissue sections were then washed and
immunostaining was performed using a commercially available
SABC (streptavidin biotinylated complex) kit (SA1025, Boster,
Wuhan, China) according to the manufacturer's instructions.
The tissue sections were stained with HO-1 antibody (ab13248;
Abcam, Cambridge, MA, USA). Images of the stained
sections were digitally captured at x40 magnification using a
Nanozoomer system (Olympus American Inc., Center Valley,
PA, USA) and the average gray value of staining was measured
on each image by one of the investigators in a blinded manner.
The average gray value was negatively-related to the depth of
protein staining.

Western blot analysis. Whole lung tissue (50 mg) was accurately
weighed, cut into small pieces and placed into 500 ul RIPA lysis
buffer (Beyotime Institute of Biotechnology, Haimen, China)
and homogenized using an ultrasonic homogenizer on ice. The
supernatant was isolated by centrifugation at 12,000 rpm for
10 min and stored at -80°C for use in western blot analysis.
B-actin and HO-1 protein expression was then measured by
western blot analysis. Proteins were separated according to
their molecular weight and blotted onto PVDF membranes.
The membranes were blocked for 2 h in 5% BSA and incubated
with rabbit-anti-rat HO-1 antibody (1/1,000, H-105; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) followed by a
peroxidase labeled goat anti-rabbit antibody (1/2,000, BA1055;
Boster). For the protein loading control, the membrane was
stripped using a 25 mM glycine-HCl buffer containing 1% SDS
and incubated with mouse anti-rat [3-actin antibody (1/1,000,
BMO0626; Boster) followed by a peroxidase labeled goat-
anti-mouse antibody (1/2,000, BA1050; Boster). The bands
of interest were visualized by enhanced chemiluminescence
kit (AR1111, Boster) according to the protocol in provided with
the FluorChem HD2 System (Protein Simple, San Jose, CA,
USA). The relative protein expression levels of HO-1/B-actin
were then obtained by analyzing the OD value ratios of the bands
with Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA).

Malondialdehyde (MDA), superoxide dismutase (SOD)
and glutathione (GSH) assays. The tissue specimens were
allowed to naturally thaw to room temperature. The OD values
representing the MDA levels in lung homogenates and serum
were measured at 532 nm according to the manufacturer's
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instructions provided with the TBA kit (Jiancheng
Biotech Co., Ltd., Nanjing, China). The OD values representing
the SOD levels in the lung tissue supernatant and serum
were measured at 550 nm according to the manufacturer's
instructions provided with the hydroxylamine kit (Jiancheng
Biotech Co.,Ltd). The OD values representing the GSH levels in
the lung tissue supernatant and serum were measured at 420 nm
according to the manufacturer's instructions provided with the
reduced glutathione assay kit (Jiancheng Biotech Co., Ltd). The
concentrations of MDA, SOD and GSH were then calculated
according to the instructions provided with the respective kits.

Statistical analysis. The results are expressed as the
means + SD. Statistical analysis was performed using SPSS 17.0
software and two-way analysis of variance (ANOVA) was used
to assess the differences between groups. A P-value <0.05 was
considered to indicate a statistically significant difference.

Results

Effects of treatment with hemin and/or SnPP and exposure to
cigarette smoke on the expression levels of HO-1. The results
of IHC and western blot analysis revealed that compared with
the control (C) and smoke-exposed (SM) groups, treatment with
hemin (an inducer of HO-1), SnPP (an inhibtor of HO-1 activity)
or SnPP + hemin (H, S and HS groups) resulted in a significant
increase in HO-1 protein expression in the lungs, particularly
in alveolar macrophages. In IHC, this increase in HO-1 expres-
sion was evidenced by an increase in the amount of dark brown
staining. Exposure to cigarette smoke (SM group) also resulted
in a small increase in HO-1 expression (Fig. 1).

Exposure to cigarette smoke induces pathological changes
associated with emphysema and these changes are attenuated
by treatment with hemin. Cigarette smoke-induced emphysema
was observed after 20 weeks of exposure to cigarette smoke,
evidenced by pathological changes associated with emphysema
(alveolar airspaces expanded universally and integrated into a
larger cavity, alveolar pores expanded and many alveolar septa
became narrow and broken). Treatment with hemin (inducer
of HO-1; H group) attenuated these pathological changes;
however, treatment with SnPP (an inhibitor of HO-1 activity;
S group) did not reverse the adverse effects of smoke (Fig. 2).
The development of emphysema was also evidenced by a signif-
icant increase in the MLI and MAA values and a significant
decrease in the MAN values in the rats exposed to cigarette
smoke (SM group) compared to the control rats (C), indicating
alveolar airspace enlargement. Treatment with hemin partly
reversed these effects, decreasing the MLI and MAA values
and increasing the MAN values (the values did not completely
return to those of the controls though). However, treatment with
SnPP increased the MLI and MAA values and decreased the
MAN values (Fig. 3). These results demonstrate that the activa-
tion of HO-1 attenuates the adverse effects of cigarette smoke,
preventing alveolar airspace enlargement.

Exposure to cigarette smoke results in an increase in
inflammatory cell infiltration and elevated levels of
inflammatory mediators and these effects are partly
reversed by treatment with hemin. Exposure to cigarette
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Figure 1. Heme oxygenase-1 (HO-1) protein expression. Hemin or hemin + SnPP treatment and cigarette smoke exposure upregulated the expression of HO-1.
(A) Representative IHC images of HO-1 expression (dark brown) in lung tissues shown for each group (x40 magnification). Arrows indicate macrophages.
(B) Protein bands for f-actin (loading control) and HO-1 detected by western blot analysis following long-term smoke exposure and protoporphyrin treatment.
(C) Quantitative analysis of the relative protein expression levels of HO-1/B-actin. "P<0.05, compared with the control (C) group; “P<0.05, compared with the
smoke-exposed (SM) group. C, sham smoke; SM, cigarette smoke; H, hemin + smoke; S, SnPP + smoke; HS, hemin + SnPP + smoke.
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Figure 2. Pathological changes in lung tissue. A representative pathological image is shown for each group (H&E, x10 magnification). Cigarette smoke exposure
induced pathological changes associated with emphysema (SM group) and hemin treatment reduced pulmonary injury (H and HS groups). In the control (C)
group, alveolar distribution was uniform and alveolar septa were complete. Alveolar airspaces expanded universally and integrated into a larger cavity, alveolar
pores expanded, and many alveolar septa became narrowed and broken in the SM, S and HS groups, whereas these changes were alleviated in the H group.
C, sham smoke; SM, cigarette smoke; H, hemin + smoke; S, SnPP + smoke; HS, hemin + SnPP + smoke.

smoke (SM group) induced an increase in inflammatory counts in BALF were significantly higher in the SM group
cell infiltration; the total cell, neutrophil and macrophage than those in the control group (C) (Fig. 4). Treatment with
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Figure 3. Morphometric evaluation of emphysema following long-term cigarette
smoke exposure and protoporphyrin treatment. Long-term cigarette smoke
exposure induced significant changes in (A) MLI, (B) MAA and (C) MAN
values and hemin treatment attenuated these pulmonary morphometric
changes. "P<0.05 compared with the control (C) group; "P<0.05 compared
with the smoke-exposed (SM) group. C, sham smoke; SM, cigarette smoke; H,
hemin + smoke; S, SnPP + smoke; HS, hemin + SnPP + smoke.

hemin (inducer of HO-1; H group) reduced inflammatory
cell infiltration to a certain extent (shown by the decrease in
the total cell, neutrophil and macrophage count in BALF).
However, treatment with SnPP (an inhibitor of HO-1; S group)
did not reverse the adverse effects of smoke; the total cell
and neutrophil counts significantly increased compared to
the control (C group) (Fig. 4). Exposure to cigarette smoke
also significantly increased the levels of the inflammatory
mediators, including IL-17, TNF-a, IL-8, MCP-1 and
MIP-2a. The TNF-a and IL-8 levels significantly increased
in the serum and BALF in the SM group compared to the
control group. Treatment with hemin significantly reduced
these effects. The IL-17 levels significantly increased in the
BALF and lung tissue following exposure to cigarette smoke.
Treatment with hemin decreased these levels in the BALF and
lung tissue. SnPP increased the IL-17 levels in the BALF and
lung tissue. The MIP-2a levels increased in the lung tissue,
serum and BALF following exposure to cigarette smoke, and
treatment with hemin decreased these levels. However, in the
SnPP-treated group, the MIP-2a levels increased. The IL-10
levels significantly decreased in the serum of the smoke-
exposed rats. Treatment with hemin significantly increased the
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Figure 4. Total cell, neutrophil (NC) and macrophage counts (MC) in
BALF. Cigarette smoke exposure induced increases in the infiltration of
these inflammatory cells and hemin treatment suppressesed this infiltration.
“P<0.05 compared with the control (C)group; “P<0.05 compared with the
smoke-exposed (SM) group. BALF, bronchoalveolar lavage fluid; C, sham
smoke; SM, cigarette smoke; H, hemin + smoke; S, SnPP + smoke; HS,
hemin + SnPP + smoke.

IL-10 levels in the serum, BALF and lung tissue compared to
the smoke-exposed rats. SnPP had no significant effect on the
IL-10 levels. The levels of MCP-1 significantly increased in
the serum, BALF and lung tissue in the SM group compared
to the control group. Hemin significantly decreased these
levels compared to the SM group. Treatment with SnPP also
increased the MCP-1 levels compared to the controls. The
levels of the inflammatory mediators did not completely
return to those of the controls, indicating that hemin partly
suppressed inflammation induced by cigarette smoke (Fig. 5).

Treatment with hemin decreases the MDA, and increases
the SOD and GSH contents. Following exposure to ciga-
rette smoke (SM group), the MDA levels in the serum and
lung tissue homogenate were higher than those in the sham
smoke (control, C) group (P<0.05), and the SOD levels in
the lung tissue in the SM group were lower than those in the
control group (P<0.05). Treatment with hemin decreased the
MDA, and increased the SOD and GSH contents. These results
indicate that HO-1 exerts antioxidant effects in rats exposed to
cigarette smoke (Fig. 6).

Discussion

In the present study, we found that long-term treatment with
hemin significantly upregulated HO-1 protein expression,
reduced the levels of inflammatory cytokines and chemokines
and the infiltration of inflammatory cells, inhibited oxidative
stress-induced damage, and protected the lungs from the devel-
opment of pathological changes associated with emphysema.
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Figure 5. (A-F) Levels of inflammatory cytokines and chemokines in serum, BALF and lung tissue. Cigarette smoke exposure significantly increased the levels
of the inflammatory mediators, such as IL-17, TNF-a, IL-8, MCP-1 and MIP-2a , and hemin treatment reduced the levels of these mediators, except for IL-10.
“P<0.05 compared with the control (C) group; “P<0.05 compared with the smoke-exposed (SM) group. BALF, bronchoalveolar lavage fluid; C, sham smoke; SM,
cigarette smoke; H, hemin + smoke; S, SnPP + smoke; HS, hemin + SnPP + smoke.
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Figure 6. Oxidative damage and antioxidant levels in lung tissues and serum. Hemin treatment reduced the MDA and increased the SOD and GSH contents
following exposure to cigarette smoke. (A) MDA levels in lung tissue. (B) MDA levels in serum. (C) SOD levels in lung tissue. (D) SOD levels in serum. (E) GSH
levels in lung tissue. (F) GSH levels in serum. "P<0.05 compared with the control (C) group; *P<0.05 compared with the smoke-exposed (SM) group. C, sham
smoke; SM, cigarette smoke; H, hemin + smoke; S, SnPP + smoke; HS, hemin + SnPP + smoke.

Hemin, as an inducer of HO-1, significantly upregulated
HO-1 protein expression and attenuated pathological changes
associated with emphysema in rats exposed to long-term
cigarette smoke for 20 weeks. Previous studies have found
that exposure to cigarette smoke extract (CSE) induces an
increase in the expression of HO-1 in primary human lung
fibroblasts, tracheal smooth muscle and alveolar epithelial
cells (18-21). However, the increased expression levels of HO-1
did not provide sufficient protection against the inflammation
and oxidative damage induced by CSE in order to inhibit the
development of pulmonary emphysema. In addition, it has
been demonstrated that a decreased HO-1 expression in the
alveolar macrophages of patients with severe COPD may be
related to a lower HO-1 inducibility by ROS, caused by HO-1
gene promoter polymorphisms (22-26).

As an HO-1 inhibitor, treatment with SnPP slightly
decreased HO-1 expression compared to treatment with hemin
plus SnPP; treatment with hemin + SnPP slightly increased
HO-1 protein expression in the lungs, while HO-1 activity was
inhibited, but it did not aggravate the adverse effects of expo-
sure to smoke or increase the levels of inflammatory mediators
induced by smoking. Although HO-1 activity is inhibited by

SnPP, the upregulation of HO-1 expression can have anti-
inflammatory and antioxidant effects (30).

Long-term exposure to smoke leads to inflammation and
oxidative stress in the airways and lung tissue. In a previous
study, exposure to smoke for 20 weeks significantly increased
the levels of the pro-inflammatory cytokines, including
TNF-a, IL-1, IL-6, KC (CXCL1) and MCP-1 in the mouse
lung tissue homogenate (30). Another study found that 3 days
of mainstream smoke exposure induced an acute inflamma-
tory response characterized by a neutrophilic influx, increased
cytokine secretion (KC, TNF-a, MIP-2, MIP-1a and MCP-1)
in a mouse model of COPD (31). The present study also found
that smoking significantly increased the infiltration of inflam-
matory cells and the levels of cytokines, such as IL-17, TNF-a,
IL-8, MCP-1 and MIP-2a and resulted in pathological changes
associated with emphysema.

It has been found that the CD4* IL-17* cell number posi-
tively correlates with airflow limitations and pathological
changes and negatively correlates with FEV(1)%p and FEV(1)/
FVC in patients with COPD. Increased CD4* IL-17* cell
numbers are closely related to chronic lung inflammation and
may contribute to the pathogenesis of COPD (32). The admin-
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istration of IL-17 antibodies to mice exposed to cigarette smoke
has been shown to reduce the number of neutrophils, the levels
of IL-6 and IL-8, and neutrophil airway inflammation (33,34).
In a mouse model of elastase-induced pulmonary emphysema,
the number of IL-17A* CD4 T cells and the levels of IL-17A,
IL-1B, KC and MIP-2 increased; however, the levels of these
cytokines decreased in IL-17A-deficient mice following elas-
tase treatment (35). IL-17 not only promotes the secretion of
IL-8 (CXCLS) and TNF-a, but also promotes the recruitment
of neutrophils and monocytes, increases their functionality,
extends their survival time in the lungs and thus causes lung
inflammation (5,32,34). Thus, IL-17A may be a more critical
cytokine and may play an important role in the development of
emphysema and pulmonary inflammation. However, a study of
patients with COPD and smoke-induced COPD found elevated
levels of IL-8 and decreased IL-17 levels in sputum and BALF.
Time course experiments demonstrated that IL-8 levels began
to increase after 8 weeks of smoke exposure and IL-17 levels
decreased after 10 weeks. Elevated IL-8 levels in patients with
COPD appeared to be primarily derived from neutrophils and
macrophages, and decreased IL-17 levels were mainly due to
the decreased number of monocytes and damaged epithelial
cells (36). These results were inconsistent as monocytes and
cells other than Th17 cells can also secrete IL-17 and a decrease
in the number of these cells may also affect the secretion of
IL-17. Therefore, further studies evaluating the distribution of
lymphocytes together with other cells are required.
Long-term treatment with hemin upregulated the protein
expression of HO-1, reduced the infiltration of neutrophils
and monocytes/macrophages, decreased the levels of pro-
inflammatory cytokines, including IL-17, TNF-a, IL-8,
MCP-1 and MIP-2a, and inhibited pathological changes in the
lungs, although the changes in the levels of these cytokines
levels were not consistent. For example, the levels of IL-17 in
the serum did not differ significantly among the experimental
groups, possibly since IL-17 is mainly secreted by cells at
sites of inflammation in lung tissue, and activated cells in
the blood are recruited to the lungs. In a previous study, in
a mouse model of non-eosinophilic asthma, the induction of
HO-1 exerted anti-inflammatory effects by decreasing IL-17A
levels via inhibition of Th17 cell differentiation. The HO-1
inhibitor, SnPP, reversed these effects and transfection with
HO-1 siRNA abolished the effects of hemin on the induction
of HO-1 in vivo (37). In a murine model of dextran sulfate
sodium (DSS)-induced colitis, the upregulation of HO-1 by
hemin attenuated IL-17 and Th17-related cytokine production
and ameliorated experimental colitis (38). Thus, HO-1 may
exert anti-inflammatory effects by inhibiting IL-17 and other
cytokines, including TNF-a, IL-8, MCP-1 and MIP-2a.
IL-10 is an important anti-inflammatory cytokine secreted
by B cells, monocytes, regulatory T cells and others (39).
Studies have found that the upregulation of HO-1 expression
promotes the secretion of IL-10, thus promoting the anti-
inflammatory effects of IL-10 in several animal disease
models, such as asthma and acute lung injury (40,41). In
addition, IL-10 induces the expression of HO-1, a downstream
effector of IL-10, which plays an anti-inflammatory role in
lipopolysaccharide-induced septic shock in mice (42,43).
These results suggest that HO-1 and IL-10 may form a positive
loop to enhance the anti-inflammatory effect. The present
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study also found that the levels of IL-10 in BALF, serum and
lung tissue homogenate were higher in the hemin group than
those in the smoke-exposed group, indicating that hemin
treatment exerts anti-inflammatory effects by promoting the
secretion of IL-10.

Inflammation and oxidative stress, in combination, promote
the development of emphysema. MDA is a major oxidative
stress product produced by the attack of oxygen free radicals
on polyunsaturated fatty acids and may be used as a marker
to reflect the level of oxidative lipid damage in vivo. SOD is
a indirect marker of the body's ability to eliminate oxygen
free radicals. The concentrations of MDA and SOD often
complement each other. In the present study, the MDA levels
increased, whereas the SOD and GSH levels decreased in the
smoke-exposed group, while hemin treatment decreased the
MDA, and increased the SOD and GSH levels. These results
indicated that hemin treatment improved the body's antioxi-
dant capacity and reduced oxidative lipid damage.

The most important finding of the present study was
the protective effects of HO-1 against the development of
cigarette smoke-induced emphysema. HO-1 can alleviate
lung pathological changes, possibly due to its capability to
reduce the infiltration of inflammatory cells in lung tissue,
the levels of inflammatory mediators and associated oxidative
stress damage. However, HO-1 did not completely inhibit the
inflammatory response and oxidative stress. A previous study
found that long-term HO-1 upregulation induced by CoPP
prevented smoke-induced B cell infiltrates and increased
CD4*CD25* Tregs, but had no effect on smoke-induced emphy-
sema and the increase in inflammatory cells and cytokines
in a mouse model (30). This result is not consistent with our
study. This may be due to the differences in species selection
in rodent models (rat vs. others) and treatment regimens (dose,
treatment interval, or single or combinatorial pharmacological
interventions). Thus, the exact role of HO-1 in the smoke-
induced inflammatory response and oxidative stress remains
to be elucidated.

In conclusion, our findings demonstrate that long-term
HO-1 upregulation exerts a protective effect against the
development of cigarette smoke-induced emphysema. A
possible explanation for this effect of HO-1 on emphysema is
its anti-inflammatory and antioxidant effects.
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