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Accumulating data suggested that hypoxia inducible factor
(HIF)-1a plays an important role in the evolution and
propagation of the inflammatory process. To characterize
the activation of HIF-1a in rats with chronic obstructive
pulmonary disease (COPD) and examine the possible role
of nuclear factor (NF)-kB in this process, rats were chal-
lenged by introtracheal instillation of lipopolysaccharide
(LPS) and exposure to cigarette smoke. Pyrrolidine dithio-
carbamate (PDTC) was administered via the oral route 1 h
before LPS or cigarettes administration. Four weeks later,
pulmonary function and histology were tested; bronchoal-
veolar lavage fluid (BALF) and arterial blood gases were
assayed. Activation of pulmonary NF-kB was assessed by
quantitative PCR, immunoblot analysis, and electrophor-
etic mobility shift assay, respectively. Results showed that
LPS and smog induced the characteristics of COPD seen
in human. PDTC alleviated the development of COPD and
the levels of cytokines in BALF of PDTC1COPD group
were significantly decreased compared with that of COPD
group. The activation of pulmonary NF-kB was inhibited
by PDTC and the accumulation of HIF-1a gene expression
in the COPD group was attenuated by PDTC pretreat-
ment. Furthermore, the mRNA levels of HIF-1a target
genes heme oxygenase-1 (HO-1) and vascular endothelial
growth factor (VEGF) were parallel to the attenuation of
HIF-1a by PDTC. These findings indicated that the acti-
vation of HIF-1a pathway via NF-kB contributes to the
development of COPD, and administration of NF-kB
inhibitor may attenuate the development of COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
complex, multifactorial airway disease associated with sig-
nificant morbidity and mortality worldwide. Although the
development of COPD is known to be linked to cigarette
smoke, little is known about the pathogenesis of this
disease, but it is believed that inflammatory component
plays a pivotal role in the pathogenesis of the disease.
Nuclear factor (NF)-kB is a transcription factor expressed in
numerous cell types, which plays a key role in the
expression of many pro-inflammatory genes, leading to the
synthesis of cytokines, adhesion molecules, chemokines,
growth factors and enzymes [1]. Increased expression of
NF-kB has been found in bronchial biopsies from smokers
and patients with COPD and accumulating data suggested
targeting the NF-kB pathway in the COPD therapy [2,3].
Very recently, sites of chronic inflammation demonstrating
distinct microenvironmental features including decreased
oxygen availability have been documented [4]. Hypoxia
inducible factor (HIF)-1, a master regulator of oxygen
homeostasis, plays critical roles both during development
and in response to physiologic and pathophysiologic stimuli
in organisms. This heterodimeric transcriptional factor
consists of two subunits, HIF-1a and HIF-1b. HIF-1a is the
specific and oxygen-regulated subunit of the HIF-1 complex
and determines the level of HIF-1 activity, whereas HIF-1b
is constitutively expressed [5]. However, unequivocal evi-
dences were recently established to implicate HIF-1 as a reg-
ulator of the evolution and propagation of the inflammatory
process [6,7]. Previously, we revealed the activation of
HIF-1a in hypoxia-induced pulmonary hypertension [8].
Furthermore, HIF-1a and NF-kB showed an intimate inter-
dependence at several mechanistic levels [4]. Nonetheless,
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the real role of NF-kB on HIF-1a expression in the develop-
ment of COPD is still unknown. Pyrrolidine dithiocarbamate
(PDTC), an antioxidant, is a potent inhibitor of NF-kB [9].
So we were prompted to establish a rat COPD model to
investigate the role of NF-kB on HIF-1a activation in the
development of COPD by using PDTC.

Materials and Methods

Establishment of rat model
Sixty male Sprague–Dawley rats (280–320 g) were pur-
chased from the Animal Center of Shanghai Jiao Tong
University School of Medicine (Shanghai, China), and
housed in air-filtered, temperature-controlled units with free
access to food and water. The experimental protocols were
approved by the institutional animal care committee and all
experiments were done in conformity with the Guiding
Principles for Research Involving Animals of Shanghai Jiao
Tong University School of Medicine. Rats were randomly
divided into five groups (n ¼ 12 per group): (i) control
group, rats without any intervention; (ii) sham group, rats
were instilled intratracheally with LPS-free sterile saline; (iii)
PDTC group, PDTC was administered via the oral route
with the dose of 200 mg/kg every day for 28 days; (iv)
COPD group, 350 mg/200 ml of lipopolysaccharide (LPS)
was administrated by intratracheal instillation on days 1 and
14; the rats were then exposed to 10 cigarettes for 2 h per
day from days 2 to 3 and from days 15 to 28 as described
previously [10]; (v) PDTC þ COPD group, PDTC was
administered 1 h before LPS or cigarettes administration and
every day thereafter for 28 days.

Pulmonary function test
Half of the rats in each group were randomly chosen for
lung function test as described by Xu et al. [11]. After
anesthesia with intraperitoneal administration of chloral
hydrate (3 ml/kg), a ‘Y’ type endotracheal cannula was
connected to a flow transducer (Beijing Yue Hong Da Co.,
Beijing, China) for measurement of forced expiratory
volume in 0.3 s (FEV0.3)/forced vital capacity (FVC) and
peak expiratory flow (PEF).

Arterial blood gas and bronchoalveolar lavage fluid
assay
Under anesthesia, celiotomy and thoracotomy were per-
formed to obtain blood samples from abdominal aorta for
arterial blood gas (ABG) assay and to obtain bronchoalveo-
lar lavage fluid (BALF), respectively. The lungs of rats were
instilled with 3 ml of phosphate-buffered saline (PBS) and
the fluid was gently aspirated back. This procedure was
repeated twice. The BALF was then centrifuged at 48C for
10 min. The cellular pellet was resuspended in 200 ml of
PBS. Total cell number was counted with a hemocytometer

and a differential analysis is conducted after cytospin prep-
aration and Quik Diff staining of the cellular pellet prepared
on a glass slide as described previously [12].

Cytokines analysis in BALF
The levels of tumor necrosis factor (TNF)-a, transforming
growth factor (TGF)-b, interleukin (IL)-1b and IL-6 in
BALF were measured by enzyme-linked immunosorbant
assay according to manufactures’ instruction, and corrected
by total protein in BALF using the Bio-Rad protein assay.

Determination of mRNA levels by quantitative
real-time PCR
Whole-lung tissue samples were extracted as described pre-
viously [13]. Quantitative real-time PCR estimation of
mRNA levels was performed as described previously [14].
The mRNA levels of genes were normalized to levels of
b-actin. Genes and PCR primers are listed as follows:
HIF-1a, (forward) 50-TACTGGGGTTCATGATGATTAT
TGTGG-30, (reverse) 50-ACTTCAGGAACCGGCGTGGA
TTTA-30; heme oxygenase-1 (HO-1), (forward) 50-TCTAT
CGTGCTCGCATGAAC-30, (reverse) 50-CAGCTCCTCAA
ACAGCTCAA-30; vascular endothelial growth factor
(VEGF), (forward) 50-TTACTGCTGTACCTCCAC-30,
(reverse) 50-ACAGGACGGCTTGAAGATA-30; and b-
actin, (forward) 50-CTTTCTACAATGAGCTGCGTG-30,
(reverse) 50-TCATGAGGTAGTCTGTCAGG-30. Amplifi-
cation and detection were carried out by using an ABI
PRISM 7700 detection system (Applied Biosystems, Foster
City, USA).

Histology, immunoblot analysis and electrophoretic
mobility shift assay
The middle lobe of right lung, not lavaged, was immersed
in 4% phosphate-buffered paraformaldehyde to complete
fixation and then embedded in paraffin, sectioned, and
finally stained with hematoxylin and eosin to evaluate the
morphological changes of lungs. A total of 100 mg of
protein was loaded on to a 10% sodium dodecyl sulfate
(SDS)/polyacrylamide gel and after electrophoresis it was
blotted on to nitrocellulose membranes. The primary rabbit
anti-rat HIF-1a and p65 (Upstate, USA) polyclonal anti-
bodies were used at 1:400 and anti-b-actin monoclonal anti-
body (Sigma, St. Louis, USA) was used at 1:4 000 dilution.
The anti-rabbit IgG secondary antibody (KPL,
Gaithersburg, USA) was used at 1:2 000 dilution, and the
signal was analyzed by enhanced chemiluminescence. The
abundance of HIF-1a was normalized to b-actin using soft-
ware Quantity One-4.2.3. NF-kB activity was detected by
the LightShift Chemiluminescent electrophoretic mobility
shift assay (EMSA) kit (Pierce, Rockford, USA) that uses a
non-isotopic method to detect DNA–protein interactions
according to the manufacturer’s instruction.
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Statistical analysis
The SPSS 13.0 statistical package was used for statistical
analyses. Data were expressed as the mean+SD and
differences were compared using the analysis of variance.
Differences within one group were compared using least
significant difference (LSD) test. P value ,0.05 was con-
sidered statistically significant.

Results

Pulmonary function test, histology, ABG and BALF
analysis
Pulmonary function test (PFT) showed that there was a
significant increase in airway resistance (PEF) and signifi-
cantly reduced flow (FEV0.3/FVC) in the COPD group
compared with control rats (Table 1). Likewise, in histo-
logic analysis, a portion of the airway epithelium and some

cilia had been shed and air spaces were enlarged in an irre-
gular manner in the COPD group. In the control group, the
airway epithelium was intact, ciliary arrangement was
regular, and the structure of the alveoli was normal. In the
PDTC þ COPD group, the shedding of the airway epi-
thelium and cilia was less severe. However, air spaces were
still enlarged (Fig. 1). ABG analysis demonstrated that rats
in the COPD group developed hypoxia and hypercapnia to
various degrees (Table 1). Parameters of PFT and ABG
were significantly milder in the PDTC þ COPD group than
that of the COPD group (all P values , 0.05) (Table 1).
The total cell count in BALF was determined to assess the
degree of inflammation in the lung. A sharp increase in
BALF cells was observed in the COPD group (Table 2).
In terms of the composition of the inflammatory cell influx
in BALF, monocytes/macrophages formed the main frac-
tion of BALF cells; lymphocyte and polymorphonuclear

Table 1 Pulmonary function test and ABG assay

Group pH PO2 (mmHg) PCO2 (mmHg) FEV0.3/FVC (%) PEF (ml/s)

Control 7.33+0.08 103.00+2.53 40.21+3.46 96.54+0.53 56.32+8.16

Sham 7.36+0.15 95.00+3.65 38.42+2.18 90.76+0.85 51.31+4.62

PDTC 7.30+0.06 106.00+3.23 42.13+2.26 98.71+0.62 58.42+7.36

COPD 7.21+0.24* 68.00+4.41* 55.63+4.62* 75.45+1.24* 25.63+2.72*

PDTC þ COPD 7.29+0.31 89.00+4.17*,** 45.12+3.16** 88.72+1.43*,** 38.68+1.79*,**

*P , 0.05 vs. control, **P , 0.05 vs. COPD. Data are expressed as the mean+SD, n ¼ 6.

Figure 1 Lung tissue sections The irregular airspace enlargement was observed in the COPD group and PDTC þ COPD group. PDTC, pyrrolidine

dithiocarbamate; COPD, chronic obstructive pulmonary disease. Magnification, 100�.

Table 2 Total cell count and classification in bronchoalveolar lavage fluid

Group Total cell

(�106/L)

Monocytes/

macrophages

Lymphocytes

(�106/L)

Polymorphonuclear

leukocytes (�106/L)

Control 187+ 64 109.41+27.34 51.72+ 14.34 27.47+ 7.19

Sham 249+ 75* 132.48+36.23 84.81+ 26.25* 33.71+ 6.21

PDTC 213+ 43 148.41+30.54 46.25+ 10.14 18.34+ 4.12

COPD 943+ 126* 572.71+73.53* 227.51+ 51.61* 144.28+ 44.67*

PDTC þ COPD 621+ 88*,** 346.35+51.27*,** 167.25+ 48.32*,** 108.40+ 38.72*,**

*P , 0.05 vs. control, **P , 0.05 vs. COPD. Data are expressed as the mean+SD, n ¼ 12.
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leukocyte (PMN) in the COPD group were increased in
BALF. Compared with COPD group, the total number of
cells and differential count were both decreased in the
PDTC þ COPD group (Table 2). This increase in inflam-
matory cell number was accompanied by a significant
increase in TNF-a, TGF-b, IL-1b and IL-6 in BALF, and
PDTC attenuated the increase of all the cytokines except
IL-6 compared with COPD group (Table 3).

Role of NF-kB in HIF-1a pathway activation
in the development of COPD
To determine the molecular mechanisms involved in the
development of COPD, we assessed the level of NF-kB
p65, the active subunit of NF-kB complex, in the lungs of
rats. There was a significant accumulation of p65 protein in
the COPD group as compared with the control and sham
group. As expected, treatment with PDTC significantly atte-
nuated the induction of p65 protein [Fig. 2(A)]. To further
confirm the activation of NF-kB, EMSA shift assays were

performed to determine p65 DNA-binding capacity. The
EMSA analysis showed that significantly increased p65
DNA-binding capacity in COPD group, while PDTC attenu-
ated the increase of p65 DNA-binding capacity compared
with rats in COPD group [Fig. 2(B)]. Accordingly, PDTC
attenuated the accumulation of HIF-1a gene expression in
COPD group [Fig. 2(C,D)]. To confirm the result observed
with the HIF-1a assay, the mRNA levels of HIF-1a target
genes HO-1 and VEGF, which have been suggested
involved in the pathogenesis of COPD [15,16], were also
measured by real-time PCR. The results concur with the
HIF-1a assay inasmuch as PDTC diminished the accumu-
lation of the HO-1 mRNA and VEGF mRNA in comparison
with the COPD group [Fig. 3(A,B)].

Discussion

Chronic exposure to cigarette smog and recurrent airway
infection play important roles in the development of COPD

Table 3 Cytokine levels in bronchoalveolar lavage fluid

Group TNF-a TGF-b IL-1b IL-6

Control 81.32+ 16.42 139.81+ 47.32 55.75+14.64 67.47+7.19

Sham 94.29+ 7.45 152.43+ 36.73 64.81+16.25 73.21+9.31

PDTC 88.47+ 18.32 159.31+ 43.72 58.25+16.34 64.37+9.27

COPD 243.56+ 32.16* 242.31+ 43.33* 127.61+21.61* 154.18+24.67*

PDTC þ COPD 181.00+ 18.28*,** 186.35+ 21.27*,** 87.35+18.32*,** 138.60+28.32*

*P , 0.05 vs. control, **P , 0.05 vs. COPD. Data are expressed as the mean+SD, n ¼ 12. Unit used in table is pg/mg of total proteins.

Figure 2 The effects of PDTC treatment on p65 protein level (A), p65 activity (B), HIF-1a mRNA (C), and HIF-1a protein (D) levels in the
lungs of rats The normalized HIF-1a mRNA level of control was assigned to value 1. The level of HIF-1a in the remaining of the samples was

represented as fold over control. Data were expressed as the means+SD, and assessed by LSD test. *P , 0.05 vs. control group, #P , 0.05 vs. COPD

group, n ¼ 4. Immunoblot and EMSA results are representative of three separate results. PDTC, pyrrolidine dithiocarbamate; COPD, chronic obstructive

pulmonary disease.
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in human [17]. The present study showed that exposure of
cigarette smog and LPS to rats induced characteristics
similar to what observed in COPD patients. More impor-
tantly, PDTC, a potent inhibitor of NF-kB, can alleviate
the degree of COPD abnormities as compared with COPD
groups. PDTC is the most effective and specific NF-kB
inhibitor as a result of its ability to traverse the cell mem-
brane and its prolonged stability at physiological pH.
PDTC and other dithiocarbamates are members of a group
of antioxidants which inhibit the activation of NF-kB. It
has been reported that NF-kB activity is controlled by the
intracellular redox state. It is possible that the antioxidant
properties of PDTC may result in inhibition of reactive
oxygen species that activate the upstream kinase, IkBa
kinase, causing the degradation of IkBa and nuclear trans-
location of NF-kB [18]. Enhanced expression of NF-kB, or
the p65 subunit as described here, can overcome the inhibi-
tory effects of IkB thus leading to nuclear translocation
and the increased inflammatory gene expression seen in the
airways of smokers and subjects with COPD. As shown in
the present study, NF-kB activation, evidenced by the
increased p65 protein levels and DNA-binding capacity
was found in the COPD group.

To determine the signals downstream of NF-kB acti-
vation, we measured HIF-1a activation by determining the
mRNA and protein levels of HIF-1a. Exposure to hypoxia
resulted in the induction of HIF-1a expression in the lung
tissues [19]. Furthermore, our group has previously shown
an activation of HIF-1a pathway during hypoxia-induced
pulmonary hypertension in rat lung [8,20]. It is now clear
that HIF-1a, as well as being responsive to hypoxia, can
also be activated in response to a number of non-hypoxic
stimuli including LPS, microtubule disruption, TNF-a, reac-
tive oxygen species and so on. A common factor for all of
these non-hypoxic stimuli of HIF-1a is that the mechanism
involves NF-kB-dependent up-regulation of HIF-1a [4].
Pretreatment with PDTC attenuated the p65 protein levels
and p65 DNA-binding capacity in the lungs of COPD rat.

Furthermore, PDTC alleviated the induction of HIF-1a in
the COPD group both at the mRNA and protein levels, indi-
cating activation of HIF-1a in the COPD group is via the
NF-kB pathway. This suggestion is further strengthened by
the accumulation of HO-1 and VEGF in the lungs of COPD
rats. COPD is associated with structural and functional
changes in the pulmonary circulation that commence at an
early stage, as they have been shown also in patients with
mild COPD without arterial hypoxemia and even in smokers
with normal lung function [21]. VEGF, as a key angiogenic
growth factor, has been found that blockade of VEGF recep-
tor results in emphysema [22]. Chronic exposure of mice to
cigarette smoke inhibits ischemia-induced angiogenesis that
is associated with inhibition of ischemia-induced HIF-1a
and VEGF protein expression [23]. However, an increased
expression of VEGF in pulmonary muscular arteries of
patients with moderate COPD and also in smokers with
normal lung function has been shown, and its expression
was associated with the enlargement of the arterial wall. In
contrast, in patients with severe emphysema, VEGF content
tended to be low, despite intense vascular remodeling [24].
Furthermore, it has been lately suggested that VEGF might
be involved in the pathogenesis of emphysema through
apoptotic mechanisms [25]. Given the importance of
HIF-1a in regulating VEGF gene expression [26], the
finding that simultaneous attenuation of HIF-1a and VEGF
by PDTC suggests that inhibition of HIF-1a gene expression
in smokers may lead to VEGF production that is insufficient
to maintain normal alveolar structure and thus play a major
role in the pathogenesis of emphysema. HO-1 is a ubiqui-
tous and redox-sensitive inducible stress protein that is
strongly induced by various stimuli [27]. Studies have
shown that HO-1 and its metabolic pathway have anti-
inflammatory properties [28]. It has been supported by the
fact that HO-1-deficient mice develop a chronic inflamma-
tory state that progresses with age [29], and that the only
human reported to lack HO-1 enzymatic activity died of
an inflammatory syndrome [30]. Consistent with these

Figure 3 The effects of PDTC treatment on HIF-1a target genes HO-1 (A) and VEGF mRNA (B) levels in the lungs of rats The normalized

mRNA level of control was assigned to value 1. The level of the remaining of the samples is represented as fold over control. Data were expressed as the

means+SD and assessed by LSD test, n ¼ 4. *P , 0.05 vs. control group, #P , 0.05 vs. COPD group. PDTC, pyrrolidine dithiocarbamate; COPD,

chronic obstructive pulmonary disease.
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observations, PDTC also alleviated the accumulation of
HO-1 in the COPD group.

Taken together, by using a rat model of COPD induced
by LPS and smog, we confirmed that the activation of
HIF-1a pathway via NF-kB contributes to the development
of COPD, and that the administration of NF-kB inhibitor
may attenuate the development of COPD.
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