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Abstract—Berberine (Ber), the major constituent of Coptidis Rhizoma, possesses anti-inflammatory
properties. In this study, we investigated the effects of Ber on cigarette smoke (CS)-mediated acute
lung inflammation. C57BL/6 mice (6–8 weeks) were exposed to CS to induce acute lung injury. Ber
was used to pretreat CS-exposed mice (50 mg/kg, intragastrically). Lung tissues were collected for
histological examination, myeloperoxidase (MPO) activity assay, Western blot analysis, and elect-
rophoretic mobility shift assay. Bronchoalveolar lavage fluid (BALF) was measured for cell counts
and cytokine analysis. Histological examination showed that CS exposure caused infiltration of
inflammatory cells into alveolar spaces and interstitial edema. Pretreatment with Ber significantly
attenuated CS-induced lung inflammation. The numbers of total cells, macrophages, and neutrophils
in BALF were decreased by 43, 40, and 53 %, respectively, by Ber pretreatment in CS-exposed
mice, accompanied by decreased MPO activity, a marker of neutrophil accumulation. Ber pretrea-
tment also profoundly diminished CS-induced secretions of macrophage inflammatory protein 2,
tumor necrosis factor alpha, interleukin-6, and monocyte chemotactic protein-1 in BALF, along with
less nuclear translocation of the pro-inflammatory transcription factor nuclear factor-kappa B (NF-
κB) p65 subunit and lower NF-κB DNA-binding activity (P<0.01). Thus, our results indicated that
Ber ameliorates CS-induced acute lung injury through its anti-inflammatory activity.

KEY WORDS: cigarette smoke (CS); berberine (Ber); acute lung injury; inflammation; nuclear factor-kappa B
(NF-κB).

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is
one of the leading causes of morbidity and mortality
worldwide [1]. Airflow obstruction in COPD is associ-
ated with an abnormal inflammatory response to the lung
noxious particles or gases [2]. Cigarette smoke (CS) is
the most commonly encountered risk factor for the
pathogenesis of COPD [2]. CS contains nearly 5,000
chemicals, a variety of which are known as carcinogens
[3], induces lung inflammation through initiating the
infiltration of innate and adaptive inflammatory cells into

the airways and the lung parenchyma and further
destroys the alveolar structure [4].

Inflammation is the normal physiological response
to tissue damage, which appears to be amplified by the
stimulations of chronic irritants, such as CS, to the
respiratory tract of patients with COPD [2]. Inflamma-
tion is typified by increased leukocyte, particularly
neutrophil and macrophage, infiltration [5]. Cellular
inflammation is associated with enhanced cytokine and
chemokine secretion [6]. In patients with COPD,
neutrophils, macrophages, and other inflammatory cells
accumulate around airways [2]. In mouse models, CS
exposure enhances inflammatory cell infiltration into the
bronchoalveolar space and promotes production of
several pro-inflammatory cytokines and chemokines,
such as tumor necrosis factor-alpha (TNF-α), interleu-
kin-6 (IL-6), macrophage inflammatory protein 2 (MIP-
2), and keratinocyte-derived chemokine [5, 6]. While it
is well known that CS has deleterious effects on
respiratory tract and is the major cause of COPD [2],
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the molecular and cellular basis of the CS-induced
inflammation in lung injury is still unclear. The nuclear
factor kappa B (NF-κB) is a complex signaling pathway
and plays an important role in the induction of pro-
inflammatory gene expression, leading to the production
of cytokines, adhesion molecules, chemokines, growth
factors, and enzymes [7]. Recent evidence implicates the
involvement of NF-κB pathway in CS-mediated pulmo-
nary inflammation [7, 8]. NF-κB has been shown to be
activated in alveolar macrophages and peripheral lungs
of smokers and patients with COPD [7]. Moreover,
selective NF-κB inhibition is an emerging therapeutic
strategy to suppress CS-induced pulmonary pro-inflam-
matory response [8].

Berberine (Ber) is the major constituent of Coptidis
Rhizoma with multiple pharmacological activities, in-
cluding antitumor [9], anti-inflammation [10], and
antibiotic activity [11]. Recent studies documented that
Ber has therapeutic effects on lung injury [12, 13]. Liu et
al. showed that Ber has protective effects on radiation-
induced lung injury via soluble intercellular adhesion
molecular-1 (sICAM-1) and transforming growth factor-
beta-1 (TGF-β1) in patients with lung cancer [12].
Zhang et al. documented that Ber protects against
lipopolysaccharide (LPS)-induced lung injury and in-
hibits cytosolic phospholipase A2 [13]. In the present
study, we investigated the effects of Ber on CS-induced
acute lung injury in mouse model. We found that Ber
attenuated CS-mediated pulmonary inflammation and
suppressed CS-induced NF-κB activation.

MATERIAL AND METHODS

Mice

Specific pathogen-free male C57BL/6 mice (6–8
weeks) were obtained from Laboratory Animal Center of
Third Military Medical University (Chongqing, China).
Mice were housed at 20 °C on a 12-h day/night cycle in
sterile microisolators and fed ad libitum with sterile
chow and water. All mouse procedures in this study
were conducted according to international and institu-
tional guidelines for animal care, and approved by the
Animal Experimentation Ethics Committee of the
Second Affiliated Hospital of the Third Military Medical
University (Chongqing, China).

Thirty-six mice (12 mice for each group) were
randomly divided into three groups: normal air-exposed
control group (C); cigarette smoke-exposed group (CS);

and Ber pretreatment group (Ber) in which mice were
pretreated with Ber before CS exposure.

Drug Treatment

Ber (Sigma-Aldrich Co., Louis, MO, USA) was
freshly dissolved in dimethyl sulfoxide (DMSO), which
was then diluted by phosphate-buffered saline (PBS;
pH 7.4). The final DMSO concentration in the PBS
applied to animals was 0.1 %. Mice were pretreated with
Ber (50 mg/kg, intragastrically) (13) 1 h before every CS
exposure.

Cigarette Smoke Exposure

For cigarette smoke exposure experiment, a com-
mercial filter cigarette was employed (White Shark
brand, Tobacco Company, Hunan, China). Each cigarette
contained 1 mg of nicotine and 13 mg of tar according to
the manufacturer’s specification. CS exposure was
performed according to previously described methods
[14]. Briefly, the mice (12 per group) were placed in a
closed plastic box connected to a smoke generator (CH
Technologies, Westwood, NJ, USA) and exposed to
cigarette smoke generated from nine cigarettes per day
for four consecutive days. On the fifth day, mice were
killed by an intraperitoneal overdose of anesthetic
(pentobarbital sodium, 300 mg/kg ip).

The left lung from four mice of each group was
employed for histopathological examination, and the
right lung for analysis of myeloperoxidase (MPO)
activity. The lung from another four mice of each group
was used to bronchoalveolar lavage, and the right lung
was excised for Western blot analysis. The lung of both
sides from the remaining four mice of each group was
subjected to electrophoretic mobility shift assay (EMSA)

Bronchoalveolar Lavage Fluid Analysis

The right lung was lavaged with three aliquots of
.0.5 ml of PBS (pH 7.4) containing 0.6 mM EDTA.
Bronchoalveolar lavage fluid (BALF) was centrifuged at
800×g for 10 min. The supernatants were collected and
stored at −80 °C for cytokine and chemokine analysis.
The cell pellet was resuspended in 200 μl of PBS with
0.6 mM EDTA, and cell count was performed by the
Easy Count System (Immunicon, Huntingdon Valley,
PA). Differential cell count was determined by
cytocentrifugation and Wright-Giemsa staining.
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MPO Ability Assay

The lung tissues were homogenized in ten volumes of
100 mM phosphate buffer (pH 7.4) containing protease
inhibitor. The activity of pulmonary MPO, an indicator of
neutrophil accumulation, was analyzed in the homogenized
lung tissues as described before [15]. Briefly, the assay
mixture composed of 400 μl of phosphate buffer (100 mM,
pH 7.4) with 0.5 % hexadecyltrimethylammonium bromide
(Sigma-Aldr ich , S t . Louis , MO), 40 μ l o f
tetramethylbenzidine (20 mM in dimethyll sulfoxide,
prepared fresh and protected from light), and H2O (23 μl).
Twenty microliters of enzyme extract was added to this
assay mixture. The mixture was incubated at 37 °C for
3 min, and 17 μl of H2O2 (0.03 %) was added. The mixture
was further incubated for 3 min. Two milliliters of acetate
buffer (0.2 M, pH 3.2) was added to stop the reaction. The
mixture was kept on ice, and the absorbance was read at
655 nm.MPO activity was expressed as units per milligram
of protein.

Enzyme-linked Immunosorbent Assay

The concentrations of MIP-2, TNF-α, IL-6, and
monocyte chemotactic protein-1 (MCP-1) in BALF were
analyzed by enzyme-linked immunosorbent assay
(ELISA; R&D Systems, Minneapolis, MN) according
to the protocol provided by the manufacturer.

Histological Analysis

Mice lung was fixed with 4 % paraformaldehyde,
embedded in paraffin, and sliced at 4 μm. Paraffin
sections were stained with hematoxylin and eosin (H&E)
for histopathological analysis.

Preparation of Nuclear Extracts

Pulmonary nuclear extracts were prepared by
hypotonic lysis and subsequent high salt extraction as
described before [16]. Briefly, 100 mg of lung tissue was
homogenized in 500 μl of ice-cold buffer I, consisted of
10 mM HEPES (pH 7.9), 10 mM KCl, 2 mM MgCl2,
0.1 mM EDTA, 1.0 mM dithiothreitol (DTT), and
0.5 mM phenylmethylsulfonylfluoride (PMSF; Sigma-
Aldrich). After incubation on ice for 15 min, the lung
homogenate was supplemented with 50 μl of 10 %
Nonidet P-40 solution (Sigma-Aldrich). The mixture
was vortexed for 30 s and centrifuged at 6,000×g, 4 °C
for 1 min. The crude nuclear pellet was resuspended in
200 μl of buffer II (20 mM HEPES (pH 7.9), 420 mM
NaCl, 1.5 mM MgCl2, 0.1 mM EDTA, 1 mM DTT,

0.5 mM PMSF, and 25 % (v/v) glycerol) and incubated
on ice for 30 min with intermittent mixing. The
suspension was centrifuged at 12,000×g, 4 °C for
15 min. The supernatant containing the nuclear proteins
was removed to a new tube and kept at −80 °C.

Western Blot Analysis

Equal amounts (20μg) of protein samples prepared as
above were resolved by sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis and transferred onto nitrocellu-
lose membranes. The membrane was blocked in 5 % milk
in Tris-buffered saline and 0.1 % Tween 20 at room
temperature for 1 h and incubated with primary antibodies
against p65 NF-κB (1:1,000, Cell Signaling Technology,
Inc., Danvers, MA, USA) or histone (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) overnight at 4 °C,
and washed for three times with TBS. Then, the membrane
was incubated with horseradish peroxidase-conjugated
secondary antibody (1:10,000; Santa Cruz Biotechnology),
washed for three times with TBS, and developed by an
enhanced chemiluminescent detection system (Amersham,
Piscataway, NJ, USA). Signal intensities were quantitated
by the Gel Image Analysis System (Tanon Science &
Technology Co., Ltd., Shanghai, China).

EMSA

NF-κB DNA binding activity was determined by
the EMSA assay in the nuclear proteins of mouse lungs.
To detect whether the NF-κB subunit p65 was in the NF-
κB DNA complex, 2 μl of p65 antibodies (Cell
Signaling Technology) was incubated with the nuclear
proteins prior to addition of radiolabeled probe to
visualize any supershift-retarded bands. A double-
stranded oligonucleotide containing NF-κB binding site
with the sequence 5′-AGT TGA GGG GAC TTT CCC
AGG C-3′ (Santa Cruz Biotechnology) was end-labeled
with γ-32P ATP via T4 polynucleotide kinase. To
identify nonspecific binding of nuclear protein,
competition reactions were conducted by additionally
adding either 100-fold excess of non-labeled competitor
(NF-κB consensus oligonucleotide) or 100-fold excess
of non-radiolabeled mutated NF-κB oligonucleotide (5′-
AGT TGA GGC GAC TTT CCC AGG C-3′). After the
binding reactions, the DNA protein complexes were
separated on 4 % nondenaturing polyacrylamide gels in
0.5× Tris borate-EDTA buffer. Gels were vacuum-dried
and exposed to x-ray film at −80 °C by an intensifying
screen. Specific band intensities were quantified by an
image scanning densitometer.
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Statistical Analysis

Data are expressed at mean±SD. All statistical
analyses were done with SPSS.11 software for windows
(SPSS Inc., Chicago, IL, USA). Differences between
group means were evaluated by one-way analysis of
variance followed by a Tukey post hoc test. P values less
than 0.05 were considered as significant.

RESULTS

Ber Attenuated CS-mediated Pulmonary Histological
Changes

H&E staining in control mice showed normal lung
morphology (Fig. 1). CS exposure caused lung injury
including infiltration of inflammatory cells into alveolar
spaces and interstitial edema (Fig. 1). Ber pretreatment
markedly reduced CS-induced alveolar injury (Fig. 1).
Ber alone and vehicle control had no effect on
pulmonary histological changes (data not shown).

Ber Reduced CS-induced BALF Cellularity and MPO
Activity

There was a significant increase in the numbers
of total cells, neutrophils, and macrophages in the
BALF of CS-exposed mice (P<0.01; Fig. 2a–c). Ber
pretreatment remarkably reduced the numbers of total
cells, macrophages, and neutrophils by 43, 40, and
53 %, respectively (Fig. 2a–c; P<0.01). However, Ber
alone and vehicle control had no effect on the
baseline numbers of total cells, macrophages, and
neutrophils compared with control group (P>0.01;
data not shown).

Pulmonary neutrophil accumulation was quantitat-
ed by analyzing MPO activity in lung homogenates. CS
exposure induced a more than fourfold increase in MPO

activity (Fig. 3). Ber administration reduced CS-promot-
ed MPO activity by 58 % (Fig. 3).

Berberine Decreased CS-induced Pro-inflammatory
Cytokine and Chemokine Production in BALF

The production of pro-inflammatory cytokines and
chemokines in BALF was determined by ELISA assay.
CS significantly enhanced the production of MIP-2
(sevenfold), TNF-α (tenfold), IL-6 (ninefold), and
MCP-1 (twofold) in BALF compared with those in
control mice (P<0.01; Fig. 4). Ber pretreatment damp-
ened the secretion of MIP-2, TNF-α, IL-6, and MCP-1
by 35, 46, 44, and 27 %, respectively, in CS-treated mice
(Fig. 4).

Fig. 1. The effects of Ber on CS-induced histological changes. Mice (n04) were exposed to normal air or CS with or without Ber pretreatment. Lungs
were fixed with 4 % paraformaldehyde, embedded in paraffin, and cut into 4-μm slices. After H&E staining, histological examination was performed
by light microscopy. a Control group, b cigarette smoke group, c CS-treated mice with berberine pretreatment (×200 magnifications).

Fig. 2. The effects of Ber on BALF cellularity in CS-exposed mice.
Differential cell count in BALF was determined by cytocentrifugation
and Wright-Giemsa staining. The bar graph shows the numbers of total
cells (a), macrophages (b), and neutrophils (c) in BALF. C control
group, CS cigarette smoke group, Ber CS-treated mice with berberine
pretreatment. Data are presented as mean±SD (n04). *P<0.01 vs. normal
air-exposed control group; #P<0.01 vs. CS-exposed group.
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Ber Diminished CS-induced p65 NF-κB Nuclear
Translocation and NF-κB DNA Binding Activity
in Mouse Lung

CS exposure markedly enhanced nuclear transloca-
tion of p65 NF-κB (Fig. 5a; P<0.01) and promoted NF-
κB DNA binding activity (Fig. 5b). Ber administration
significantly decreased p65 NF-κB nuclear translocation
(Fig. 5a; P<0.01) and NF-κB DNA binding activity
(Fig. 5b).

DISCUSSION

In the present study, we found that pretreatment
with Ber attenuated CS-induced acute lung injury
through suppressing infiltration of inflammatory cells
into alveolar spaces and inhibiting pulmonary edema.
Ber administration resulted in a significant decrease in
the numbers of total cells, macrophages, and neutrophils
in the BALF of CS-treated mice (P<0.01), along with
lowered lung MPO activity and less production of MIP-
2, TNF-α, IL-6, and MCP-1 in BALF. Furthermore, Ber
also exhibited inhibition of p65 NF-κB nuclear translo-
cation and decreased NF-κB DNA binding activity. Our
results indicated that Ber has therapeutic potential on
CS-induced acute lung injury via its anti-inflammatory
properties.

Accumulating evidence suggests that Ber has
anti-inflammatory effects on lung injury [12, 13, 17].
Ber administration reduces LPS-induced pulmonary
edema, neutrophil infiltration, and histopathological
changes [13, 17]. Ber also attenuates radiation-
induced lung injury through suppressing plasma
TGF-β1 and sICAM-1 in patients with lung cancer
[12]. In the present study, we found that Ber inhibits
CS-induced acute lung injury through decreasing
pulmonary edema, reducing neutrophil and macro-
phage infiltration, lowering lung MPO activity,
lessening the secretion of pro-inflammatory cytokines
and chemokines (MIP-2, TNF-α, IL-6, and MCP-1)
in BALF, and attenuating the translocation of p65
NF-κB into nucleus and NF-κB DNA binding
activity. Collectively, these results suggest that Ber
has protective effects on lung injury induced by
different irritants and might provide a new approach
for the treatment of lung injury.

NF-κB complexes are bound to nuclear factor of
kappa light polypeptide gene enhancer in B cells
inhibitor (IκB) protein and kept inactive in the cyto-
plasm [8]. IκB kinase2 (IKK2) induces the degradation
of IκBα. Upon the degradation of IκB protein, NF-κB is

Fig. 3. The effects of Ber on pulmonary MPO activity in CS-treated mice. Lung sections from different groups were homogenized, and the MPO
activity was determined spectrophotometrically. C control group, CS cigarette smoke group, Ber CS-treated mice with berberine pretreatment. Data are
presented as mean±SD (n04). *P<0.01 vs. normal air-exposed control group; #P<0.01 vs. CS-exposed group.

Fig. 4. The effects of Ber on the production of BALF cytokines and
chemokines in CS-exposedmouse lung. BALFwas collected from different
groups of mouse lung. The concentrations of MIP-2 (a), TNF-α (b), IL-6
(c), andMCP-1 (d) in BALFwere analyzed by ELISA.C control group,CS
cigarette smoke group, Ber CS-treated mice with berberine pretreatment.
Data are presented as mean±SD (n04). *P<0.01 vs. normal air-exposed
control group; #P<0.01 vs. CS-exposed group.
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released and translocated into nucleus and binds to the
consensus sequences on DNA [8]. Rajendrasozhan et al.
showed that oral administration of IKKβ/IKK2 inhibitor
PHA-408 inhibits CS-mediated neutrophil influx in
BALF, decreases the production of BALF cytokine-
induced neutrophil chemoattractant (CINC-1) and pul-
monary IL-6, TNF-α, interleukin-1 beta, and granulo-
cyte macrophage-colony stimulating factor, and
suppresses nuclear translocation and DNA binding
activity of NF-κB in CS-exposed lungs in rats [8].
These results indicated that the activation of NF-κB
plays an important role in CS-induced lung inflamma-
tion. Consistent with these observations, we also found
that CS exposure significantly enhanced nuclear accu-
mulation of p65 NF-κB and promoted NF-κB DNA
binding activity, suggesting that CS exposure induces
NF-κB activation in mouse lung. Anto et al. showed that
cigarette smoke condensate (CSC)-induced NF-κB acti-
vation is comparable with that of TNF, and is not cell
type-specific because CSC can promote the activation of
NF-κB in human histiocytic lymphoma U937 cells,
Jurkat T cells, lung cells (H1299), and head and neck
squamous cell lines (1483 and 14B) [18]. Moreover, the
activation of NF-κB is also enhanced in alveolar
macrophages and peripheral lungs of smoker and
patients with COPD [7]. All of these results suggest
that NF-κB activation is involved in CS-mediated lung
inflammation. Inhibition of NF-κB activation by admin-
istration of IKKβ/IKK2 inhibitor PHA-408 profoundly
attenuates CS-induced acute lung injury [8]. Similar
observation was obtained in our study, in which Ber
protects against CS-induced lung pro-inflammatory
response via suppressing the activation of NF-κB,
evidenced by suppressing of pulmonary edema, less
inflammatory cell influx into BALF, lower secretion of
BALF pro-inflammatory cytokines and chemokines, in
terms of MIP-2, TNF-α, IL-6, and MCP-1. Moreover, in
human lung epithelial cells, curcumin downregulates CS-
induced NF-κB activation, which is correlated with
suppression of cyclooxygenase-2, matrix metalloproteinase
(MMP-9), and cyclin D1 [19]. These observations suggest
that suppression of NF-κB could serve as a new therapeutic
approach to treat CS-induced lung inflammation.

CS has adverse effects on general lung health as it
causes inflammatory lung injury and alveolar epithelial
damage supported by animal models [20, 21]. Although
clinical features of chronic exposure to CS-mediated
lung injury are not as acute and profound as these in
animal studies [22], animal models of CS-induced acute
lung injury may offer a histological or biochemical base

Fig. 5. The effects of Ber on nuclear translocation and DNA binding
activity of NF-κB in CS-treated mice. a Nuclear translocation of p65
NF-κB was measured by Western blot analysis. Histone protein was
used as an internal control to monitor equal protein loading (top). The
bar graph shows the relative levels of nuclear p65 NF-κB (bottom). b
Nuclear NF-κB DNA binding activity in the lungs was analyzed by
EMSA using radiolabeled NF-κB oligonucleotide. p65 antibodies
were incubated with the nuclear extracts prior to addition of rad-
iolabeled probe to visualize supershift-retarded bands in the NF-κB
complex. The specificity of NF-κB DNA binding was identified by
adding excess of nonlabeled NF-κB oligonucleotides or nonlabeled
mutated NF-κB oligonucleotides to mouse lung nuclear extracts. C
control group, CS cigarette smoke group, Ber CS-treated mice with
berberine pretreatment group. 1 control group; 2 cigarette smoke
group; 3 CS-treated mice with berberine pretreatment group; 4 l-
ung nuclear extracts of CS group incubated with radiolabeled pr-
obe together with nonlabeled NF-κB oligonucleotides; 5 lung
nuclear extracts of CS group incubated with radiolabeled probe
together with non-radiolabeled mutated NF-κB oligonucleotide. 6
lung nuclear extracts of CS group incubated with p65 antibodies
prior to addition of radiolabeled probe. Data are presented as m-
ean±SD (n04). *P<0.01 vs. normal air-exposed control group;
#P<0.01 vs. CS-exposed group.
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upon which additional insults could bring out clinical
manifestations more quickly. In line with this hypothesis
that smokers are prone to lung inflammation and
pulmonary edema, an association between cigarette
smoking and risk of acute lung injury/acute respiratory
distress syndrome has been found in a 15-year cohort
study [23]. Thus, in the present study, the protective
effects of Ber on CS-mediated acute lung injury provide
a therapeutic possibility in pulmonary inflammation in
CS-induced chronic airway disease, such as COPD, an
inflammatory disease mainly associated with exposure to
CS [2]. Although the mechanism of how CS leads to
COPD is still unclear, it is well established that NF-κB
activation is implicated in the production of many
inflammatory mediators present in the COPD lung
[24]. Therefore, the NF-κB signaling pathway may
represent a therapeutic target to suppress the inflam-
mation associated with COPD. Our results indicated
that Ber has inhibitory effects on NF-κB activation in
CS-mediated acute lung injury. We propose that Ber
may have potential in the treatment of CS-induced
inflammation (e.g., COPD), via attenuating the
inflammatory cascade closely associated with NF-κB
activation. Nevertheless, further studies are required
to determine the potential clinical usefulness of Ber
in the anti-inflammatory therapy for chronic CS
exposure-induced lung diseases. The underlying
mechanism of how Ber regulates NF-κB signaling
pathway deserves further investigation, which was
not touched upon in the present study. Taken
together, our results indicated that Ber ameliorates
CS-induced inflammation and NF-κB activation in
acute lung injury.
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