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Berberine improves airway inflammation and inhibits NF-kB signaling
pathway in an ovalbumin-induced rat model of asthma
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'Department of Neonatology, Yidu Central Hospital, Qingzhou, Shandong, China, and?Department of Pharmacology, Key Laboratory of Applied

Pharmacology of Shandong Province, Weifang Medical University, Weifang, Shandong, China

Abstract

Objectives: Berberine has been reported for its various activities including anti-inflammatory
effects and has been used in treating many diseases. However, its effects on airway inflammation
in asthma have not been investigated. This study mainly aimed to detect its effects on the airway
inflammation and the nuclear factor-kB (NF-kB) signaling pathway activity in a rat model of asthma.
Methods: Asthma was induced by ovalbumin (OVA) sensitization and challenge. The asthmatic rats
were respectively treated with vehicle PBS or berberine (100 mg/kg or 200 mg/kg) for 28 days. The
control rats were treated with PBS. Inflammatory cells in bronchoalveolar lavage fluid (BALF) were
counted and the lung inflammation was scored. Levels of NF-kB p65 (mMRNA and protein), phos-
phorylated NF-kB p65 (p-NF-kB p65), inhibitory kB alpha (IkBa) (mRNA and protein) and phos-
phorylated IkBa (p-lkBa), as well as NF-kB p65 DNA-binding activity, were measured to assess the
activity of NF-kB signaling pathway. Levels of the downstream inflammatory mediators of NF-kB
signaling, IL-1B, IL-4, IL-5, IL-6, IL-13 and IL-17 in BALF, were measured. Besides, the serum levels of
OVA-specificimmunoglobulin (Ig)E were measured. Results: Results showed that OVA increased the
number of inflammatory cells in BALF, elevated lung inflammation scores, enhanced the NF-kB sig-
naling activity and promoted the production of IgE in rats. Berberine dose-dependently reversed
the alterations induced by OVA in the asthmatic rats. Conclusions: The findings suggested a ther-
apeutic potential of berberine on OVA- induced airway inflammation. The ameliorative effects
on the OVA-induced airway inflammation might be associated with the inhibition of the NF-xB
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signaling pathway.

Introduction

Allergic asthma is a chronic pulmonary inflammatory disease
characterized by lung infiltration of macrophages, eosinophils,
lymphocytes and neutrophils [1]. Glucocorticoids are the
major therapy for asthma, but they have many adverse reac-
tions. In addition, glucocorticoids are not effective for some
patients, especially the patients with severe asthma (5%—-10%
of asthmatics) [2]. For these asthmatic patients, there is a
need for alternative or adjuvant drugs targeting the airway
inflammation.

Complex interactions of immune cells have important roles
in the development and progression of airway inflammation.
These cells can augment the inflammatory response by pro-
ducing a number of inflammatory mediators, such as Th2-
associated cytokines [3], Thl7-associated cytokines [4], and
some other pro-inflammatory cytokines [5]. Actually, in addi-
tion to macrophages, eosinophils, mast cells, Th2 cells and
Th17 cells, the structural cells in the airways are also impor-
tant sources of cytokines. Besides promoting inflammatory
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cascade reactions, these cytokines also contribute to many
other pathophysiological features of asthma, such as goblet
cell mucus secretion and airway remodeling. Modulating the
cytokine network has been proven to present a new but chal-
lenging paradigm for treatment of asthma [6].

The cytokine network can be activated by NF-kB, a potent
inflammatory transcription factor that regulates a wide vari-
ety of target genes. NF-kB consists of homo- or heterodimers
of NF-kB1/p50, NF-kB2/p52, RelA/p65, Rel/c-Rel, and RelB
[7]. Among the NF-kB components, NF-kB p65 is a key active
subunit. In the NF-kB siganal transduction pathway, IkBa is a
negative regulator of NF-kB. NF-kB is activated when IkBa is
phosphorylated by IkB kinase. The activated NF-kB translo-
cates into the nucleus where it promotes gene transcription,
leading to the overproduction of some inflammatory cytokines.
It has been reported that the expression of IL-1, IL-6, IL-4,
IL-5, IL-13 and IL-17 are all associated with the activation
of the NF-«kB signaling [8-11]. In turn, these inflammatory
cytokines can also promote the activation of NF-«kB signaling,
which results in complex inflammatory cascade reactions in the
body [12,13].

It has been well demonstrated that the asthmatic individuals
have increased levels of NF-kB activity in allergen-challenged
lungs, airway epithelial cells and macrophages [14]. Further-
more, there is evidence that NF-kB activation is linked to
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uncontrolled/acute exacerbations of asthma [15]. Based on the
crucial role of NF-kB signaling in asthma, suppressing the
over-activation of the NF-kB signaling pathway has been tested
as new therapeutic targets for asthma [16,17].

Many natural compounds that possess anti-inflammatory
activities, such as puerarin, matrine, astragaloside, resveratrol
and curcumin, have been tested to treat asthma [18,19]. These
compounds can ameliorate asthma by various mechanisms.
Berberine is an extract from herbal medicine Coptis chinen-
sis. Berberine has exhibited anti-oxidative, anti-inflammatory,
renoprotective, neuroprotective and some other activities in
animal models and cellular systems. It is now used to manage
many diseases in clinic [20,21].

In an in vitro study, Lee CH found that berberine could sup-
press the productions of pro-inflammatory cytokines induced
by okadaic acid, lipopolysaccharide, hydrogen peroxide, or
ceramide via the inhibition of IkB degradation in human lung
cells [22]. Two recent animal studies showed that berberine
attenuated cigarette smoke-induced lung inflammation in mice
[23,24]. However, it has not been investigated whether berber-
ine can attenuate the airway inflammation in subjects with
asthma and whether this effect is associated with the inhibition
of NF-kB signaling pathway.

Thus, this study was conducted to investigate the possible
effects of berberine on airway inflammation and the activity
of NF-kB signaling pathway in an OVA- induced rat model of
asthma.

Methods

Animals

Forty male Wistar rats (Laboratory Animal Center of Lukang
Company, Jining, China) weighing 220-260 grams were used
in this study. Rats were housed in temperature- controlled room
(24 £ 2°C) with ad libitum access to food and water on a 12:12
light-dark cycle. The protocols of the studies conformed to the
requirements of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by
the Animal Ethics Committee of Yidu Central Hospital. The
animals were randomly divided into four groups (n = 10 per
group): control group, vehicle group, berberine low-dose group
(low-dose group) and berberine high-dose group (high-dose

group).

Induction of asthma by OVA sensitization and challenge

The induction of asthma in rats was conducted as previously
described [25]. Briefly, rats in the vehicle group, the low-dose
group and the high-dose group were sensitized on day 1 and
day 8 by intraperitoneal injection of 1 mg OVA (Sigma Chemi-
cal Co., St. Louis, MO, USA) and 10 mg of aluminium hydrox-
ide (Thermo Scientific Pierce, Rockford, Rockford, IL, USA)
suspended in 2 ml phosphate-buffered saline (PBS.) Seven days
after the last OVA immunization, rats were challenged with 1%
OVA aerosol (dissolved in PBS) generated using an ultrasonic
nebulizer for 28 days (20 minutes per day). Rats in the control
group were sensitized and challenged with PBS only. Figure 1
is a flow diagram of the protocol.
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Figure 1. The flow diagram of the protocol of the study.

Drug treatment

Berberine solution dissolved in PBS was daily given (orally) to
the rats in the low-dose group (100 mg/kg body weight) and the
high-dose group (200 mg/kg body weight) 2 hours before each
1% OVA aerosol challenge for 28 successive days. Rats in the
control group and the vehicle group were treated with the same
volume of PBS only. Figure 2 shows the chemical structure of
berberine.

Inflammatory cell counts in BALF

The animals were sacrificed via overdose of pentobarbital.
The left lung was removed and BALF was prepared by wash-
ing lungs with ice-cold PBS as described elsewhere [26]. The
BALF was immediately centrifuged at 3000 rpm for 10 min
at 4°C. The supernatant was collected and stored at minus
80°C for cytokine investigations. Cells in the BALF were
stained with Wright-Giemsa staining. Differential cell count
was performed by two investigators who were blind to the
groups.

Lung tissue histology

The lower lobe of the right lung was ligatured and removed
for NF-kB signaling assessment. The other part of the right
lung was inflated with 4% paraformaldehyde at the pressure
of 20 cm H,0O and fixed in the 4% paraformaldehyde solu-
tion for 24 h. Then the paraformaldehyde-fixed lung tissue was
embedded in paraffin. The middle lobe of the right lung was
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Figure 2. Chemical structure of berberine.
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used for the histological analysis. Serial S-pm sections were
stained with hematoxylin and eosin. The inflammation was
scored on the scales 0-3 based on the distribution and sever-
ity of inflammation as described elsewhere [26,27]: Scale O:
no inflammation was detectable; scale 1: occasionally inflam-
matory cells was detectable; scale 2: most bronchi were sur-
rounded by a thin layer (1-5 cells) of inflammatory cells;
scale 3: most bronchi or vessels were surrounded by a thick
layer (more than 5 cells) of inflammatory cells. Five randomly
selected tissue sections were analyzed for each rat by two
investigators who were blind to the groups under the light
microscopy.

Assessment of the activity of NF-kB signaling pathway

Tissue samples from the right lung were homogenized
(100 mg tissue/1 ml saline) and centrifuged. The supernatant
was collected. Commercially available ELISA kits (Bangyi
Biotechnology Co. Ltd., Shanghai, China; Cell Signaling Tech-
nology, Beverly Massachusetts, USA) were used to measure
the levels of NF-kB p65, p-NF-kB p65, IkBa and p-IkBa as
described in literature [28,29].

Detection of NF-kB p65 and IkBoo mRNA expression in lung

Total tissue RNA was extracted from the right lung tis-
sue samples with TRIzol reagent (TaKaRa Bio, Dalian,
China). The cDNA synthesized from 2 pg total RNA
was amplified through quantitative real-time reverse tran-
scription PCR analysis. The NF-kB p65 primer sequences
were: forward 5'-TGCAGGCTCCTGTGCGAGTG-3
and NF-kB p65 reverse 5-TCCGGTGGCGATCGTCTG
TGT-3'. The IkBa primer sequences were: forward 5'-
CGTGTCTGCACCTAGCCTCTATC-3" and IkBa reverse
5'-GCGAAACCAGGTCAGGATTC-3'. The f-actin primer
sequences were: forward 5-GCAGGAGTACGATGAGT
CCG-3 and reverse 5'-ACGCAGCTCAGTAACAGT CC-3'.
The PCR program involved 95°C for 30 s and 40 PCR cycles
(95°C for 5 s and 60°C for 30 s). The NF-kB p65 mRNA
expression was normalized to B-actin.

NF-kB p65 DNA binding activity

Nuclear protein was extracted from fresh lung tissue using
a nuclear extraction kit (Active Motif, Carlsbad, CA, USA).
Nuclear protein (10 g) was used to detect NF-kB p65 DNA-
binding activity using TranAM™ NF-«kB p65 Chemi transcrip-
tion factor assay kits (Active Motif, Carlsbad, CA, USA). The
NF-«kB p65 DNA-binding activity was determined by measur-
ing the absorbance at 450.

Measurement of cytokine levels in BALF

Concentrations of cytokines IL-18, IL-4, IL-5, IL-6, IL-13
and IL-17 in BALF were measured using enzyme-linked
immunosorbent assay (ELISA) kits following the manufac-
turer’s instructions (Nanjing Jiancheng Company, Nanjing,
China; R&D Systems, Inc., Minneapolis, MN, USA).
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Figure 3. Changes of the number of inflammatory cells in BALF. Data
are expressed as means + SD. aP<0.05 versus control group; bP < 0.05
versus vehicle group; cP < 0.05 versus low dose group.

Detection of OVA-specific IgE levels in serum

Blood was collected by cardiac puncture and centrifuged to
prepare serum. OVA-specific IgE levels in serum were mea-
sured using ELISA kits (R&D Systems, Inc., Minneapolis,
MN, USA).

Statistical analysis

Data were expressed as mean = SD and analyzed using SPSS
software 13.0. Statistical comparisons were made using a one-
way analysis of variance (ANOVA) followed by the Student—
Newman—Keuls (SNK) test. P < 0.05 was considered statisti-
cally significant.

Results

Berberine reduced the number of inflammatory cells
in BALF

As shown in Figure 3, the vehicle group had much more
eosinophils, macrophages, neutrophil and lymphocytes in
BALF if compared to the control group (P < 0.05). Berber-
ine significantly decreased the number of all these inflamma-
tory cells in a dose-dependent manner in the low-dose group
and the high-dose group, if compared to the vehicle group
(P < 0.05).

Berberine attenuated the leukocyte infiltration in
the lung tissue

The histological detection showed that the vehicle group had
higher inflammation scores than the control group (P < 0.05),
which meant there was significant infiltration of inflammatory
cells in lung tissue of the asthmatic animals. Berberine signifi-
cantly decreased the inflammation scores of the low-dose group
and the high-dose group in a dose-dependent manner if com-
pared to the vehicle group (P < 0.05), indicating that berberine
could dose-dependently reduce the infiltration of inflammatory
cells in the lung tissue of the asthmatic animals (Figure 4).
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Figure 4. Inflammatory score of lung tissue (Hematoxylin and eosin staining x 200). Data are expressed as means £ SD. aP<0.05 versus control group;
bP < 0.05 versus vehicle group; cP < 0.05 versus low dose group. A: control group; B: vehicle group; C: low dose group; D: high dose group.

Berberine inhibited the NF-kB signaling

The expression of NF-kB p65 (mRNA and protein), p-NF-kB
p65 and p-IkBa were markedly increased in the vehicle group
than the control group (P < 0.05). Berberine decreased their
expression in a dose-dependent manner if compared to the
vehicle group. But all the groups had similar IkBa expres-
sion (mRNA and protein) (P > 0.05). In addition, the vehi-
cle group exhibited elevated NF-kB p65 DNA binding activity
if compared to the control group (P < 0.05); whereas berber-
ine decreased the NF-kB p65 DNA binding activity in a dose-
dependent manner if compared to the vehicle group (P < 0.05)
(Figures 5, 6, and 7).

Berberine decreased the levels of pro- and inflammatory
cytokines in BALF

Cytokines are the driving force behind cellular infiltration, air-
way remodeling, and airway hyperresponsiveness in asthma.
Levels of IL-1p, IL-4, IL-5, IL-6, IL-13 and IL-17 in BALF
significantly increased in the vehicle group if compared to the
control group (P < 0.05); whereas berberine decreased levels
of these cytokines in a dose-dependent manner if compared to
the vehicle group (P < 0.05) (Figure 8).
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Figure 5. Levels of the mRNA expression of NF-kB p65 and IkBa of the
rats. Data are expressed as means = SD. aP<0.05 versus control group;
bP < 0.05 versus vehicle group; cP < 0.05 versus low dose group.

Berberine decreased the levels of OVA specific IgE

Animals in the vehicle group produced much higher levels of
OVA-specific IgE than the control rats (P < 0.05). Berber-
ine significantly inhibited the production of OVA-specific IgE
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Figure 6. Levels of NF-kB p65, p-NF-kB p65, IkBa and p-IkBa of the
rats. Data are expressed as means + SD. aP<0.05 versus control group;
bP < 0.05 versus vehicle group; cP < 0.05 versus low dose group.
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Figure 7. The NF-kB p65 DNA binding activity of the rats. Data are
expressed as means = SD. aP<0.05 versus control group; bP < 0.05 ver-
sus vehicle group; cP < 0.05 versus low dose group.
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Figure 8. Levels of cytokines in BALF. Data are expressed as means £
SD. aP<0.05 versus control group; bP < 0.05 versus vehicle group; cP <
0.05 versus low dose group.

in the low-dose group and the high-dose group in a dose-
dependent manner if compared to the vehicle group (P < 0.05)
(Figure 9).

Discussion

Asthma is a chronic inflammatory airway disease with increas-
ing prevalence [30]. Anti-inflammatory therapy is as one
of the fundamental treatments for asthma [31]. The anti-
inflammatory activity of berberine has been reported [22,32].
In this study, we demonstrate that berberine treatment attenu-
ated the OVA-induced infiltration of eosinophils, macrophages,
neutrophil and lymphocytes to the airway, inhibited the over-
activation of NF-kB signaling, and reduced the productions
of cytokines IL-1f, IL-6 IL-4, IL-5, IL-13 and IL-17 in
Wistar rats.

NF-kB signaling is a master regulator of inflammation
and immune processes [33]. The activation of NF-kB occurs
when its negative regulator IkB is phosphorylated by IkB
kinase. Dissociating from IkB, the activated NF-kB (p-NF-«B)
translocates into the nucleus and stimulates the transcription
of its targeted genes [34]. There is increasing evidence that
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Figure 9. Levels of OVA-specific IgE in serum. Data are expressed as
means + SD. aP<0.05 versus control group; bP < 0.05 versus vehicle
group; cP < 0.05 versus low dose group.
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NF-kB signaling is involved in asthma. Increased IkB kinase
expression, IkB degradation (IkB phosphorylation), NF-kB
nuclear localization and NF-kB DNA binding activity have
been found in the airway tissue of the asthmatics [35]. The OVA
(an allergen which is widely used to induce asthma in animals)
challenged animals also showed increased NF-kB activation
in the airway tissue and inflammatory cells [15,36,37].

Mice that lack the NF-kB subunits developed less airway
inflammation [8]. Moreover, suppression of the NF-kB over-
activation by specific NF-kB inhibitor or other agents atten-
uated the lung inflammation in asthmatic animals [17,37,38].
All the evidence supports that NF-kB signaling plays a cru-
cial important role in asthma. In the current study, we found
OVA sensitization and challenge significantly increased lev-
els of NF-kB p65, p-NF-kB p65 and p-IkBa in rats. Consis-
tently, the NF-kB p65 DNA binding activity also dramatically
increased in the OVA-treated rats. The results were consistent
with studies that reported the over-activation of the NF-«B sig-
naling in asthmatic animals and patients [15,36,37].

But, our results revealed that berberine treatment signifi-
cantly decreased levels of NF-kB p65, p-NF-kB p65, p-IkBa
and NF-kB p65 DNA binding activity in the asthmatic rats in a
dose-dependent manner, suggesting that berberine could inhibit
the NF-kB signaling by decreasing the NF-kB p65 expres-
sion and the IkBa degradation (phosphorylation). In addition
to the effects of berberine on the NF-kB signaling we observed
in the asthmatic rats, Liu W also found berberine decreased
the NF-kB expression and restored the IkBa expression in
alloxan-induced diabetic mice with renal injury [39]. Fu K
found berberine hydrochloride attenuated lipopolysaccharide-
induced endometritis in mice by suppressing activation of
NF-kB signaling pathway [40].

Over-production of some types of cytokines is one of the
basic characteristics of asthma. The excessive cytokines induce
a cascade of reactions in the airway and exacerbate asthma
by promoting airway inflammation, inducing airway remod-
eling and increasing hyperresponsiveness. The roles of Th2-
associated cytokines IL-4, IL-5 and IL-13, as well as the pre-
inflammatory cytokines IL-18 and IL-6 in asthma have been
well demonstrated [41,42]. Recently, Th17-associated cytokine
IL-17 has been proven to have a role in asthma [43,44]. As
a transcription factor, NF-kB is involved in the regulation of
the productions of IL-1p, IL-6 IL-4, IL-5, IL-13 and IL-17
[8,10,11].

Consistent with the over-activation of NF-kB, our results
revealed that the OVA-treated rats had significantly increased
levels of IL-1p, IL-4, IL-5, IL-6, IL-13 and IL-17 in BALF.
The changes in levels of the cytokines we observed in this
study were similar to other previous studies [41-44]. How-
ever, berberine treatment dose-dependently inhibited the pro-
ductions of these cytokines in the asthmatic rats. This is in
line with the studies that reported berberine could regulate the
cytokine produciton in other deseases. Based on the important
role of the cytokines in asthma, we suppose that the attenuation
of the cytokine production by berberine should be beneficial for
the amelioration of asthma.

To confirm the therapeutic effects of berberine on the OVA-
induced airway inflammation, we assessed the number of the
inflammatory cells in BALF. Our results showed that the OVA-
treated rats had increased number of eosinophils, macrophages,
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neutrophil and lymphocytes in BALF. But berberine treatment
dose-dependently reduced the number of these cells, indicat-
ing the anti-inflammatory effects on berberine on the OVA-
induced airway inflammation. NF-kB is thought to be impor-
tant for the infiltration and the function of these inflammatory
cells. Delayed eosinophil apoptosis in asthma is a major cause
of prolonged eosinophil inflammation [45].

NF-kB is thought to be important in eosinophil survival
because the inhibition of NF-kB in humans and animals induces
eosinophil apoptosis [46,47]. NF-kB also determines the pro-
ductions of IL-4, IL-5 and IL-13 from Th2 cells, which
stimulate B lymphocyte IgE production [48]. In addtion, the
secretion of numerous cytokines by neutrophils and alveo-
lar macrophages involves NF-kB activation [49,50]. Thus, the
decrease in the number of inflammatory cells and the inhibi-
tion of NF-kB signaling by berberine would be coordinately
beneficial for asthma amelioration. Addtionally, our histolog-
ical examination also showed berberine treatment attenuated
the OVA-induced lung inflammation in a dose-dependent man-
ner in the asthmatic rats. Besides our findings, two recent stud-
ies also demonstrated that berberine ameliorated the cigarette
smoke-induced lung inflammation in mice [23,24].

IgE is critical for allergic immune reaction. IL-4 is required
for B cell maturation and IgE synthesis [51]. In line with the
changes of IL-4, OVA-challenge resulted in very high serum
levels of OVA-specific IgE in rats. Accompanied by the reduc-
tions in IL-4 production and NF-«kB activation, levels of OVA-
specific IgE significantly decreased after berberine treatment.

Collectively, we conclude that berberine can attenuate
the OVA-induced airway inflammation and inhibit the over-
activation of the NF-kB signaling pathway in Wistar rats. But,
the pathophysiological changes of asthma are quite complex.
This study only studied the anti-inflammatory effects of berber-
ine in asthmatic animals. As is known, NF-kB signaling is also
associated with hyperresponsiveness, airway remodeling and
other aspects of asthma. Whether berberine would exhibit
anti-hyperresponsiveness activity, anti-remodeling activity and
other effects through inhibiting NF-kB signaling in asthma
requires further study.
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