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In defense of the internal and external environment of the lung airway, airway epithelial cells play important

roles in resisting external microorganisms, toxic gases, sensitizing substances, and maintaining the stability of

the internal environment of the airway. C57Bl/6 mice were exposed to ozone for 4 days (30 min/day) to in-

duce lung injury. Airway responsiveness was measured using barometric whole-body plethysmography.

Hematoxylin and eosin (HE) staining was used to detect pathological changes of the lung. Bronchoalveolar la-

vage (BAL) was performed to count the number of macrophages and neutrophils. 16HBE14o- cells were ex-

posed to ozone for 30 min. 3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium bromide was used to detect

cell proliferation. Reactive oxygen species (ROS), lactate dehydrogenase (LDH), and catalase (CAT) in lung

tissues and cells were also measured. The mRNAand protein expressions were detected by qPCR and western

blot. We found that emodin attenuated ozone-induced airway hyperresponsiveness and lung inflammation in

vivo. Emodin reduced the production of ROS, increased the expression of antioxidant enzymes, and attenu-

ated the oxidative damage in vivo. In vitro studies showed that emodin also decreased ROS generation and

LDH release and enhanced CAT activity. Emodin attenuates ozone-induced TLR4, MyD88, and NF-êB ex-

pression. Emodin has anti-inflammatory and antioxidant properties through the modulation of the

TLR4-MyD88-NF-êB pathway in ozone-induced lung injury.
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INTRODUCTION

As the first line of defense of the internal and external

environment of the lung airway, airway epithelial cells play

important roles in resisting external microorganisms, toxic

gases, sensitizing substances, and maintaining the stability of

the internal environment of the airway [1, 2]. Repeated in-

jury of airway epithelial cells and barrier dysfunction be-

tween epithelial cells increase the permeability of the epithe-

lial layer, which promotes the entry of inhaled particulate

matter and antigens into the subepithelial layer, triggers im-

mune response, activates intracellular signal transduction,

enhances secretory activity, causes inflammation, and leads

to lung injury [3].

Oxidative stress and inflammatory response are the key

events in pathogenesis [4]. Oxidative stress refers to the pro-

cess of oxidative damage caused by the imbalance between

the production and elimination of oxygen free radicals in or-

ganisms or cells, resulting in the accumulation of reactive

oxygen species (ROS) in the body and cells. The stimulation

of pollutants, allergens, bacteria, and ozone in the external

environment can induce ROS production by airway epithe-

lial cells [5 – 7]. Excessive ROS can increase the permeabil-

ity of cell membranes, cause cell damage, and increase LDH

release. Oxidative stress also stimulates redox-sensitive sig-

naling pathways and drives the transcription of pro-inflam-

matory mediators [8, 9].

At present, glucocorticoids are widely used in the clinic

for lung damage [10 – 12]. However, glucocorticoids are as-

sociated with many side effects, such as hypercortical syn-

drome, ulceration, osteoporosis, aggravated infection, and

drug withdrawal reaction [13]. Exploring new medicines will

bring great hope for patients with lung damage. Emodin is an

anthraquinone derivative, which is the main effective mono-

mer of rhubarb and many herbal plants. Studies show that it

has many pharmacological effects, such as anti-inflamma-

tory and bacteriostasis [14], immune regulation [15], antioxi-

dation [16], and anticancer [17]. Emodin can attenuate bleo-

mycin-induced pulmonary fibrosis via anti-inflammatory

and anti-oxidative activities in rats [18]. Our previous studies

also found that emodin has anti-inflammatory and antioxi-
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dative effects [19]. In this study, we establish an oxidative

damage model with ozone in vitro and in vivo, observe the

antioxidative and anti-inflammatory effects of emodin on air-

way epithelial cells under ozone stress and explore the possi-

ble mechanisms.

MATERIALS AND METHODS

Chemicals

The ozone exposure cabinet was self-made. The outlet of

the ozone generator (Shandong Jinggong Haoyi Instrument

Co., Ltd., Jinan, China) was shunted to the cabinet to create a

uniform ozone environment. The concentration of O
3
in the

cabinet was determined by national standard 504-2009 ingot

blue second reading acid vehicle spectrophotometry (once

per hour). Emodin, dexamethasone injection, and red blood

cell lysis buffer were ordered from Sigma (St. Louis, MO,

USA). Pentobarbital was purchased from Abbott Labora-

tories (Abbott Park, IL, USA). Diff-Quick reagents were

from Baxter Scientific (Miami, FL, USA). Lactate

dehydrogenase (LDH) and catalase (CAT) assay kits were

ordered from Nanjing Jiancheng Bioengineering Research

Institute (Nanjing, China). DMEM/F-12 medium, newborn

bovine serum, penicillin, and streptomycin were ordered

from Hyclone. A RNeasy Fibrous Tissue Mini Kit was pur-

chased from Qiagen (Hilden, Germany). A SuperScript

First-Stand Synthesis System Kit was ordered from

Invitrogen (Carlsbad, CA, USA). TLR4 monoclonal anti-

body (Ab22048), MyD88 monoclonal antibody (ab135693),

and NF-�B p65 (phospho S276) Polyclonal antibodies

(ab194726) were ordered from Abcam. Enhanced

chemiluminescence reagent was ordered from Pierce

(Rockford, IL, USA).

Mice and Grouping

Forty-eight female C57Bl/6 mice (6–8 weeks old) were

purchased from the animal experimental center of Central

South University (Changsha, People’s Republic of China)

and maintained in the animal facilities on a 12-h light/dark

cycle with food and water available. All experiments were

performed according to the institutional guidelines of the an-

imal ethics committee of Central South University

(Changsha, People’s Republic of China).

The mice were divided into six groups randomly: control

group, ozone group, ozone +10 mg/kg emodin group,

ozone + 40 mg/kg emodin group, ozone + 80 mg/kg emodin

group, and ozone + dexamethasone group. Eight mice were

used for each group (n = 8). The concentration of ozone was

controlled at 1.5 � 0.2 ppm; the modeling condition was es-

tablished. Mice were stressed with ozone (1.5 ppm) for 4

days, 30 min a day. Control mice were exposed to normal air.

Emodin dissolved in normal saline (10, 40, or 80 mg/kg) or

dexamethasone injection (5 mg/kg) was given by daily

intraperitoneal bolus injection 1 h after ozone exposure [20].

The lung tissues and BALF were collected 6 h after the last

ozone exposure.

Measurement of Airway Responsiveness In Vivo

Airway responsiveness was measured using barometric

whole-body plethysmography by recording airflow and re-

spiratory pressure curves (Buxco; EMKATechnologies,

Paris, France) in response to inhaled histamine. Airway re-

sponsiveness was expressed in pulmonary resistance (RL),

which was determined by multiple linear regressions from

transpulmonary pressure and airflow [21].

Hematoxylin and Eosin Staining

Mice were sacrificed with an overdose of pentobarbital

(100 mg/kg intraperitoneally. The lungs were inflated to a

pressure of 25 cm H
2
O with 10% formalin, harvested en

bloc, fixed overnight, embedded in paraffin, and sectioned at

5 ìM. Hematoxylin and eosin staining was performed.

Histological analysis was performed under an optical micro-

scope (OLYMPUS BX41, OLYMPUS, Tokyo, Japan) and

photographed at �400 magnification.

Bronchoalveolar Lavage

Mice were injected intraperitoneally with 100 mg/kg of

pentobarbiturate (Abbott Laboratories), and then sacrificed

by exsanguination. The trachea was cannulated by using a

20-gauge catheter. Bronchoalveolar lavage (BAL) was per-

formed twice with 0.8 mL of ice-cold phosphate-buffered sa-

line (PBS; pH 7.4) each. The BAL fluid was spun at 1500

rpm for 5 min at 4°C, and supernatant was collected. The

pelleted cells were harvested, and red cells were lysed by in-

cubating the cell pellet for 5 min at room temperature in red

blood cell lysis buffer. Cells were washed and resuspended in

cold PBS. The total cells were determined by counting on a

hemocytometer. For differential cell counting, cells

(50,000 per slide) were spun onto glass slides, air-dried,

fixed in ethanol, and stained with Diff-Quick reagents. The

number of macrophages and neutrophils in 500 cells was

counted based on morphology.

Assay of ROS

Fresh lung tissue was immediately cut into 10-mi-

cron-thick frozen sections and dyed with nuclear fluorescent

dye (Hoechst) and reactive oxygen fluorescent probe

dihydroethidium at 37°C for 20 min, and then rinsed with

0.01 M PBS three times, for 30 sec each time. Photographs

were observed under fluorescence microscope.

Assay of LDH and CAT Activity in the Lung

Mouse lung tissues were homogenated. LDH and CAT

assay kits were used to determine the concentration of LDH

and CAT. As the substrate, TMB was transformed into blue

under the catalysis of peroxidase and finally yellow under

the action of acid. The absorbance (OD value) was deter-
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mined at a wavelength of 450 nm by Tecan Sunrise, and the

sample concentration was calculated [22].

Cells Culture and Ozone Stress In Vitro

16HBE14o- cells, a generous gift from Dr. Dieter C

Gruenert, University of California San Francisco, is an im-

mortalized human brain microvascular endothelial cell line.

The cells were cultured in DMEM/F-12 medium (Hyclone)

supplemented with 10% newborn bovine serum (Hyclone),

100 U/mL penicillin, and 100 U/mL streptomycin (Hyclone).

Cells were cultured at 37°C with 5% CO
2
. When cells

reached 80% confluence, they were stressed with ozone

(1.5 ppm) for 30 min with or without incubation by emodin

or dexamethasone (20 µmol/l) for 12 h [23].

Cell Proliferation Analysis

3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium

bromide (MTT) is cleaved by mitochondrial dehydrogenases

to formazan crystals in metabolically active cells and this

method is used to detect viable cells. MTT diluted ten times

from a stock solution of 5 mg/mL was added to the 96-well

plate. The cells were then incubated for 4 h and solubilized

in dimethylsulfoxide. Absorption was measured at a wave-

length 490 nm. The proportion of viable cells was expressed

as a percentage of the control [23].

Measurement of Intracellular ROS, LDH Release and CAT

Activity In Vitro

We used DCFH-DA Molecular Probes to measure the

intracellular ROS according to the manufacturer’s protocol

with a few modifications. Briefly, after the proper treatments,

cells were washed with PBS and incubated in pre-warmed

PBS containing the probes in a final working concentration

of 5 �M for 30 min at 37°C. Intracellular ROS fluorescence

intensity (488 nm/518 nm) was detected by a fluorometer

[23].Levels of LDH in the culture media were determined us-

ing an LDH assay kit, LDH concentrations were measured

by enzyme-linked immunosorbent assay (ELISA; Tecan

Sunrise) at 440 nm. CAT activity was measured by the rate of

decrease in hydrogen peroxide absorbance at 240 nm by

ELISA.

Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from the isolated mouse lung

tissues by the RNeasy Fibrous Tissue Mini kit. The concen-

tration of RNA was determined by optical density at 260 nm

(GeneQuant RNA/DNA calculator; Pharmacia LKB

Biochrom, Cambridge, UK). RNA was reverse transcribed

into complementary DNA with a SuperScript First-Stand

Synthesis System for reverse transcription polymerase chain

reaction (RT-PCR) kit. The sequences of oligonucleotide

primers are shown in Table 1. The PCR cycles were per-

formed in a thermal cycler (iCycler; Bio-Rad, Hercules, CA,

USA). After the amplification reaction, PCR products were

subjected to electrophoresis in a 1% agarose gel and stained

with ethidium bromide. Densitometry was performed using

the Quantity One TM software package (Bio-Rad) and nor-

malized against �-actin.

Western Blotting

After treatment with different reagents, the cells were

washed with ice-cold PBS, and lysed in lysis buffer (50 mM

Tris–HCl [pH 8.0], 150 mM NaCl, 1 mM ethylenediamin-

etetraacetic acid, 1% Triton X-100, and 100 mg/mL

phenylmethylsulfonyl fluoride) on ice for 20 min. After

centrifugation at 16,0000 g for 5 min at 4°C, the supernatants

(50 µg proteins) were analyzed by 10% SDS-PAGE and then

electrophoretically transferred to nitrocellulose membranes

(Invitrogen, Carlsbad, CA, USA). After blocking for 2 h with

5% fat-free milk at room temperature, the membranes were

incubated with either anti-human TLR4 monoclonal anti-

body (1:500 dilution) or anti-human MyD88 monoclonal an-

tibody (1:500 dilution), or anti-NF-�B p65 (phospho S276)

polyclonal antibody (1:1000 dilution) and then reacted with
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TABLE 1. Primers for reverse transcription polymerase chain reac-

tion

Gene Primer

h-�-actin Forward 5�-GGATTCCTATGTGGGCGACGA-3�

Reverse 5�-GCGTACAGGGATAGCACAGC-3�

h-TLR4 Forward 5�-TTTGGACAGTTTCCCACATTGA-3�

Reverse 5�-AAGCATTCCCACCTTTGTTGG-3�

h-MyD88 Forward 5�-GGCTGCTCTCAACATGCGA-3�

Reverse 5�-CTGTGTCCGCACGTTCAAGA-3�

h-NF-�B Forward 5�-AACAGAGAGGATTTCGTTTCCG-3�

Reverse 5�-TTTGACCTGAGGGTAAGACTTCT-3�

Fig. 1. The assessment of airway reactivity. Airway resistance was

measured after different concentrations of methacholine stimulation

(dose 1: 0.39 mg/mL; dose 2: 0.78 mg/mL; dose 3: 1.56 mg/mL;

dose 4: 3.12 mg/mL) stimulation to evaluate airway reactivity.

*p < 0.05 vs control;
#
p < 0.05 vs ozone.



HRP-conjugated secondary antibody. Protein bands were vi-

sualized with an enhanced chemiluminescence reagent. Rela-

tive protein expression abundance was carried out by nor-

malizing to the amount of �-actin.

Statistical Analysis

All data were expressed as mean and SE. The numerical

data were analyzed using unpaired Student�s t test. The dif-

ferences between groups were analyzed using the one-way

ANOVA with Student–Newman–Keuls multiple comparison

tests. *P < 0.05 or **P < 0.01 was considered statistically

significant.

RESULTS

Emodin Attenuates Ozone-Induced Airway

Hyperresponsiveness In Vivo

To verify the success of animal models, airway respon-

siveness to aerosolized histamine was tested. We measured

the changes in airway resistance after treatment with differ-
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Fig. 2. The assessment of lung inflammation. A shows the pathological changes and the lung; B shows the bronchoalveolar lavage cells.

**p < 0.01 vs control;
##
p < 0.01 vs ozone. DXM dexamethasone.

Fig. 3. The effects of emodin on oxidative damage in vivo. A shows the reactive oxygen species (ROS) level in each group; B shows the lactate

dehydrogenase (LDH) release in each group. C shows the catalase (CAT) activity in each group. *p < 0.05 vs control;
#
p < 0.05 vs ozone;

**p < 0.01 vs control;
##
p < 0.01 vs ozone.



ent concentrations of histamine challenge in control and

OVA-sensitized mice. As shown in Fig. 1, the value of RL

for the ozone-induced mice was higher than for the control

mice. Thus, ozone-induced mice showed airway hyperres-

ponsiveness in vivo. Emodin decreased the ozone-induced

airway hyperresponsiveness dose-dependently. However,

there was no significant difference between emodin group

and dexamethasone group (p > 0.05).

Emodin Attenuates Ozone-Induced Lung Inflammation

In Vivo

The lung tissues in the control group showed normal ar-

chitecture with clear alveolar spaces. Inflammatory cells in-

filtrated into the lung interstitium and alveolar spaces after

exposure to ozone. Treatment with emodin decreased the in-

flammatory infiltration in ozone-treated mouse lungs, espe-

cially at the dose 40 mg/kg (Fig. 2A). Ozone exposure also

induced significant increases in total BAL cells, compared

with those in control mouse lungs (Fig. 2B). The BAL cells

were attenuated after treatment with emodin, especially at

the dose 40 mg/kg. However, there was no significant differ-

ence between the emodin group and the dexamethasone

group (p > 0.05).

Emodin Protects Against Ozone-Induced Oxidative Damage

on Lung In Vivo

Reactive oxygen species, LDH, and CAT were used to

assess the effects of emodin on ozone-induced oxidative in-

jury. Ozone stress resulted in increased release of LDH and

ROS (Fig. 3A and B). Emodin relieved the release of LDH

and ROS induced by ozone. Interestingly, the mean levels of

LDH were lower in 10 mg/kg and 40 mg/kg of the emodin

group. As shown in Fig. 3C, ozone stress decreased the ac-

tivities of CAT in mouse lung homogenates. Emodin re-

versed the reduction in the activities of CAT, especially at the

dose of 40 mg/kg. The efficacy in the emodin 40 mg/kg

group was stronger than that of the dexamethasone group

(p < 0.05).

The Effect of Emodin on 16HBE14o- Cell Viability

To explore the effect and mechanism of emodin on oxi-

dative damage, we cultured 16HBE14o- cells. We first ob-

served the effect of different concentrations of emodin on

cell viability through MTT. We found that 0.1 �M, 1 �M,

10 �M, and 50 �M emodin had no influence on cell viability.

100 mM emodin decreased the cell viability; p < 0.01

(Fig. 4).

Emodin Decreases ROS Generation, LDH Release,

and Enhances CAT Activity in 16HBE14o-cells

We examined the ROS, LDH, and CAT levels after treat-

ment with different concentrations of emodin. We found that

different concentrations of emodin had no effects on ROS

production and LDH release in normal 16HBE14o-cells, but

enhanced the CAT activity at 50 �M (Fig. 5A–C). 1 �M and

10 �M emodin significantly inhibited the ozone-induced

ROS generation and LDH release. 10 �M and 50 mM

emodin reversed the inhibition of catalase activity induced

by ozone (Fig. 5D–F). We also found that 10 �M emodin had

a similar effect to dexamethasone on ROS generation, LDH

release, and CAT activity (Fig. 5G–I). However, there was no

significant difference between the emodin group and the

dexamethasone group (p > 0.05).

Emodin Attenuates Ozone-Induced TLR4, MyD88,

and NF-�B expression

As shown in Fig. 6, ozone stress significantly enhanced

the expression of TLR4, MyD88, and NF-�B at both mRNA

(Fig. 6A–C) and protein levels (Fig. 6D–F). Emodin reduced

ozone-induced upregulation of TLR4, MyD88, and NF-�B

mRNA and protein in 16HBE14o- cells.

DISCUSSION

In this study, we explore the effect of emodin on lung in-

jury induced by ozone in vivo and in vitro. Our results sug-

gest that emodin might reduce the production of ROS, in-

crease the expression of antioxidant enzymes, and reduce the

oxidative damage caused by ozone. The TLR4-MYD88-

NF-�B signaling pathway may be involved in this process.

Emodin is an anthraquinone derivative. A great number

of studies showed that emodin can reduce cellular oxidative

stress induced by various insults and drugs. Emodin attenu-

ates acetaminophen-induced hepatorenal oxidative stress and

glutathione status [24]. Emodin acts as a potent free radical

scavenger and provides nephroprotection against cisplatin-

induced oxidative stress by reversing cisplatin-mediated sup-

pression of antioxidant enzymes in HEK 293 cells [25].

Emodin protects mouse lung from CS-induced lung inflam-

mation and oxidative damage [26]. In this study, we assessed
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Fig. 4. The effects of emodin on 16HBE14o- cell viability.

3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium bromide assay

was used to assess the influence of different concentrations of

emodin (0.1 mM, 1 mM, 10 mM and 50 mM) on cell viability.

**p < 0.01 vs control.



the effect of emodin on oxidative stress lung damage induced

by ozone and found that emodin decreased the oxidative

stress by increasing the activities of antioxidant enzymes

(CAT) and decreasing the production of ROS and the release

of LDH.

Bronchial epithelial cells play a critical role in the main-

tenance of homeostasis in the airway local microenvi-

ronment through antioxidation, exocrine/endocrine secre-

tions, mucus production, and antigen presentation [27].

When the lung and airway are exposed to environmental pol-

lutants, ozone, and other stressors for a long time, they pro-

duce oxidative damage [28] and inflammation [29, 30].

Ozone is highly oxidative. When the ozone is inhaled di-

rectly into the airway, the airway epithelial cells are oxidized

and damaged, accompanied by increased ROS release [31].

Excessive ROS can cause lipid peroxidation, damage the

structure and function of the cell membrane, increase the per-

meability of the cell membrane, and increase the release of

LDH [32, 33]. So, we employed ozone to induce oxidative

stress in this study to observe the effect of emodin on lung

damage induced by ozone. The experiment of pulmonary re-

sistance (RL) showed high RL after treatment with ozone, in-

dicating that the model was successful. Emodin dose-de-

pendently decreased the ozone-induced airway

hyperresponsiveness. Our results suggested that ozone stress

resulted in the increased release of LDH and ROS. Emodin

relieved the release of LDH and ROS induced by ozone. The

BAL cells were attenuated after treatment with emodin.

Therefore, emodin can attenuate the ozone-induced oxidative

injury and inflammation.

For the mechanism of emodin, studies showed that

emodin can inhibit the TLR4 signaling pathway to attenuate

induced by LPS in several tissues, such as liver and the

mesentery [34, 35]. Both oxidative damage and inflamma-

tion are closely related to the activation of Toll-like receptor

4 (TLR4) pathway. TLR4 is the key receptor of airway epi-
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Fig. 5. The effects of emodin on oxidative damage in vitro. A–C showed the effect of different concentrations of emodin on reactive oxygen

species (ROS), lactate dehydrogenase (LDH), and catalase (CAT) in 16HBE14o- cells; D–F showed the effect of different concentrations of

emodin on ROS, LDH, and CAT in 16HBE14o- cells induced by ozone; G–I showed the effect of 10 mM emodin on ROS generation, LDH re-

lease and CAT activity. *p < 0.05 vs control;
#
p < 0.05 vs ozone; **p < 0.01 vs control;

##
p < 0.01 vs ozone. DXM dexamethasone



thelium after ozone stress. Steven R. Kleeberger’s research

showed that TLR4 was the most sensitive gene to ozone

stress after the whole genome quantitative trait locus analysis

[36]. TLR4 ligands can be divided into exogenous and en-

dogenous ligands according to their source. Exogenous lig-

ands mainly come from pathogenic microorganisms and are

conservative components in the evolution of microorgan-

isms, such as bacterial lipopolysaccharides, mural acids,

peptidoglycan, etc. Endogenous ligands come from host

cells, such as degradation components of extracellular ma-

trix, some necrotic cell debris, defensins, etc. Endogenous

ligands are released during stress or tissue damage. TLR re-

ceptor dimerization occurs after recognition of ligands,

which triggers the activation of downstream signaling path-

ways and biological effects [37]. We found that emodin pro-

tected against ozone-induced lung injury by decreasing

ozone-induced inflammatory infiltration into mouse lungs,

and attenuating TLR4.

NF-�B is a central nuclear transcription factor that regu-

lates the expression of several genes, which play a funda-

mental role in the regulation of inflammation. Numerous

stimuli, including ozone-induced lung injury can activate

NF-�B signaling. The NF-�B activated by reactive species

can translocate to the nucleus, regulating the transcriptional

activation of the target genes, such as the expression of

proinflammatory cytokines. Studies showed that ozone-in-

duced airway hyperresponsiveness is dependent on the

TLR4-MyD88-TIRAP signaling pathway. By activating

TLR4, MyD88, and TIRAP, the levels of tumor necrosis fac-

tor-
 (TNF-
), interleukin-1 � (IL-1�), monocyte

chemotactic protein-1 (MCP-1) were increased, which in-

creased inflammation and oxidative damage [38]. Thus, we

observed the effect of emodin on signaling. We found that

ozone increased the expression of the p65 subunit of TLR4,

MyD88, and activated NF-�B complex in airway epithelial

cells. Emodin decreased the expression of TLR4, MyD88,

and NF-�B.

In conclusion, ozone stress can induce lung injury, which

leads to activation of TLR4-MyD88-NF-�B signaling path-

way. Emodin reduced the production of ROS, increased the

expression of antioxidant enzymes, and attenuated the oxida-

tive damage of airway epithelial cells, which were induced

by ozone. The TLR4-MyD88-NF-�B signaling pathway con-

tributes to the process.
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