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Abstract

Chronic obstructive pulmonary disease (COPD) is characterized by persistent airflow

limitation and abnormal inflammatory response. Wnt/b-catenin and AMP-activated

protein kinase (AMPK) have been shown to modulate lung inflammatory responses

and injury. However, it remains elusive whether Wnt/b-catenin and AMPK modu-

late nuclear factor erythroid-2 related factor-2 (Nrf2)-mediated protective responses

during the development of emphysema. Here we showed that treatment with a

Wnt pathway activator (LiCl) reduced elastase-induced airspace enlargement and

cigarette smoke extract (CSE)-induced lung inflammatory responses in WT mice,

which was associated with increased activation of Nrf2 pathway. Interestingly, these

effects of LiCl were not observed in Nrf2�/� mice exposed to elastase. In normal

human bronchial epithelial (NHBE) cells, Wnt3a overexpression up-regulated,

whereas Wnt3a knockdown further down-regulated the levels of Nrf2 and its target

proteins heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase 1

(NQO1) by CSE treatment. In contrast, Nrf2 deficiency did not have any effects on

Wnt/b-catenin pathway in mouse lungs and NHBE cells. Both elastase and CSE

exposures reduced AMPK phosphorylation. A specific AMPK activator metformin

increased Wnt3a, b-catenin, Nrf2 phosphorylation and activation but reduced the

levels of IL-6 and IL-8 in NHBE cells and mouse lungs exposed to CSE. Furthermore,

Nrf2 deficiency abolished the protection of metformin against CSE-induced increase

in IL-6 and IL-8 in NHBE cells. In conclusion, Nrf2 mediates the protective effects

of both Wnt3a/b-catenin and AMPK on lung inflammatory responses during the

development of COPD/emphysema. These findings provide potential therapeutic

targets for the intervention of COPD/emphysema.
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1 | INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a chronic lung dis-

ease, which is characterized by a progressive airflow obstruction

along with abnormal inflammatory responses (bronchiolitis) and alve-

olar destruction (emphysema).1 Cigarette smoking (CS) is the main

aetiological factor for the development of COPD. CS contains vari-

ous toxic chemicals including reactive aldehydes, quinones and semi-

quinones in puff.2 CS also causes endogenous reactive oxygen

species release from recruited macrophages and neutrophils, which

further induces inflammatory responses and subsequent lung injury.

Therefore, the modulation for redox balance plays pivot roles in reg-

ulating inflammatory response, which could be therapeutic targets

for COPD/emphysema treatment. However, there is still lack of full

understanding of molecular mechanisms underlying abnormal inflam-

matory responses in COPD.

Wnt/b-catenin is an evolutionarily conserved cellular signalling

system that involves in embryonic development, homoeostatic self-

renewal and pathogenesis of human diseases.3 In the absence of Wnt

signals, b-catenin is phosphorylated and degraded by destruction com-

plex including Axin, adenomatous polyposis coli (APC) and glycogen

synthase kinase (GSK)-3b. Upon Wnt activation, b-catenin translocates

to the nucleus and then associates with TCF/LEF family transcription

factors to activate target gene expression. Wnt/b-catenin has been

shown to increase proliferation of lung epithelial cells during lung

epithelial injury and repair.4 Furthermore, Wnt3a activation can inhibit

neutrophils influx into the alveolar airspace of injured lungs as well as

experimental emphysema.5 However, the molecular mechanisms

underlying the protection of Wnt signal against COPD are unknown.

Nuclear factor erythroid-2-related factor-2 (Nrf2) is a master

transcription factor, which protects against oxidative stress by induc-

ing the expression of anti-oxidative genes including NQO1 and HO-

1. It is well-known that Nrf2 protects against the development of

emphysema in rodents.6-9 A recent study demonstrates that Wnt3a

stabilizes Nrf2 by preventing its GSK-3-dependent phosphorylation

and degradation in hepatocytes.10 Furthermore, AMP-activated pro-

tein kinase (AMPK) has been shown to activate Nrf2, which links to

GSK-3b inhibition.11,12 However, it is unknown whether Nrf2 medi-

ates the protection of Wnt3a and AMPK against pulmonary emphy-

sema. We hypothesize that Wnt3a/b-catenin and AMPK co-regulate

Nrf2, thereby modulating lung inflammatory and injurious responses

during the development of COPD/emphysema.

2 | MATERIALS AND METHODS

2.1 | Mice and drug administration

Nrf2�/� mice with C57BL/6J background were kindly provided by

the Jiangsu Province Institute of Traditional Chinese Medicine, Nan-

jing, China, which were originally purchased from the Jackson Labo-

ratory, USA (Order number:3363093). These mice were bred by

crossing Nrf2�/� and C57BL/6J wild-type (WT) mice, and main-

tained with free access to water and food in the laboratory of the

Animal Center of Anhui Medical University, Hefei, China with a

12:12 light–dark cycle, 35% humidity. Age-matched Nrf2�/� mice

and WT littermates were intratracheally injected with porcine pan-

creatic elastase (PPE, 80 U/kg body weight, SLBH3907V; Sigma,

Munich, Germany) once to induce pulmonary emphysema.13 Same

volume of saline was intratracheally injected as a control. LiCl

(F1409041, Aladdin reagent Co., LTD. Shanghai, China) was dis-

solved in sterile water, which was daily administered through

intraperitoneal injection at a dose of 200 mg/kg/bw/day for 7 days

since the second day after PPE injection. All of the mice were anaes-

thetized by intraperitoneal injection of 10% chloral hydrate (0.1 mL/

kg) at day 21 post PPE exposure, and then, the animals were killed.

In separate experiments, C57BL/6J mice were injected daily for

3 days with CSE (20%, 100 lL) through intratracheal instillation, and

we treated these mice with LiCl (200 mg/kg, ip), metformin

(250 mg/kg, oral gavage) or their vehicle (sterile water) 2 hours

before CSE administration. Mice will be killed at 24 hours post-CSE

administration. Animal study was approved by the Anhui Medical

University Animal Care Committee, and performed in accordance

with the guidelines from the Care and Use of Laboratory Animals

published in the NIH.

2.2 | Histopathology and immunohistochemistry
(IHC)

Mouse left lungs were inflated with 1% low melt agarose

(SLBH4354V; sigma, USA) at a pressure of 25 cm H2O and then

fixed with 4% neutral paraformaldehyde for 24 hours. Tissues were

embedded in paraffin, sectioned (5 lm) and stained with haema-

toxylin and eosin (H&E). Mean linear intercept (Lm) was measured to

show this verity of alveolar destruction as we previously described.14

Briefly, Lm was calculated in each sample based on 10 random fields

and observed at a magnification of 9200 using a cross-line. The

sample slides were incubated with primary antibody against Mac-3

(ab22506; Abcam, USA,1:1000) and Ly6G (sc-168490; Santa Cruz,

1:250) for detecting of lung macrophages and neutrophils by IHC,

respectively. After staining, the slides were examined under a light

microscope by a photograph documentation facility (Olympus,

Tokyo, Japan). Integrated optical density (IOD) of positive cells in

each sample (at least 3 random microscopic fields per lung section,

9400) was analysed by Image pro-plus 6.0 software.15

2.3 | Cell culture and treatments

Human normal bronchial epithelial (NHBE) cells were obtained from

the American Type Culture Collection (Cat#: CRL-2078; Manassas,

USA), and cultured in RPMI-1640 media (Gibco, USA) supplemented

with 15% foetal bovine serum (FBS; Gibco, USA), 100 U/mL penicillin

and 100 U/mL streptomycin at 37°C in a humidified atmosphere con-

taining 5% CO2. The cells were pretreated metformin (0.8 mmol/L,

O0615AS; Meilun Biotech Co., Ltd, Dalian, China), human recombinant

Wnt3a (rhWnt3a, 25 ng/mL, 5036-WN-010/CF; R&D, USA), or LiCl

(10 mmol/L) for 24 hours before treatment with CSE.
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2.4 | Preparation of CSE

Research grade cigarette (3R4F, University of Kentucky, Lexington,

KY) contains 17.1 mg of total particulate matter (TPM), 15 mg of

tar and 1.16 mg of nicotine. CSE was extracted by bubbling smoke

from one cigarette into 10 mL serum-free media with a vac-

uum pump. CSE preparation was standardized by measuring the

absorbance and adjusting to a pH of 7.45, which showed little vari-

ation between different batches of CSE. In the end, CSE was ster-

ile filtered by 0.45 lm filter. We defined 100% CSE as one

cigarette smoking in 10 ml medium with OD value 1.00 � 0.05 at

320 nm wavelength.16,17 CSE was freshly prepared, and diluted

with culture media supplemented with 15% FBS immediately

before use for experiments. Control medium was prepared at the

same procedure.

2.5 | Immunofluorescence

The cells were fixed with 4% paraformaldehyde for 20 minutes and

then washed with PBS and permeabilization with 0.1% Triton 9100.

After blocking with 5% BSA for 30 minutes at room temperature,

the cells were incubated with the anti-Nrf2 antibody (1:200) at 4°C

overnight. Cells were rinsed with PBS for 3 times and added with

FITC-conjugated goat anti-rabbit IgG (ZF-0311; Beijing, China,

1:200) for 1 hour. 6-diamidino-2-phenylindole (DAPI) (C1005; Bey-

otime Institute of Biotechnology, Shanghai, China) was employed to

identify the nucleus. The images were captured by an Olympus

UTBI90 Fluorescence microscope with the appropriate filters and

identical acquisition parameters at 9200 magnification.

2.6 | Statistical analysis

All the relevant data are expressed as mean � SD. One-way ANOVA

following LSD test or Dunnett’s T3 test were performed for multiple

comparisons. The statistical analyses were conducted using the SPSS

13.0 software, and the values of P < .05 were considered to be sta-

tistically significant.

3 | RESULTS

3.1 | Wnt activation protected against PPE-induced
airspace enlargement and inflammatory cells influx in
WT but not in Nrf2�/� mice

To determine the role of Nrf2 in Wnt/b-catenin-mediated protection

against emphysema, we treated WT and Nrf2�/� mice with a Wnt

signal activator (LiCl). Intratracheal injection of PPE caused the alve-

olar destruction (increased Lm), leading to emphysema in WT mice,

which was further augmented in Nrf2�/� mice (Figure 1A). Interest-

ingly, LiCl treatment significantly decreased the damage of alveolar

structure in WT but not Nrf2�/� mice exposed to PPE. Next, we

determined the infiltration of macrophages and neutrophils into lung

interstitium of both WT and Nrf2�/� mice through IHC staining. We

found that the abundance of Mac-3 and Ly6G was significant

F IGURE 1 Wnt activation protected
against PPE-induced airspace enlargement
and inflammatory cells influx in WT but
not in Nrf2�/�mice. WT and Nrf2�/� mice
were subjected to PPE (80 U/kg,
endotracheal injection) followed by LiCl
treatment (ip, 200 mg/kg/bw/day). A, Lung
sections from each mouse were stained
with H&E, and the visualization of alveolar
structure was examined with a light
microscope 9200. B, Macrophages and
neutrophils influx into mouse lungs were
determined by IHC using Mac-3 and Ly6G
antibodies, respectively. The visualization
was represented with a light microscope
9400. Histogram bars represent
means � S.D. (n = 3-4 per group).
**P < .01, vs the corresponding saline
groups; ##P < .01, vs the corresponding
PPE-exposed groups
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increased in lung tissues of both WT and Nrf2�/� emphysematous

mice (Figure 1B). These inflammatory cells infiltration were signifi-

cant reduced by LiCl treatment in WT mice but not in Nrf2�/� mice

exposed to PPE (Figure 1B). These results demonstrate that LiCl

treatment attenuates inflammatory responses and airspace enlarge-

ment in WT mice but not Nrf2�/� mice.

3.2 | Wnt activation increased Nrf2 levels and
decreased IL-6 protein in PPE-inducedWT but not
Nrf2�/� mice

The effect of LiCl on Nrf2 signal during PPE-induced pulmonary

emphysema was determined by western blot analysis. It revealed

F IGURE 2 Wnt activation increased
Nrf2 levels and decreased IL-6 protein in
PPE-induced WT but not Nrf2�/�mice.
Lung tissues from mice were subjected to
Western blot for determining b-catenin,
Nrf2, HO-1, NQO1 and IL-6 levels. There
presentative bands were obtained from
different gels for repeated experiments.
After densitometry, the values of proteins
were normalized against b-actin. Data
were shown as mean � SD (n = 3-4 per
group). **P < .01, vs the corresponding
saline groups; #P < .05, ##P < .01, vs the
corresponding PPE-exposed groups

F IGURE 3 Wnt activation decreased
IL-6 and KC levels in lung BAL fluid and
homogenates in mice intratracheally
injected with CSE. Lung BAL fluid and
homogenates were used for IL-6 and KC
detection by ELISA. Mice were
intratracheally injected with CSE (20%,
100 lL) followed by LiCl treatment (ip,
200 mg/kg/bw/day). Lung BAL fluid (A)
and homogenate (B) were used to detect
IL-6 and KC by ELISA. Histogram bars
represent means� SD (n = 3-4 per group).
**P < .01, vs the corresponding saline
groups; ##P < .01, vs the corresponding
CSE-exposed groups
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that PPE injection reduced b-catenin and Nrf2-dependent proteins

HO-1 and NQO1 (Figure 2). LiCl treatment increased levels of Nrf2,

HO-1 and NQO1 in WT, but not in Nrf2�/� mice exposed to PPE.

Similarly, LiCl reduced lung IL-6 levels in WT but not in Nrf2�/�

mice exposed to PPE (Figure 2). However, the level of b-catenin was

not altered by Nrf2 deletion. These results suggest that Nrf2 medi-

ates the protection of Wnt3a activation against PPE-induced lung

inflammatory responses.

3.3 | Wnt activation decreased IL-6 and KC levels
in lung BAL fluid and homogenates in mice
intratracheally injected with CSE

CS is a key factor for the development of lung inflammatory and

injurious responses in COPD/emphysema. To determine whether

Wnt signal modulates inflammatory responses to CS exposure, we

administered CSE (20%) daily for 3 days through intratracheal

F IGURE 4 Wnt3a increased the Nrf2 activation and decreased IL-6 levels in NHBE cells exposed to CSE. A, Different concentrations of
rhWnt3a (0, 12.5, 25 ng/mL) were added to NHBE cells for 24 h. B, NHBE cells were treated with rhWnt3a (25 ng/mL) for 24 h before
treated with CSE (1%) for 48 h. Related proteins of Wnt/b-catenin and Nrf2 pathways: Wnt3a, b-catenin, Nrf2, HO-1, NQO1 and IL-6 were
detected by Western blot. C, Dual immunofluorescence in NHBE cells for Nrf2 (green) and nuclei (blue) was visualized by DAPI staining. White
arrows indicated the nuclear translocation of Nrf2. Scale bars represent 100 lm. D, Wnt3a siRNA was transfected in NHBE cells before
treatment with CSE (1%) for 48 h. Related proteins of Wnt/b-catenin and Nrf2 pathways: Wnt3a, b-catenin, Nrf2, HO-1, NQO1 and IL-6 were
detected by Western blot. Representative bands were obtained from different gels for repeated experiments. After densitometry analysis, the
values of proteins were normalized against b-actin. Data were shown as mean � SD (n = 3-4 per group). **P < .01, vs the corresponding
control groups; ##P < .01, vs the corresponding CSE-exposed groups
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injection into C57BL/6J mouse lung. CSE injection caused increase

in IL-6 and KC in lung BAL fluid and homogenates (Figure 3). Treat-

ment with LiCl attenuated the levels of IL-6 and KC in BAL fluid and

lung homogenates in mice injected with CSE (Figure 3). These data

suggest that LiCl reduces CS-induced lung inflammation.

3.4 | Wnt3a increased the Nrf2 activation and
decreased IL-6 levels in NHBE cells exposed to CSE

First, we assessed cell viability by MTT assay in response to various con-

centrations of CSE (0%-4%) for 24 and 48 hours. Treatment with CSE

higher than 1% significantly decreased cell viability in NHBE cells (Fig-

ure S1A). Hence, we investigated the effects of CSE (0, 0.25%, 0.5%, 1%)

on the Wnt/b-catenin and Nrf2 pathway proteins at 24 and 48 hours by

Western blot. As shown in Figure S1B and C, the levels of Wnt3a, b-

catenin, Nrf2, HO-1 and NQO1 were increased after CSE treatment for

24 hours, but reduced at 48 hours. Due to the highest changes in these

proteins in NHBE cells treated with CSE (1%) for 48 hours, we utilized

this CSE concentration and time in following experiments. Lung epithe-

lium is one of the first targeting cells to CS. Therefore, we determined

the regulation of Nrf2 by Wnt3a in NHBE cells exposed to CSE. Next,

we determined the effects of Wnt3a on Nrf2 signals and IL-6 levels

using Wnt3a recombinant protein and knockdown approaches. Treat-

ment with rhWnt3a (up to 25 ng/mL) for 24 hours increased their levels

in NHBE cells (Figure 4A). As shown in Figure 4B, treatment with

rhWnt3a (25 ng/mL) for 24 hours increased not only Wnt3a/b-catenin

but also Nrf2, HO-1 and NQO1 levels by CSE treatment (1%) in NHBE

cells. CSE-induced increase in IL-6 was significantly reduced by rhWnt3a

(25 ng/mL). Immunofluorescence also showed the increasing nuclear

translocation of Nrf2 after rhWnt3a treatment (Figure 4C). Furthermore,

the responses observed in Figure 4B were reversed by Wnt3a siRNA

transfection (Figure 4D). Nrf2 siRNA further increased IL-6 levels by

F IGURE 5 Wnt3a activation decreased IL-6 level via Nrf2 in NHBE cells exposed to CSE. A, Nrf2 siRNA were transfected into NHBE cells for
6 h; then, the rhWnt3a (25 ng/mL) was added to cells for 24 h before treated with CSE (1%) for 48 h. Related proteins of Wnt/b-catenin and
Nrf2 pathways: Wnt3a, b-catenin, Nrf2, HO-1, NQO1 and IL-6 were detected by Western blot. There presentative bands were from different
gels for repeated experiments. After densitometry analysis, the values of proteins were normalized against b-actin. B, Nrf2 siRNA were
transfected into NHBE cells for 6 h; then, the LiCl (10 mmol/L, 24 h) was added to cells for 24 h before treated with CSE (1%) for 48 h. Level of
pro-inflammatory cytokines including IL-6 and IL-8 in cell supernatants was measured by ELISA. Data were shown as mean � SD (n = 3-4
per group). **P < .01, vs the corresponding control groups; #P < .05, ##P < .01, vs the corresponding CSE+Wnt3a or CSE+LiCl group
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CSE. However, Nrf2 siRNA transfection had no effects on Wnt3a or b-

catenin protein in NHBE cells regardless of CSE exposure (Figure S2).

Altogether, these findings further support the notion that Wnt3a

activates Nrf2-dependent signals but reduces IL-6 levels in NHBE cells

exposed to CSE, and Nrf2 protects against CS-induced lung inflamma-

tory responses but does not affect Wnt3a.

F IGURE 6 AMPK reduction in lungs of PPE-induced emphysematous mice, and AMPK increased p-Nrf2 level in NHBE cells exposed to CSE.
A, Mice were subjected to PPE (80 U/kg, endotracheal injection). Lung tissues from mouse were subjected to Western blot analysis for AMPK,
p-AMPK. B, NHBE cells were treated with different concentrations of metformin (0, 0.1, 0.2, 0.4, 0.8, 1.6 mmol/L) for 24 h. C, Metformin
(0.8 mmol/L) was given to NHBE cells for 24 h before treated with CSE (1%) for 48 h. Related proteins: p-AMPK, p-Nrf2, HO-1 and b-catenin
were detected by Western blot. Presentative bands were obtained from different gels for repeated experiments. Data were shown as mean �SD
(n = 3-4 per group). **P < .01, vs the corresponding control groups; #P < .05, ##P < .01, vs the corresponding CSE-exposed groups

F IGURE 7 Metformin decreased IL-6 and IL-8 levels via Nrf2 in NHBE cells exposed to CSE. Nrf2 siRNA were transfected into NHBE cells
for 6 h, and then, metformin (0.8 mmol/L) was added to cells for 24 h before treated with CSE (1%) for 48 h. Level of pro-inflammatory
cytokines IL-6 and IL-8 in cell supernatants were measured by ELISA. Data were shown as mean�SD (n = 3-4 per group). **P < .01, vs the
corresponding control groups; ##P < .01, vs the corresponding CSE+Metformin group
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3.5 | Wnt3a activation decreased IL-6 level via
Nrf2 in NHBE cells exposed to CSE

To further determine whether Wnt3a reduces IL-6 through Nrf2 sig-

nal, we treated with Wnt3a (25 ng/mL) for 24 hours in NHBE cells

transfected with Nrf2 siRNA. As expected, rhWnt3a treatment

increased the levels of Nrf2, HO-1 and NQO1 but decreased IL-6

levels (Figure 5A). In contrast, the effect of rhWnt3a on IL-6, HO-1

and NQO1 was attenuated in NHBE cells transfected with Nrf2 siRNA

in response to CSE treatment (Figure 5A). Similarly, Nrf2 knockdown

by siRNA transfection abolished the protection of LiCl (10 mmol/L,

24 hours) against CSE (1%)-induced increase in IL-6 and IL-8 release

from NHBE cells (Figure 5B). These results suggest that Wnt3a

reduces IL-6 by activating Nrf2 in NHBE cells.

3.6 | AMPK reduction in lungs of PPE-induced
emphysematous mice, and metformin decreased IL-6
and IL-8 levels via Nrf2 in NHBE cells exposed to CSE

AMPK facilitates Nrf2 phosphorylation and nuclear translocation for

antioxidant response element (ARE)-driven gene transactivation.11,18

Hence, we determined phosphorylation of AMPK (p-AMPK) in

emphysematous lungs induced by PPE by Western blot. As shown in

Figure 6A, the level of p-AMPK was significantly reduced in lung of

emphysematous mice. To further determine whether AMPK plays an

important role in Nrf2-dependent signals, NHBE cells were pre-

treated with a pharmacological activator of AMPK metformin prior

to CSE treatment (1%) for 48 hours. As shown in Figure 6B, treat-

ment with metformin (0-1.6 mmol/L) for 24 hours significantly

increased the level of AMPK in NHBE cells. CSE-induced reduction

in p-AMPK, p-Nrf2, b-catenin and Nrf2 target gene product HO-1

was significantly increased after metformin (0.8 mmol/L) treatment

for 24 hours in NHBE cells (Figure 6C).

Next, we determined whether activated AMPK attenuates

inflammatory responses via Nrf2. We treated metformin (0.8 mmol/

L) for 24 hours in NHBE cells transfected with Nrf2 siRNA in

response to CSE (1%) incubation. Metformin significantly decreased

IL-6 and IL-8 levels determined by ELISA in scramble siRNA trans-

fected NHBE cells exposed to CSE (Figure 7). However, these pro-

tective effects of metformin were abolished in NHBE cells

transfected with Nrf2 siRNA (Figure 7). These results suggest that

Nrf2 partially mediates the protective role of AMPK against CSE-

induced inflammatory responses in human lung epithelial cells.

3.7 | Metformin decreased IL-6 and KC levels in
lung BAL fluid and homogenates in mice
intratracheally injected with CSE

Although we have shown that AMPK attenuates PPE-induced

emphysema,19 it remains elusive whether metformin decreases

F IGURE 8 Metformin decreased IL-6 and KC levels in lung BAL fluid and homogenates in mice intratracheally injected with CSE. Lung BAL
fluid (A) and homogenates (B) were used for detecting IL-6 and KC by ELISA. Mice were intratracheally injected with CSE (20%, 100 lL)
followed by metformin treatment (250 mg/kg, oral gavage). Histogram bars represent means�SD (n = 3-4per group). **P < .01, vs the
corresponding saline groups; ##P < .01, vs the corresponding CSE-exposed groups
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CS-induced inflammatory response in mouse lungs. We administered

metformin (250 mg/kg, oral gavage) to C57BL/6J mice 2 hours

before intratracheal injection of CSE (20%, 100 lL) daily for 3 days.

We found that metformin significantly reduced CSE-induced increase

in IL-6 and KC levels in BAL fluid and homogenates in mice (Fig-

ure 8). These results suggest that AMPK activation reduces lung

inflammatory responses to CS.

3.8 | Metformin increased the Nrf2 activation via
Wnt3a/b-catenin pathway in NHBE cells exposed to
CSE

To further determine the relationship between AMPK and Wnt3a/b-

catenin pathways to the effect of Nrf2 activation, we treated met-

formin (0.8 mmol/L) for 24 hours in CSE-exposed NHBE cells. These

results showed that metformin significantly increased Wnt3a and

b-catenin levels (Figure 9A). However, the effects of metformin on

Nrf2 and b-catenin were attenuated in NHBE cells transfected with

Wnt3a siRNA (Figure 9B). Altogether, these date suggest that AMPK

partially effects the activation of Nrf2 and CSE-induced lung inflam-

mation, at least in part, mediated by increasing Wnt3a/b-catenin

pathway activity.

4 | DISCUSSION

The pathogenesis of COPD comprises several major cellular events,

including inflammatory responses, oxidative stress, protease/antipro-

tease imbalance and cellular senescence.2,20 COPD is a complex dis-

ease with progressive destruction of functional lung tissue with few

effective therapies.1,21 These highlights the need for searching new

molecular targets and active pathways involved in the progression of

this disease. Here, we reported that activation of Wnt pathway by

LiCl and AMPK by metformin protected against lung inflammatory

responses and airspace enlargement, which is mediated by Nrf2

signal.

In addition to Keap1, Nrf2 can be subjected to SCF/b-TrCP-

dependent ubiquitination and proteasomal degradation in a GSK3b-

dependent but b-catenin-independent manner.10,22 GSK-3b is one of

the b-catenin destruction complexes in Wnt pathway as the previ-

ously described.5,23 Although Wnt/b-catenin pathway has been

shown to protect against the development of COPD/emphysema,5,24

it remains unknown whether these protective effects are mediated

by Nrf2. Our findings have shown that Wnt activation by LiCl atten-

uated elastase-induced emphysema and CS-induced inflammatory

responses, which was not observed in Nrf2�/� mice. This suggests

F IGURE 9 Metformin increased the Nrf2 activation via Wnt3a/b-catenin pathway in NHBE cells exposed to CSE. A, Metformin (0.8 mmol/
L) was given to NHBE cells for 24 h before treated with CSE (1%) for 48 h. Related proteins: Wnt3a and b-catenin were detected by Western
blot. B, Wnt3a siRNA were transfected into NHBE cells for 6 h; then, the metformin (0.8 mmol/L) was added to cells for 24 h before treated
with CSE (1%) for 48 h. Proteins of Wnt3a, b-catenin and Nrf2 were detected by Western blot. Representative bands were obtained from
different gels for repeated experiments. Data were shown as mean � SD (n = 3-4 per group). *P < .05, **P < .01, vs the corresponding control
groups; #P < .05, ##P < .01, vs the corresponding CSE-exposed groups
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that Nrf2, at least partially, mediates the protective role of Wnt acti-

vation against the development of emphysema. Although elastase-

induced lung injury is a reasonable model of emphysema,25,26 future

study using CS exposure in mice would further confirm the role of

Wnt/Nrf2 axis in development of emphysema. In the present study,

we only measured the levels of IL-6 and KC cytokines in mouse

lungs, the determination of other cytokines, such as CXCL-1, TNF-a,

MMP-9, using the Luminex Multiplex assays in future studies would

unravel the changes in pro-inflammatory mediator profile. It is also

unknown whether LiCl-dependent GSK3b inhibition causes the inter-

action between b-catenin and Nrf2 in elastase instillation and CS

exposure, which needs further investigation.

Wnt signalling is complex including several components. The

intracellular Wnt signalling has at least 2 kinds: the canonical Wnt

pathway (b-catenin-dependent) and the non-canonical Wnt signalling

including Wnt/Ca2+ pathway. Non-canonical Wnt signalling is inde-

pendent of b-catenin transcriptional function.Wnt3a major locates in

the bronchial and alveolar epithelial cells, which mediates the canoni-

cal Wnt pathway27 and has been reported to potently stimulate

b-catenin-dependent Wnt signalling in vitro. Wnt5a is expressed in

both epithelium and mesenchyme in the lung and is involved in non-

canonical Wnt signalling.28,29 Wnt3a and Wnt5a have shown to

drive either pro- or anti-inflammatory responses in different dis-

eases. For example, reduced Wn3a but increased Wnt5a were

observed in rat lungs under endotoxin insult.30 Further study to

determine the expression of Wnt5a during the development of

emphysema would differentiate roles of Wnt3a and Wnt5a. It is also

interesting to note that Wnt3a/b-catenin proteins were increased in

NHBE cells treated with CSE for 24 hours but was reduced by CSE

treatment for 48 hours. This may be due to the posttranslational

modification leading to their degradation by longer treatment of

CSE, which needs further investigation.

AMPK is a cellular metabolic sensor which is activated by an

increase in the intracellular AMP/ATP ratio and other cellular stres-

ses.31,32 AMPK acts on a wide variety of substrates and coordinate

multiple pathways involved with metabolism and inflammatory

responses.33,34 It has been shown that AMPK can activate Nrf2 by

promoting Nrf2 phosphorylation and nuclear translocation.11 We

found that AMPK was de-activated in mouse lungs with emphysema

and CSE-treated NHBE cells. Although we and others have shown

that AMPK protects against lung inflammatory responses and

airspace enlargement using pharmacological and genetic

approaches,19,35 it is not known whether this protection is mediated

by Nrf2. Using Nrf2 siRNA in NHBE cells, we found that Nrf2 defi-

ciency diminished the protection of metformin against CSE-induced

pro-inflammatory mediator release. This suggests that AMPK pro-

tects against CS-induced inflammatory responses by activating Nrf2

pathway. Nevertheless, the treatment of metformin in Nrf2�/� mice

is required to determine whether Nrf2 is needed for the protection

of AMPK against CS-induced emphysema.

Upon translocated into nucleus, Nrf2 binds to the ARE in the

upstream promoter region of many anti-oxidative genes (eg, NQO1,

F IGURE 10 Schematic overview of
Nrf2 signalling crosstalk to both Wnt3a/b-
catenin and AMPK pathway in COPD/
emphysema
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HO-1, glutathione S-transferase) and initiates their transcription. This

explains that major function of Nrf2 is to protect against oxidative

stress by inducing the production of anti-oxidants. We found

increased inflammatory responses in Nrf2 KO mice exposed to elas-

tase or CSE-treated cells transfected with Nrf2 siRNA. This may be

due to increased oxidative stress in Nrf2 deficient cells which leads

to increased inflammatory responses to CS.

AMPK crosstalks with Wnt signal in regulating cell functions.36-39

For example, AMPK can phosphorylate b-catenin at Ser 552, which

stabilizes b-catenin and enhances b-catenin/TCF mediated transcrip-

tion.40 GSK3, an important functional protein of Wnt pathway, is

also linked to AMPK. A recent study revealed that GSK3 inhibits

AMPK function though forming a stable complex with AMPK regula-

tory subunit AMPK b and catalytic subunit AMPK a.38 In our study,

we found that AMPK activation by metformin significantly increased

the level of WNT pathway ligand protein Wnt3a. Nevertheless, it is

unknown whether AMPK competes with Wnt ligands or GSK3b in

phosphorylating b-catenin thereby modulating Wnt signal during the

development of emphysema.

CS exposure only reproduces the mild aspects of emphysema

but requires 4-6 months of duration.41 Therefore, we utilized the

elastase-induced emphysema model, where lung injury develops

rapidly and severely. This is relatively easy (one time injection) and

cheap (do not need smoke machine/facility) to assess the effects of

LiCl on the development of emphysema.26 Nevertheless, future stud-

ies using CS exposure model would provide more convincing data

regarding the role of Wnt3a and AMPK on airspace enlargement and

lung function decline in COPD/emphysema.

In conclusion, we demonstrated that Wnt3a/b-catenin signalling

selectively suppressed the expression of the pro-inflammatory

responses and airspace enlargement by regulating Nrf2 pathway.

AMPK could promote the activation of Wnt3a/b-catenin and Nrf2

pathways but reduced inflammatory responses to CS exposure. Alto-

gether, Nrf2 as a downstream signal of both AMPK and Wnt path-

ways attenuated lung inflammatory responses and emphysema

(Figure 10). These findings provide new therapeutic possibilities by

targeting Wnt3a/b-catenin and AMPK pathways, as well as activat-

ing Nrf2 in treatment of COPD/emphysema.
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