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Abstract
COPD (chronic obstructive pulmonary disease) is associated with sustained inflammation, excessive injury, and
accelerated lung aging. Human Klotho (KL) is an anti-aging protein that protects cells against inflammation and
damage. In the present study, we quantified KL expression in the lungs of COPD patients and in an ozone-induced
mouse model of COPD, and investigated the mechanisms that control KL expression and function in the airways. KL
distribution and levels in human and mouse airways were measured by immunohistochemistry and Western blotting.
The effect of CSE (cigarette smoke extract) on KL expression was detected in human bronchial epithelial cells.
Moreover, the effect of KL on CSE-mediated inflammation and hydrogen peroxide-induced cellular injury/apoptosis
was determined using siRNAs. KL expression was decreased in the lungs of smokers and further reduced in
patients with COPD. Similarly, 6 weeks of exposure to ozone decreased KL levels in airway epithelial cells. CSE and
TNFα (tumour necrosis factor α) decreased KL expression and release from airway epithelial cells, which was
associated with enhanced pro-inflammatory cytokine expression. Moreover, KL depletion increased cell sensitivity to
cigarette smoke-induced inflammation and oxidative stress-induced cell damage. These effects involved the NF-κB
(nuclear factor κB), MAPK (mitogen-activated protein kinase) and Nrf2 (nuclear factor erythroid 2-related factor 2)
pathways. Reduced KL expression in COPD airway epithelial cells was associated with increased oxidative stress,
inflammation and apoptosis. These data provide new insights into the mechanisms associated with the accelerated
lung aging in COPD development.
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INTRODUCTION

COPD (chronic obstructive pulmonary disease) is characterized
by irreversible and progressive airflow limitation; this disease
is caused by chronic inflammation and oxidative damage of the
airways and lung parenchyma predominantly induced by chronic
CS (cigarette smoke) exposure [1,2]. COPD is a syndrome that
encompasses various degrees of chronic obstructive bronchitis
and emphysema whereby emphysema is considered to be an im-
portant severity determinant [3]. COPD is also considered to be
an ‘accelerated aging phenotype’ because of the increased preval-
ence of anatomical and physiological features of the aging lung
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that are observed even in younger patients with COPD [4,5].
Aging is associated with increased oxidative stress and shares
several common genetic and molecular mechanisms with inflam-
mation in COPD [5]. Notably, accelerated aging may increase
a pathogenetic susceptibility of human lungs to develop COPD,
but not in directly causing the disease itself.

Klotho (KL) is a type I transmembrane protein with restric-
ted tissue distribution, notably the kidney and brain, that pos-
sesses potent biological activity [6]. KL protein exists as both
a membrane and a secreted form due to either alternative RNA
splicing [7] or proteolytic cleavage of the transmembrane protein
by members of the ADAM (a disintegrin and metalloproteinase)
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family [8]. In mice, loss of KL expression results in various
phenotypes, including atherosclerosis, pulmonary emphysema,
skin atrophy, ectopic calcification, osteoporosis and a shortened
lifespan [9,10], which are all observed in aging humans. Mice
with a KL gene mutation also exhibit alveolar wall destruction,
enlargement of air spaces and a longer expiration time, which
closely resembles pulmonary emphysema in humans. Advanced
age-associated emphysema can be reversed using an inducible
KL expression system [10,11].

Humans also display decreased serous, urinary and renal KL
protein levels with age or with age-related diseases [12–14]. The
inflammatory cytokines TNFα (tumour necrosis factor α) and
TWEAK (TNF-like weak inducer of apoptosis) down-regulate
KL expression in the kidney [15]. In turn, KL regulates oxidat-
ive stress [16] and enables endothelial cells to reduce hydrogen
peroxide (H2O2)-induced apoptosis and cellular senescence [17].
Recently, circulating KL was shown to protect the lung against
injury partly through enhancing the endogenous antioxidative ca-
pacity of pulmonary epithelial cells [18]. KL can also suppress
NF-κB (nuclear factor κB) activation and subsequent inflam-
matory cytokine production in kidney cells [19]. However, these
studies never described how KL deficiency is involved in the
pathogenesis of COPD. The expression and regulation of KL in
human lung and the function of KL in the modulation of oxidative
stress, inflammation and apoptosis in COPD remain unknown.

The airway epithelial cells are not only the first line of defence
in the lungs, but also important effector cells in the pathogenesis
of COPD [20]. We have shown previously in abstract form, for the
first time, that KL is expressed in human bronchial epithelial cells
[21]. We therefore hypothesized that the loss of KL reduces the
protection of human lungs against oxidative damage and chronic
inflammation, thus accelerating the formation of COPD.

MATERIALS AND METHODS

Additional details are provided in the Supplementary Online
Data.

Ethics statement
The protocol was approved by the ethics committee of The First
Affiliated Hospital of Nanjing Medical University. All of the
human lung tissues were obtained from the tissue bank of the
same institution. Animal experiments were performed under a
Project License from the British Home Office, UK, under the
Animals (Scientific Procedures) Act 1986.

Study subjects
Lung tissues were obtained from 59 subjects/patients who were
subjected to resection surgery to treat solitary peripheral car-
cinoma in the First Affiliated Hospital of Nanjing Medical Uni-
versity, and were classified as healthy non-smokers, smokers with
normal lung function and smokers with COPD (according to the
GOLD guidelines [22]). In case of lung cancer, tissues were isol-
ated from more than 5 cm away from the tumour border. Controls
comprised smokers with normal lung function and non-smokers
with normal lung function. No patients had a history of asthma

or renal dysfunction. The clinical characteristics of the patients
are shown in Supplementary Table S1. Additional details are
provided in the Supplementary Online Data.

Emphysema induction in mice
Experiments were performed under a Project Licence from the
British Home Office, U.K., under the Animals (Scientific Pro-
cedures) Act 1986. Eight-week-old male C57BL/6 mice were ex-
posed to ozone at a concentration of 3 p.p.m. for 3 h a day, twice
a week for a period of 1, 3 or 6 weeks as described previously
[23]. Control animals were exposed to normal air. Lung tissues
were obtained for morphological and histological analyses 24 h
after the last exposure. BALF (bronchial alveolar lavage fluid)
was collected to detect KL secretion by ELISA.

Cell culture
Cultured human bronchial epithelial (16HBE) cells were cul-
tured as described previously [24]. In some cases, cells were
pre-treated with SP600125 [JNK (c-Jun N-terminal kinase)
inhibitor], SB203580 [p38 MAPK (mitogen-activated protein
kinase) inhibitor], PD98059 {MEK [MAPK/ERK (extracellular-
signal-regulated kinase) kinase] inhibitor} (all Sigma–Aldrich)
or JSH-23 (NF-κB inhibitor) (Calbiochem) [25–27] before ex-
posure to CSE (cigarette smoke extract). CSE was prepared es-
sentially as described previously [28]. Cell viability was meas-
ured by CCK-8 assay (see Supplementary Figure S1). Subsequent
experiments were conducted using CSE concentrations that did
not affect cell viability. Additional details are provided in the
Supplementary Online Data.

Immunohistochemistry and Western blotting
KL expression was detected using a polyclonal rabbit anti-human
KL antibody (1:500 dilution) as described previously [29]. The
preparation of whole-cell lysates, cytosolic extracts and nuclear
extracts, and Western blot analysis in tissues and cells were as
described previously [30]. Details of antibodies used are given in
the Supplementary Online Data. Additional details are provided
in the Supplementary Online Data.

RT (reverse transcription)–qPCR (quantitative PCR)
Total RNA was extracted from cells using TRIzol® (Invitrogen)
according to the manufacturer’s instructions and qPCR was per-
formed using SYBR Green. Additional details are provided in
the Supplementary Online Data.

Flow cytometry
Apoptotic rate and intracellular ROS (reactive oxygen species)
production by 16HBE cells was determined by flow cytometry as
previously described using annexin V–FITC and propidium iod-
ide and DCFH-DA (2′,7′-dichlorodihydrofluorescein diacetate)
respectively [31]. Additional details are provided in the Supple-
mentary Online Data.

ELISA
Culture medium was centrifuged at 1255 g for 5 min and the su-
pernatant was removed and stored at 80 ◦C until analysis. KL, IL
(interleukin)-1β and TNFα were detected using ELISA kits (IBL
and R&D Systems) according to the manufacturers’ instructions.
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Knockdown of KL expression using siRNA
Three siRNAs specific for human KL (siRNA1, siRNA2 and
siRNA3) or control siRNA (siRNAc) were synthesized by Invit-
rogen and transfected into 16HBE cells using LipofectamineTM

2000 (Invitrogen) according to the manufacturer’s instructions.
Additional details are provided in the Supplementary Online
Data.

Statistical analysis
Results were compared by Mann–Whitney U test, one-way AN-
OVA or Student’s t test as appropriate. P < 0.05 was considered
statistically significant. Statistical analysis was performed us-
ing SPSS 13.0 and GraphPad Prism 5. Data are expressed as
means+−S.E.M. for three independent experiments.

RESULTS

KL expression is decreased in the lung of patients
with COPD
A total of 59 subjects were divided into three groups according to
lung function and smoking status: COPD group, healthy smoking
group, and healthy control group. The clinical characteristics of
the study subjects are shown in Supplementary Table S1. No
difference was observed in pack years between COPD and healthy
smoking groups. The three groups were similar in terms of age
and body mass index.

Immunohistochemistry results demonstrated that KL expres-
sion was mainly distributed along the airway epithelium. KL
expression was reduced in healthy smokers and reduced further
in COPD patients (Figure 1A). Western blot analysis confirmed a
significant reduction in KL expression in healthy smokers com-
pared with non-smokers (1.05+−0.17 compared with 1.51+−0.13,
P < 0.05). KL expression was reduced further in patients with
COPD compared with healthy smoking subjects (0.53+−0.07
compared with 1.05+−0.17, P < 0.05). Overall, a significant 65 %
reduction occurred in KL expression in the lungs of patients with
COPD compared with non-smokers (Figures 1B and 1C).

KL levels are reduced in the airway epithelium and
briefly increased in the BALF of ozone-induced
emphysematous mice
Lung tissue sections stained with haematoxylin/eosin showed ir-
reversible destruction of the alveolar walls and enlargement of
the alveolar spaces in C57B1/6 mice exposed to ozone com-
pared with air controls (Supplementary Figure S2). A similar
KL expression was found along the airway epithelium in 1-
and 3-week ozone-exposed groups compared with air-exposed
mice (Figures 2A and 2B), but a significant reduction occurred
after 6 weeks of ozone exposure (Figure 2C). Secreted KL levels
in BALF were significantly elevated in 3-week ozone-exposed
groups (3.6-fold increase, P < 0.05), but not in 1-week (1.1-fold
increase) or 6-week (1.04-fold decrease) ozone-exposed animals
(Figure 2D).

CSE and TNFα down-regulate KL expression in
bronchial epithelial cells partly via the NF-κB
pathway
CS functions as a major risk factor for COPD, causes injury to
the airway epithelial barrier and initiates various pathological
processes. We initially demonstrated normal cellular viability
after 48 or 72 h of CSE stimulation (Supplementary Figure S1).
Treatment of 16HBE cells with 5 % CSE resulted in a short-
term increase in KL protein expression, followed by a significant
reduction after 72 h exposure (Figure 3A). Similar results were
observed at the mRNA level (Figure 3A). In addition, TNFα

induced a concentration-dependent reduction in KL protein ex-
pression in 16HBE cells (Figure 3B), which was attenuated by
the NF-κB inhibitor JSH23 (Figure 3C). This result was con-
firmed by immunocytochemical staining of KL within cells fol-
lowing TNFα stimulation in the presence and absence of JSH23
(Figure 3D).

CSE and TNFα inhibit KL secretion in 16HBE cells
with an increased release of pro-inflammatory
cytokines
The effect of CSE and TNFα in combination on KL secretion
was also measured. Secreted KL levels were reduced by 5 %
CSE (Figure 4A) and also exogenous TNFα (Figure 4B). The
combination of CSE and TNFα resulted in almost complete sup-
pression of KL release (Figure 4B). Meanwhile, the combination
of CSE and TNFα exposure increased the expression of IL-1β to
a much greater extent than observed with either stimulus alone
(Figure 4C). Their combination also resulted in enhanced TNFα

release after 48 and 72 h (Figure 4D). These results suggest an
inhibited KL expression associated with increased inflammatory
response upon CS exposure.

Endogenous KL plays roles in the inflammatory
process and cell viability in human bronchial
epithelial cells
In reverse experiments, we examined the effect of KL knock-
down on epithelial cell function by using selective siRNAs. KL
knockdown resulted in an 80–95 % suppression of KL protein
and mRNA expression, with siRNA3 being the most effective
(Figure 5A). KL knockdown showed a small, but significant,
decrease in cell viability compared with the control siRNA (Fig-
ure 5B), and was associated with an increase in apoptosis (Fig-
ure 5C). The apoptosis level induced by control siRNA transfec-
tion alone (9.6+−1.3 % compared with 18.5+−1.6 %, P < 0.05) was
enhanced further with individual KL-directed siRNAs (siRNA2:
29.1+−2.5 %, P < 0.05 compared with control siRNA; Figure 5C).
In addition, the mRNA expression of inflammatory cytokines [IL-
6, MCP-1 (monocyte chemoattractant protein 1) and IL-8] was
significantly upregulated by KL knockdown (Figure 5D). How-
ever, no effect on protein secretion was observed (results not
shown).

KL depletion amplifies the sensitivity of airway
epithelial cells to CS-mediated inflammation
KL knockdown increased both IL-8 mRNA expression and pro-
tein release in response to 5 % CSE (Figures 6A and 6D). This
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Figure 1 Klotho expression is significantly reduced in the lung of patients with COPD
(A) KL immunostaining is markedly reduced in COPD patients compared with that in smoking control subjects and healthy
non-smokers (original magnification ×100). (B) Representative Western blots were probed using an anti-KL antibody and
normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as loading control. (C) The immunoblots of KL and the
control GAPDH bands were quantified using a LiCOR image analyser and normalized to GAPDH. Results are means+−S.D.
of the normalized arbitrary scan values of 15 COPD patients, 22 healthy smokers and 22 healthy non-smoking controls.
∗P < 0.05, ∗∗P < 0.001, #P < 0.05.

up-regulation was associated with increased MAPK phosphoryla-
tion (Figure 6B) and enhanced p65/NF-κB nuclear transloca-
tion (Figure 6C). We used the pharmacological inhibitors JSH23,
SP600125, SB203580 and PD98059 (all at 20 μM) to investigate
the pathways involved in KL’s anti-inflammatory functions (Fig-
ure 6D). JSH23 and PD98059, but not SB203580 or SP600125,
significantly inhibited CSE-induced IL8 mRNA expression. This
result indicates that NF-κB and ERK1/2 signalling pathways were
involved in the immunoinflammatory-regulatory functions of KL.

KL deficiency aggravates oxidative-stress-induced
cellular injury partly via Nrf2 consumption in
16HBE cells
The effect of KL knockdown on oxidative damage was also as-
sessed. Cells depleted of KL by using siRNA3 produced more
ROS in response to 200 μM H2O2 than those treated with con-
trol siRNA (Figure 7A). Apoptosis was also significantly in-
creased by KL knockdown in the presence of 200 μM H2O2

(Figure 7B), which may account for the reduced cell viability
observed in response to 5 % CSE (Figure 7C). An enhanced ac-
tivation of Akt/PKB (protein kinase B), p38 MAPK and ERK1/2
pathways was observed in the presence of KL knockdown un-
der the conditions of oxidative stress (Figure 8A and 8B). Fur-
thermore, KL knockdown significantly accelerated Nrf2 (nuclear
factor erythroid 2-related factor 2) consumption and reduced the
ability of the cells to induce an endogenous antioxidant response,

as measured by total Nrf2 expression and nuclear localization
(Figure 8C). Our results suggest that the lack of intercellular KL
increased sensitivity to oxidative stress and exacerbated cellular
injury in bronchial epithelial cells.

DISCUSSION

The present study is the first to demonstrate that KL is mainly
expressed along the human airway epithelium and decreased in
the lungs of healthy smokers compared with non-smokers, but
reduced further in the lungs of COPD patients. KL expression
was also lower in the airway epithelium of ozone-induced em-
physematous mice than in control mice. Intercellular and secreted
KL was down-regulated in 16HBE cells in response to CS expos-
ure and inflammation. Conversely, KL down-regulation promoted
the increased expression of pro-inflammatory cytokines, apop-
tosis and decreased cell viability of human bronchial epithelial
cells. This feedback effect of KL protein aggravates chronic in-
flammation and oxidative injury in the lungs in response to to-
bacco smoking or oxidative stress, which are pathological hall-
marks of COPD [32]. Thus these data provide new insights into
the mechanisms associated with the accelerated lung aging in the
COPD development.

We also for the first time recapitulate the reduction in KL
expression in the ozone-induced mouse model of COPD which
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Figure 2 Klotho levels are reduced in the airway epithelium and transiently increased in BALF of ozone-induced em-
physematous mice
(A–C) Immunohistochemical analysis of the expression of KL protein in airway epithelium of mice exposed to air or ozone
for 1, 3 and 6 weeks (original magnification ×200). KL immunostaining is similar in 1- or 3-week ozone-exposed mice
compared with air controls (A and B), but there was slightest staining for KL in airway epithelial cells of 6-week-exposed
mice (C). (D) BALF was obtained from all mice 24 h after the last exposure to ozone and the secreted KL was determined by
ELISA. There was a significant but transient increase in KL secretion in 3-week ozone-exposed groups (3.6-fold increase,
P < 0.05), but not in 1-week (1.1-fold increase) or 6-week (1.04-fold decrease) ozone-exposed animals. Results are
means+−S.E.M., ∗P < 0.05.

possess many features of COPD [23]. Ozone exposure in mice
induces a persistent airway inflammatory response and em-
physematous changes associated with an increased oxidative
damage in airway epithelial cells. Decreased KL expression was
observed in the lung along with an alveolar enlargement and
damage after 6 weeks of ozone exposure, suggesting that loss of
airway KL expression may be linked to the elevated levels of
inflammation and oxidative injury. We observed a transient in-
crease in secreted KL in BALF after 3 weeks of ozone exposure
only, which correlated with the previous induction of antioxidant
responses such as Nrf2 induction observed after 3 weeks in this
model [23].

The lung is the only organ that reveals age-exacerbated degen-
erative changes, including air space enlargement, which suggests
that it has a greater sensitivity to KL’s actions [10]. KL expres-
sion was decreased in the airway epithelium of healthy smokers
and decreased further in COPD patients, suggesting that factors
additional to CS may be involved in the pathological processes
associated with KL suppression. We speculated that chronic in-
flammation and sustained oxidative injury following CS exposure
probably contributed to further KL deficiency in the lung. Con-
sequently, we examined the processes involved in KL suppression
in airway epithelial cells. The results showed that intracellular
KL levels were reduced by chronic exposure to CSE. In contrast,

C© 2015 Authors; published by Portland Press Limited 1015



W. Gao and others

Figure 3 Cigarette smoke extract (CSE) and TNFα reduce intracellular Klotho expression in an NF-κB-dependent manner
Cells were treated with 5 % CSE for 24, 48 and 72 h, and KL protein was measured by Western blotting. Immunoblots were
quantified using a LiCOR image analyser and normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Similar
results were seen at the KL mRNA level detected by RT–qPCR (A). Cultured 16HBE cells were exposed to TNFα (3, 30 and
300 ng/ml) for 24 h, and KL expression was determined by Western blotting (B). Quantification results are means+−S.E.M.
from three independent experiments (∗P < 0.05, ∗∗∗P < 0.001 compared with the control group). In some experiments,
cells were pre-treated with the NF-κB inhibitor JSH23 (20 μM) for 30 min (C). (#P < 0.01 compared with control and
∗P < 0.05 compared with TNFα). Cells were exposed to medium alone (control, C) or TNFα (T, 30 ng/ml), or pre-treated
with the NF-κB inhibitor JSH23 (20 μM) before TNFα stimulation (T+J) for 24 h and KL expression was determined by
immunofluorescence (D). The green fluorescence in the left-hand panels indicates KL, the blue stain indicates the nucleus,
and the merged panels are on the right. Immunocytochemistry results are representative of at least three independent
experiments.

acute CSE exposure (24 h) resulted in a transient up-regulation of
KL protein and mRNA. In addition, KL expression was reduced
in a concentration-dependent manner by TNFα both acutely and
after more chronic exposure. This indicates that stimuli known to
be important in COPD pathogenesis, such as inflammation and
oxidative stress, could drive the loss of KL expression [33].

Using a pharmacological approach [16], we demonstrated a
key role for the NF-κB pathway in mediating this decrease in
KL expression seen in airway epithelial cells. Although we did
not explore the mechanism of this further, we speculate that NF-
κB may either bind directly to the KL promoter to prevent KL
transcription or that NF-κB acts indirectly by inhibiting PPARγ

(peroxisome-proliferator-activated receptor γ ) or Egr-1 (early
growth response-1) which are known to activate the KL promoter

[16,34–36]. KL secretion was also reduced by CSE and TNFα,
and this was accompanied by an increase in pro-inflammatory
mediators. Considering the two pathways involved in KL se-
cretion [7,8], we speculated that CS and inflammatory cytokine
reduce soluble KL either by inhibiting KL shedding by affecting
ADAM levels or proteolytic activity in addition to suppressing
KL gene transcription.

Given the fact that KL exerts various beneficial functions, in-
cluding its cytoprotection of pulmonary epithelia, it is plausible
that the KL deficiency seen in COPD may either predispose to,
or exacerbate the effects of, exogenous insults causing lung in-
jury [19]. To determine the potential biological roles of reduced
KL in COPD pathogenesis, we established an in vitro human air-
way epithelial cell model of KL depletion and stimulated it with
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Figure 4 CSE and TNFα inhibit Klotho secretion and increase the release of primary pro-inflammatory cytokines in
cultured human bronchial epithelial (16HBE) cells
The supernatant from the cells treated in (A) were collected and KL secretion detected by ELISA. In separate experiments,
16HBE cells were treated with CSE or TNFα, or both (C+T), for 72 h and KL release was measured by ELISA (B). (∗P < 0.05,
∗∗P < 0.01 compared with the control group at 72 h). The 16HBE cells were treated as in (C) and the release of IL-1β was
determined. (∗∗P < 0.01 compared with the control group at 24 h, #P < 0.05, ###P < 0.001 compared with the control group
at 48 h, $$P < 0.01, $$$P < 0.001 compared with the control group at 72 h). Cells were cultured in medium containing 5 %
CSE, exogenous TNFα (30 ng/ml) or both for 24, 48 and 72 h (D). (∗∗P < 0.01 compared with the TNFα group at 48 h,
##P < 0.01 compared with the TNFα group at 72 h). Results are means+−S.E.M. for three independent experiments.

noxious stimuli such as CSE. Intracellular KL deficiency contrib-
uted to up-regulation of pro-inflammatory cytokine expression
(IL-8, IL-6 and MCP-1) and the increased sensitivity of cells
to CSE induced inflammatory processes such as enhanced IL-8
expression, augmented MAPK phosphorylation and p65/NF-κB
nuclear translocation. Unexpectedly, we found that KL knock-
down had no effect on the secretion of cytokines and chemokines.
This may reflect the limited numbers of genes examined and be
linked to various mechanisms controlling their expression. It is
possible that the effect of KL knockdown is to leave the cells
primed to respond to a second signal such as CSE which enhances
the release of these inflammatory mediators from epithelial cells
(Figure 6). These results indicate an intrinsic anti-inflammatory
property of KL and suggest the possibility of a feedforward mech-
anism to amplify the loss of KL over time.

One previous study has shown an anti-inflammatory effect
of KL associated with the reduction in NF-κB activity in kid-
ney cells [19]. In the present study, pharmacological inhibition
of the pathways decreased IL-8 expression, with a greater effect
observed with the NF-κB and ERK inhibitors in KL-depleted
cells compared with control siRNA-exposed cells, providing a
supplement to previous studies and novel intracellular signalling
pathways involved in KL function. Overall, the loss of KL expres-
sion impairs the resistance of the cells to persistent airway insults

and exacerbates irreversible inflammation, which may accelerate
the progression of COPD [37].

Excessive ROS generation initiates inflammatory responses,
regulates cell proliferation, induces apoptosis or causes direct
lung injury, which is involved in COPD pathology [32]. Previous
studies have reported that KL increases resistance to oxidative
injury in endothelial cells via different mechanisms [17,38,39].
In the present study, KL depletion increased the sensitivity of
the airway epithelial cells to oxidative-stress-induced damage
measured by further ROS production, reduced cell viability and
enhanced apoptosis. Phosphorylation of Akt/PKB, ERK1/2 and
p38 MAPK pathways, which possess critical functions in regu-
lating inflammation and oxidative stress in COPD [40], were also
found in KL-depleted cells upon H2O2 exposure.

Nrf2 plays a pivotal role in antioxidant protection in CS-
exposed lungs [41], whereas its gene disruption results in elev-
ated susceptibility to emphysema after CS exposure [42]. In the
present study, oxidative stress activated Nrf2 in a KL-dependent
manner. KL depletion resulted in decreased total Nrf2 expression
and increased nuclear translocation of Nrf2 upon H2O2 expos-
ure. Lau et al. [43] demonstrated that translocating Nrf2 to the
nucleus corresponds to a defensive response in BEAS-2B cells
under oxidative stress, which is also involved in IL-8 expression.
Our results provide evidence suggesting that KL may function as
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Figure 5 Klotho knockdown modulates epithelial cell survival and inflammatory gene expression
(A) Transfection of 16HBE cells with KL siRNAs (siRNA1–siRNA3) significantly down-regulated KL protein and mRNA
expression at 24 h compared with control siRNA (siRNAc) treatment. (B) CCK-8 staining shows that KL knockdown
slightly, but significantly, reduced cell viability compared with control siRNA. (C) KL-directed siRNAs (siRNA1–siRNA3)
induced apoptosis 24 h after transfection as determined by flow cytometry. Representative scatter plots of untreated
control cells (CON), siRNAc-treated cells (NC) and siRNA1–siRNA3-treated cells (KL1019, KL1278 and KL2071) are
shown. Results in the histogram are means+−S.E.M. for three independent experiments. #P < 0.05 compared with
the control group, ∗P < 0.05 compared with control siRNAc. (D) IL6, MCP1 and IL8 mRNA expression significantly in-
creased after KL knockdown. Results are means+−S.E.M. from three independent experiments. (∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001).

an antioxidant to delay the consumption of Nrf2 and attenuate
pro-inflammatory cytokine expression. Although the effect ob-
served on Nrf2 translocation was relatively small, it may, at least
in part, provide a novel antioxidant function for KL that could
contribute to COPD pathogenesis.

The present study has several limitations. The work was per-
formed only in the 16HBE cell line, whereas, ideally, primary
cells from COPD patients and healthy controls should be used.
Several biological roles for KL have been determined, but the
underlying molecular mechanisms are not fully understood.
Whether the up-regulation of KL or the transgenic modifica-
tion of KL slows the progression of COPD in models of disease
should also be determined in future studies.

In conclusion, we are the first to demonstrate that KL de-
ficiency induced by CS or other related risk factors may be a
significant factor to increase the susceptibility of the lung to de-
velop COPD. The study not only provides data for KL expression
in the epithelial cells of human COPD lung, but also explores the
possible role of KL in COPD formation in animal and in vitro
studies, which might provide new insights into the mechanisms
associated with the accelerated lung aging in the COPD devel-
opment. Moreover, considering the role of bronchial epithelial
cells in orchestrating various downstream responses to CS [20],
drugs targeting KL deficiency in the cells may improve excessive
inflammation and oxidative injury without the need for separate
therapies.
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Figure 6 Klotho knockdown modulates cigarette smoke-induced inflammation: role of intracellular signalling pathways
(A) 16HBE cells were treated with KL-directed siRNA3 for 8 h before cells were exposed to 5 % CSE for a further 6 h
and IL-8 release was detected and compared with siRNAc-pre-treated cells. (B) The effects of siRNA3 knockdown of KL
on 5 % CSE-induced MEK/ERK (p-ERK) and p38 MAPK (p-p38) activation was determined after 30 min. (C) In similar
experiments, NF-κB [p-IκB (inhibitor of NF-κB) and IκBα (IκB kinase α)] activation and p65 nuclear translocation was
determined by Western blot analysis after 5 min in nuclear extracts. The p65 nuclear translocation was also studied
by immunofluorescence. Cells were untreated (a) or treated with control siRNA (b) or KL-directed siRNA3 (c) for 8 h
before cells were exposed to 5 % CSE for 5 min. The green fluorescence in the left-hand panels indicates NF-κB/p65
staining, the blue stain indicates the nucleus, and the merged panels are on the right. Results in the histogram as
means+−S.E.M. for three independent experiments. ##P < 0.01, #P < 0.05 compared with the control group; ∗P < 0.05
compared with siRNAc in response to 5 % CSE. (D) The effect of 30 min pre-treatment of NF-κB (JSH23, 20 μM), JNK
(SP600125, 20 μM), p38 MAPK (SB203580, 20 μM) and MEK/ERK (PD98059, 20 μM) inhibitors on the enhanced
mRNA expression of IL-8 observed with 5 % CSE and siRNA3-induced KL knockdown. Results are means+−S.E.M. for
three independent experiments. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 compared with CSE+siRNAc+DMSO-treated cells,
##P < 0.01 compared with CSE+siRNA+DMSO-treated cells, $P < 0.05.
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Figure 7 KL deficiency aggravates oxidative-stress-induced cellular injury
(A and B) Cells were transfected with control siRNA (siRNAc) and three KL-directed siRNAs (siRNA1–siRNA3) for 6–8 h.
After KL knockdown, cells were treated with H2O2 (200 μM) for 24 h, and flow cytometry was performed to determine the
intracellular ROS content using the fluorescent probe DCFH-DA (A) and the apoptotic ratio using annexin V–FITC double
staining (B). Results in the histogram are means+−S.E.M. for three independent experiments. #P < 0.05 compared with
the control, ∗P < 0.05 compared with H2O2+siRNAc-treated cells. (C) In some experiments, the cells were subsequently
exposed to 5 % CSE, and cell viability was determined using the CCK-8 method after 24 h. Results are means+−S.E.M. for
three independent experiments. #P < 0.05 compared with the control group, ∗P < 0.05 compared with CSE+siRNAc-treated
cells.
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Figure 8 KL deficiency aggravates oxidative-stress-induced cellular injury partly via Nrf2 consumption in 16HBE cells
(A) The ability of H2O2 (200 μM) to activate stress kinases was strengthened and the antioxidant transcription factor Nrf2
was attenuated in siRNA3-pre-treated cells compared with siRNAc-pre-treated cells. 16HBE cells were transfected with
control siRNA (siRNAc) and KL-directed siRNA3 for 6–8 h before these cells were treated with H2O2 (200 μM). After 30 min,
cell extracts were collected to detect the phosphorylation of several stress kinases [ERK, p38 and PI3K (phosphoinositide
3-kinase)/PI3K-activated serine/threonine kinase Akt/PKB] by Western blotting. (B) Results are means+−S.E.M. from three
independent experiments (#P < 0.05 compared with the control group, ∗P < 0.05 compared with the H2O2 + siRNAc-treated
cells). (C) The effect of treatments on Nrf2 expression and translocation, with (D) results shown as means+−S.E.M. from
three independent experiments (∗P < 0.05 compared with the H2O2+siRNAc-treated total cell extracts, ##P < 0.01 com-
pared with the H2O2+siRNAc-treated nuclear extracts). Con, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

CLINICAL PERSPECTIVES

� Accelerated aging is linked to several chronic inflammatory
disorders. The role of various anti-aging molecules in the
pathophysiology and disease progression of respiratory dis-
eases such as COPD are under extensive investigation.

� Klotho (KL) protein is mainly expressed in human airway
epithelium and its level is decreased in patients with COPD
and in an animal model of the disease. These changes are
associated with increased oxidative stress, inflammation and
apoptosis in airway epithelial cells.

� These functions of KL in human airway epithelial cells provide
a means to better understand the molecular mechanisms and
pathways involved in airway inflammation and open up new
perspectives in potential novel therapeutic targets in the treat-
ment of CS-related COPD.
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