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Abstract

Chronic obstructive pulmonary disease (COPD) is the fourth most
common cause of death, and it is characterized by abnormal
inflammation and lung function decline. Although the circadian
molecular clock regulates inflammatory responses, there is no
information available regarding the impact of COPD on lung
molecular clock function and its regulation by sirtuin 1 (SIRT1).We
hypothesize that the molecular clock in the lungs is disrupted,
leading to increased inflammatory responses in smokers and
patients with COPD and its regulation by SIRT1. Lung tissues,
peripheral blood mononuclear cells (PBMCs), and sputum cells
were obtained fromnonsmokers, smokers, and patients withCOPD
for measurement of core molecular clock proteins (BMAL1,
CLOCK, PER1, PER2, and CRY1), clock-associated nuclear
receptors (REV-ERBa, REV-ERBb, and RORa), and SIRT1 by
immunohistochemistry, immunofluorescence, and immunoblot.
PBMCs were treated with the SIRT1 activator SRT1720 followed by
LPS treatment, and supernatant was collected at 6-hour intervals.
Levels of IL-8, IL-6, and TNF-a released from PBMCs were
determined by ELISA. Expression of BMAL1, PER2, CRY1, and
REV-ERBa was reduced in PBMCs, sputum cells, and lung tissues
from smokers and patients with COPD when compared with
nonsmokers. SRT1720 treatment attenuated LPS-mediated
reduction of BMAL1 and REV-ERBa in PBMCs from nonsmokers.
Additionally, LPS differentially affected the timing and amplitude
of cytokine (IL-8, IL-6, and TNF-a) release from PBMCs in

nonsmokers, smokers, and patients with COPD. Moreover,
SRT1720 was able to inhibit LPS-induced cytokine release from
cultured PBMCs. In conclusion, disruption of the molecular clock
due to SIRT1 reduction contributes to abnormal inflammatory
response in smokers and patients with COPD.
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Clinical Relevance

Although the circadian clock regulates the inflammatory
response, there is no information available regarding the
impact of chronic obstructive pulmonary disease (COPD)
on molecular clock function in peripheral tissues and its
modulation by sirtuin 1 (SIRT1). We report here that clock
proteins, including BMAL1 and REV-ERBa, are reduced in
peripheral tissues from patients with COPD in part owing to
SIRT1 reduction. LPS differently affects the timing and
amplitude of cytokine release from peripheral blood
mononuclear cells among nonsmokers, smokers, and patients
with COPD. The SIRT1 activator SRT1720 is able to inhibit
LPS-induced cytokine release in peripheral blood
mononuclear cells. This has implications in the pathogenesis
and pharmacological chronotherapy of COPD.
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Chronic obstructive pulmonary disease
(COPD) is the fourth most common cause
of death in the developed world, with
cigarette smoke (CS) being a major risk
factor for the disease. Despite numerous
advancements in therapeutic agents,
the mainstays of pharmacotherapy for
COPD rely on corticosteroids and/or
bronchodilators (e.g., b-adrenoreceptor
agonists), which do little to reduce
mortality or inflammation or to improve
lung function in patients with COPD. As
COPD progresses, patients develop more
frequent and severe exacerbations with an
increased rate of emergency room visits and
rapid decline in lung function. Most
exacerbations occur at night and in the early
morning hours (1). More pronounced drops
at night in forced vital capacity, forced
expiratory volume in one second, and peak
expiratory flow are found in smokers than in
nonsmokers (2). This may be associated
with CS-mediated changes in rhythms of
surfactant proteins, mucus retention/
secretion, and lung inflammation that
together disrupt the normal daily rhythm
of lung function (3, 4). Hence, clock
dysfunction in the lungs may explain
increased COPD exacerbations in patients
presenting at night and in the early morning
hours when lung function is low (1). These
effects may be due to circadian disruption
in peripheral tissues and/or uncoupling
between peripheral oscillators and the master
clock located in the suprachiasmatic nucleus
of the hypothalamus (5–8). By examining
the direct effects of smoking and COPD
on molecular clock gene expression in
peripheral oscillators, we can dissect the
impact of environmental stress on
cell-autonomous clocks and begin to describe
the mechanism linking clock disruption to
enhanced inflammatory responses (9).

Sirtuin1 (SIRT1), an NAD1-dependent
deacetylase, affects clock function by

binding with CLOCK:BMAL1 complexes
and deacetylating BMAL1 and PER2
proteins (10–12). We and others have
shown that the levels and activity of SIRT1
are reduced in monocytes/macrophages,
lung epithelial cells, and mouse lungs
exposed to CS and in patients with COPD
(13–16). Recently, we have shown that
rhythmic expression of SIRT1 is disrupted
by CS, which leads to BMAL1 acetylation
and enhanced degradation in mouse lungs
(3). Activation of SIRT1 with a selective
pharmacological activator (SRT1720) failed
to attenuate CS-induced lung inflammation
in mice deficient for bmal1 in epithelial
cells (3). This suggests the involvement of
the SIRT1–BMAL1 signaling pathway in
CS-induced lung inflammation and
circadian dysfunction. Accumulating
evidence indicates that monocytes/
macrophages and epithelial cells show
a daily variation of inflammatory immune
responses to environmental stress (5,
17–19). However, it is not known whether
circadian clock function is disrupted in
smokers and patients with COPD and
whether these responses can be regulated
by SIRT1. We hypothesize that peripheral
clock function is altered in patients with
COPD via a reduction of SIRT1, resulting
in abnormal inflammatory immune
responses. To address this hypothesis, we
obtained lung tissues, peripheral blood
mononuclear cells (PBMCs), and sputum
cells from nonsmokers, smokers, and
patients with COPD, and measured the
levels of core molecular clock components
(BMAL1, CLOCK, PER1, PER2, and
CRY1), clock-associated nuclear receptors
(REV-ERBa, REV-ERBb, and RORa),
and SIRT1. Additionally, we determined
the circadian rhythm of proinflammatory
mediator release from PBMCs treated
with LPS as well as their regulation by
SIRT1.

Materials and Methods

Subjects
Subject and patient recruitment for
monocyte and sputum studies was approved
by the ethical Institutional Review Board/
Research Subjects Review Board committee
of the University of Rochester Medical
Center (#RSRB00028789). All subjects
and patients provided written informed
consent. The clinical characteristics of
smokers, nonsmokers, and patients with
COPD are presented in Table 1, and plasma
from these subjects was used for hormone
measurement in our recent report (20).
Resected peripheral lungs were used as
described previously (13, 15). COPD was
defined according to the GOLD (Global
Initiative for COPD) criteria (FEV1 ,80%
of predicted, FEV1/FVC ,70%, and
bronchodilatation effect ,12%). None of
the patients had suffered from acute
exacerbation for 2 months.

Isolation of Human PBMCs
PBMCs were isolated from whole blood
using Ficoll-paque media (21). Cell pellets
were resuspended with Iscoves media
containing autologous serum, and then
cells were seeded into 6-well plates.
Nonadherent cells were removed after
1 hour of incubation, and adherent cells
were considered as monocytes for later
treatments (21). Further details are
provided in the online supplement.

Monocyte Treatment
Monocytes were seeded at a density
of 43 106 cells per well, grown to
approximately 80 to 90% confluency in
6-well plates containing RPMI 1640
medium with 10% FBS, and subjected to
the treatments in media containing 1%
serum. Twenty-four hours after seeding,

Table 1. The Clinical Characteristics of Smokers, Nonsmokers and Patients with Chronic Obstructive Pulmonary Disease

Characteristics Nonsmokers Smokers COPD

Number 14 12 11
Female, n (%) 7 (50%) 6 (50%) 5 (45%)
Age, yr 61 (49–74) 58.8 (45–79) 64.1 (51–73)
Smoking, pack-years 38.1 (9–70) 52.9 (8–120)
Smoking status No Exsmokers, n = 4; current smokers, n = 8 Exsmokers, n = 6; current smokers, n = 5
FEV1% predicted 105 (87–128) 92 (72–126) 53 (38–104)
ICS, yes/no, n (%) No Yes, n = 1 (8.3%) Yes, n = 6 (54.5%)

Definition of abbreviations: COPD, chronic obstructive pulmonary disease; ICS, inhaled corticosteroids.
The clinical characteristics of smokers, nonsmokers, and patients with COPD included in the study are presented in our recent report (20).
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cells were treated with the highly selective
SIRT1 activator SRT1720 (1 mM, .95%
pure by 13C nuclear magnetic resonance
and liquid chromatography/mass
spectrometry; synthesized from Life
Chemicals, Niagara-on-the-Lake, Ontario,
Canada) for 24 hours and harvested at
6-hour intervals (13). LPS (1 mg/ml)
treatment for 2 hours was performed before
cell and supernatant collection at each
interval (17). All treatments were
performed in triplicate.

Sputum Induction and Process
Sputum induction was performed using
hypertonic sodium chloride aerosols (wt/vol,
4.5%) for a maximal duration of three times.
Sputum was weighed and processed in
a petri dish to remove plugs. Sputum
samples were added with sputolysin reagent
containing 0.1% dithiothreitol (Calbiochem,
San Diego, CA) with volume of four times
the weight of the selected sputum (4 ml:1 g

sputum) to break the disulfide bonds in
mucin molecules, allowing cells to be
released through vortex (22). Cell-free
supernatants of sputum were stored at
2808C. Cytospins were prepared with
60,000 to 120,000 cells per slides by
centrifugation at 1,500 rpm for 5 minutes
for immunofluorescent staining.

Immunostaining
Expression of clock proteins and nuclear
receptors in lung tissue was determined by
immunohistochemistry. Immunofluorescence
staining was performed to detect the
expression of SIRT1, BMAL1, REV-ERBa,
and PER2 proteins in sputum samples and
Cry1 in lungs. Further details are provided in
the online supplement.

Western Blot
Lung tissues and PBMCs were lysed, and
protein samples were used to detect the
levels of SIRT1, REV-ERBa, REV-ERBb,

PER2, PER1, CLOCK, and BMAL1 with the
corresponding antibodies. Further details
are provided in the online supplement.

Statistical Analysis
The results are shown as the mean6 SEM.
Statistical analysis of significance was
calculated using one-way ANOVA followed
by Tukey’s post hoc test for multigroup
comparisons or t test for two groups using
the GraphPad Prism 6 software (GraphPad
Software, Inc., San Diego, CA).

Results

Circadian Molecular Clock and SIRT1
Were Reduced in Lung Tissues,
Sputum Cells, and PBMCs from
Smokers and Patients with COPD
It has been shown that clock molecular
machinery including clock proteins and
nuclear receptors plays an important role in
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Figure 1. Changes of clock proteins and nuclear receptors in lungs from smokers and patients with chronic obstructive pulmonary disease (COPD) by
immunostaining. (A) Expression of BMAL1, CLOCK, PER2, REV-ERBa, and RORa were measured by immunohistochemistry, and CRY1 was measured
by immunofluorescence staining in lungs from nonsmokers, smokers, and patients with COPD. Original magnification: 3200. Dark brown color

represents the presence of BMAL1, CLOCK, PER2, and REV-ERBa, and RORa, which are indicated with arrows. CRY1 presence is shown as red. The insets
show high magnification of clock protein–positive cells. (B) Immunostaining scores for BMAL1, CLOCK, PER2, REV-ERBa, and RORa and fluorescence
intensity with arbitrary units (A.U.) for CRY1 in lung cells were performed semiquantitatively and in a blinded fashion. Data are shown as mean6 SEM (n = 4–6).
*P, 0.05, **P, 0.01, and ***P, 0.001 versus nonsmokers. (C) Representative images of lung tissue stained without primary antibody as a control.
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regulating the inflammatory immune
response (5, 17–19, 23–25). We have shown
that CS reduces BMAL1 expression in
mouse lungs through a SIRT1-dependent
mechanism (3). To extrapolate this finding
to the human condition, we measured the
levels of core clock proteins (BMAL1,
PER2, PER1, CRY1, and CLOCK) and
nuclear receptors (REV-ERBa, REV-ERBb,
and RORa) by immunostaining and

immunoblot in lung tissues, PBMCs, and
sputum cells from nonsmokers, smokers,
and patients with COPD. Levels of BMAL1,
PER2, CRY1, and REV-ERBa were
significantly reduced in lung tissues from
smokers and patients with COPD
compared with nonsmokers (Figures 1
and 2). Likewise, the expression of
BMAL1, PER2, and REV-ERBa were
decreased in PBMCs and sputum cells

from smokers and patients with COPD
when compared with nonsmokers
(Figures 3 and 4). The abovementioned
decline in clock proteins was associated
with SIRT1 reduction in peripheral
tissues, including lungs and sputum cells
from smokers and patients with COPD
compared with nonsmokers, despite
a trend of SIRT1 reduction observed in
PBMCs from smokers as compared with
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Figure 2. Levels of PER2, CLOCK, PER1, REV-ERBa, and REV-ERBb in lungs from nonsmokers, smokers, and patients with COPD by Western blot. (A)
Levels of PER2, CLOCK, PER1, REV-ERBa, and REV-ERBb in lung tissues from nonsmokers, smokers, and patients with COPD were measured by
Western blot. Each group represents the results of at least three independent experiments, and the representative REV-ERBa bands are from different
gels, which are demarcated by the lines. (B) The relative band intensity normalized to b-actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is
shown in a histogram. Data are shown as mean6 SEM (n = 3–4). **P, 0.01 and ***P, 0.001 versus nonsmokers.
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Figure 3. Reduction of clock proteins along with sirtuin 1 (SIRT1) levels in peripheral blood mononuclear cells (PBMCs) from smokers and patients with
COPD. (A) Levels of REV-ERBa and BMAL1 as well as SIRT1 in PBMCs from nonsmokers, smokers, and patients with COPD were measured by Western
blot. Each group represents the results of five independent experiments, and the representative bands, which are demarcated by the lines based on
groups, are from the same gel. (B) The relative band intensity normalized to GAPDH or b-actin is shown in the histogram. Data are shown as mean6 SEM
(n = 3–4). *P, 0.05, **P, 0.01, and ***P, 0.001 versus nonsmokers.
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nonsmokers (Figures 3 and 4) (13, 15).
Interestingly, we did not observe a
significant change in CLOCK or REV-ERBb
protein in lungs among nonsmokers,
smokers, and patients with COPD (Figures
1 and 2). Furthermore, an increase in PER1
and RORa levels was observed in lungs
of patients with COPD as compared with
nonsmokers (Figures 1 and 2). Altogether,
these findings reveal that circadian clock
disruption in lung tissues, PBMCs, and
sputum cells from smokers and patients
with COPD is associated with a significant
reduction of SIRT1.

SRT1720 Attenuated LPS-Induced
Reduction of REV-ERBa and BMAL1
in PBMCs from Nonsmokers
Although we have established a correlation
between SIRT1 reduction and clock
disruption in smokers and patients with
COPD (Figures 3 and 4), it remains unclear
whether SIRT1 regulates the disruption of
molecular clock to environmental stress
and inflammation. To answer this question,
we treated isolated PBMCs from
nonsmokers with LPS (1 mg/ml) with
and without a specific SIRT1 activator
(SRT1720, 1 mM). LPS treatment
significantly reduced the levels of
REV-ERBa and BMAL1 proteins in PBMCs
as determined by immunoblot (Figure 5).

SRT1720 pretreatment attenuated
LPS-induced reduction of BMAL1 and
REV-ERBa proteins (Figure 5). Neither
LPS nor SRT1720 changed the levels of
PER2 protein in PBMCs (Figure 5). These
results indicate that the changes in BMAL1
and REV-ERBa in smokers and patients
with COPD are at least partly due to SIRT1
reduction.

Daily Rhythms of Proinflammatory
Cytokine Release from PBMCs
Recovered from Nonsmokers,
Smokers, and Patients with COPD
LPS induces the release of proinflammatory
cytokines and selectively suppresses clock
gene expression in PBMCs (26). We showed
that activation of SIRT1 can reverse the
effects of LPS on BMAL1 and REV-ERBa
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Figure 4. Expression of clock proteins along with SIRT1 levels in sputum cells from nonsmokers, smokers, and patients with COPD. (A) The abundance of
clock machinery proteins REV-ERBa, BMAL1, and PER2 was measured by immunofluorescent staining in sputum cells from nonsmokers, smokers, and
patients with COPD. SIRT1 and BMAL1 are shown in green, 49,6-diamidino-2-phenylindole is shown in blue, and PER2 expression is shown in red. Results
are representative cells of at least three separate experiments. The arrows indicate the positive cells of SIRT1, BMAL1, REV-ERBa, and PER2. (B) The
quantification of fluorescence intensity in immunofluorescence data was measured using ImageJ, and the corrected total cell fluorescence (CTCF) values were
converted into fold change values and represented as histograms. Data are shown as mean6 SEM (n = 5). *P, 0.05 and ***P, 0.001 versus nonsmokers.
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levels. Therefore, we hypothesized that
rhythms of cytokine release from these cells
are also altered in a SIRT1-dependent
manner. To address this hypothesis, we
quantified the concentrations of three
different secreted cytokines (i.e., IL-8, IL-6,
and TNF-a) in LPS-treated (1 mg/ml)
PBMCs from nonsmokers, smokers, and
patients with COPD. Without LPS
stimulation, IL-8 was released from PBMCs
isolated from nonsmokers, smokers, and
patients with COPD at all the time points.
IL-8 levels showed low-amplitude
oscillations with peak variation among
nonsmokers (Zeitgeber time [ZT] 18),

smokers (ZT20), and patients with COPD
(ZT22) (Figures 6A and 7A; Table 2). IL-8
secretion increased after LPS treatment at
ZT0 in smokers and at ZT12 in COPD
(Table 2). Although LPS had no apparent
effect on the phase or amplitude of IL-8
release in nonsmokers, it did appear to delay
the peak of IL-8 release in smokers and in
patients with COPD (Figures 6A and 7A).

IL-6 release was low and approached
the limit of detection in control cultures of
PBMCs from nonsmokers and patients with
COPD with small but detectable peaks at
ZT18 in both groups (Figures 6B and 7B).
Compared with nonsmokers and patients

with COPD, IL-6 release from untreated
monocytes in smokers was phase advanced
with a peak at ZT10 and a trough at ZT0
(Figures 6B and 7B). After LPS treatment,
there was an increase in IL-6 release in all
three groups and a marked increase in daily
variation in nonsmokers and patients with
COPD (Figure 6B; Table 3). A significant
increase of IL-6 release from PBMCs was
observed in patients with COPD and
smokers at ZT0 and ZT6 (Figure 6B;
Table 3). Further, LPS treatment produced
a considerable phase advance of IL-6 release
in nonsmokers and patients with COPD but
not in smokers (Figure 7B).
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Figure 6. Circadian rhythms of proinflammatory mediator release in LPS-treated PBMCs from nonsmokers, smokers, and patients with COPD and their
regulation by SRT1720. PBMCs from nonsmokers, smokers, and patients with COPD were treated with SRT1720 (1 mM) for 24 hours followed by
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TNF-a release was low but rhythmic in
untreated PBMCs from nonsmokers, smokers,
and patients with COPD (Figure 6C; Table 4).
Peak TNF-a release varied across groups
with small but detectable peaks at ZT18
(nonsmokers), ZT2 (smokers), and ZT7
(patients with COPD). After LPS treatment,
rhythms of TNF-a release appeared more
robust and synchronized between each group,
with peaks in the late subjective night at ZT16
(nonsmokers) and ZT24 (smokers and
patients with COPD) (Figure 7C). TNF-a
levels were significantly increased in PBMCs
from nonsmokers after LPS treatment, with
a slight peak at ZT18 (Figure 7C; Table 4).
TNF-a release was significantly lower in
PBMC cultures from smokers and patients
with COPD and appeared arrhythmic relative
to nonsmokers (Figure 6C). Further, the
peak of TNF-a release was shifted by LPS
treatment in PBMC cultures from smokers
(ZT2–ZT0) and patients with COPD
(ZT6–ZT0). It is impossible to determine
whether this represents a phase advance

or delay due to the nature of our data
collection, but it certainly suggests that LPS
has a differential and potentially profound
influence on the rhythmic release of cytokines.
Further, it supports the notion that the timing
of inflammatory cytokine release and the
response to LPS are heavily influenced by the
subjects before exposure to CS because it
varied considerably among nonsmokers,
smokers, and patients with COPD.

SIRT1 Activation Differentially Affects
LPS-Induced Proinflammatory
Mediator Release from PBMCs
To determine whether SIRT1 influences the
timing and amplitude of the LPS-induced
inflammatory response, we treated PBMCs
from nonsmokers, smokers, and patients
with COPD with SRT1720 (1 mM) before
LPS (1 mg/ml) exposure. As shown in
Figure 6A and Table 2, there were no
statistically significant changes in IL-8
release observed by SRT1720 in response to
LPS treatment at different time points or in

different subjects (nonsmokers, smokers,
and patients with COPD). Nevertheless,
SRT1720-mediated reduction in IL-8
release was approximately 40% at ZT0,
whereas less than 10% reduction in IL-8
was observed at ZT6 and moderate
reduction of IL-8 was observed at ZT12
and ZT18 in PBMCs from nonsmokers
(Figure 6A; Table 2). The pattern of
SRT1720-mediated IL-8 reduction was
similar in PBMCs between nonsmokers and
patients with COPD. However, in smokers,
less than 20% SRT1720-mediated reduction
in IL-8 was observed at ZT0, ZT12, and
ZT18, whereas IL-8 was increased by
SRT1720 at ZT6 in response to LPS
treatment (Figure 6A).

IL-6 release was significantly reduced
by SRT1720 in PBMCs from smokers at
ZT0, although a minor but not significant
reduction of IL-6 was observed by SRT1720
in PBMCs from nonsmokers and patients
with COPD at this time point (Figure 6B).
There were no significant alterations of IL-6
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Figure 7. Phase values of proinflammatory mediator release in LPS-treated PBMCs and its regulation by SRT1720. Center of gravity or peak phase
values for IL-8 (A), IL-6 (B), and TNF-a (C) expression rhythm in PBMCs from nonsmokers, smokers, and patients with COPD were obtained by
using CircWave and plotted on a horizontal phase map. Gray shading indicates the relative dark phase (ZT12–ZT24). Data are shown as mean6 SEM
(n = 6–9 per group).
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by SRT1720 in LPS-treated PBMCs from
nonsmokers, smokers, and patients with
COPD at ZT6, ZT12, or ZT18 (Figure 6B;
Table 3).

The percentage of reduction in TNF-a
release after SRT1720 treatment also

showed a clock-dependent pattern. In
nonsmokers, the percentage of TNF-a
reduction by SRT1720 was as high as 60%
at ZT6, which is the highest reduction
among all the time points (Figure 6C;
Table 4). In smokers, there were different

rhythms of TNF-a after SRT1720
treatment, with the greatest reduction
observed at ZT18 and the least reduction at
ZT6. In contrast, increased TNF-a release
was detected at ZT0 after SRT1720
treatment (Figure 6C). Similar to smokers,
in patients with COPD the largest
reduction of TNF-a was observed at ZT18
and the least was detected at ZT6. At ZT12,
PBMCs from patients with COPD showed
an increase in TNF-a release after SRT1720
treatment (Figure 6C). These results reveal
a clock-dependent reduction of TNF-a
release upon SRT1720 treatment that varies
among nonsmokers, smokers, and patients
with COPD (Figure 7C). Overall, SRT1720
has an inhibitory effect on LPS-induced
cytokine release in human PBMCs that
fluctuates throughout the 24-hour day.

SRT1720 Differently Inhibited
LPS-Induced Inflammatory Responses
in PBMCs among Nonsmokers,
Smokers, and Patients with COPD
To determine whether there are differences
in the inhibitory effect of SRT1720 on
LPS-induced inflammatory responses
among nonsmokers, smokers, and patients
with COPD, we compared the percentage of
cytokine reduction after SRT1720 treatment
in response to LPS stimulation. For IL-8,
PBMCs from nonsmokers showed the
greatest percentage reduction after SRT1720
treatment (40% at ZT0) among all time
points compared with smokers and patients
with COPD (Figure 6A; Table 2). The same
trend was apparent for TNF-a except at
ZT18 (Figure 6C; Table 4). SRT1720
treatment led to an approximately 50%
reduction in IL-6 at ZT0 and ZT18 in
LPS-treated PBMCs from nonsmokers and
smokers, whereas less than a 20% reduction
in IL-6 was observed after SRT1720
treatment in LPS-treated PBMCs from
patients with COPD (Figure 6B; Table 3).
In general, these data suggest that SRT1720
is more effective in inhibiting the LPS-
induced inflammatory response in
nonsmokers compared with smokers and
patients with COPD.

Discussion

Tobacco smoking causes abnormal lung
inflammatory responses during the
development of chronic airway diseases,
such as COPD/emphysema. We have shown
that CS-induced inflammatory responses

Table 2. Interleukin-8 Release from LPS-Treated Peripheral Blood Mononuclear
Cells from Nonsmokers, Smokers, and Patients with Chronic Obstructive Pulmonary
Disease

Groups

ZT (h)

0 6 12 18

Nonsmokers
Control 486.3 6 259.3 513.7 6 113.0 774.3 6 329.7 1,301.3 6 788.8
SRT1720 551.5 6 253.0 535.8 6 199.0 531.2 6 190.3 776.4 6 392.9
LPS 911.9 6 498.3 658.2 6 292.3 986.7 6 241.5 1,035.6 6 302.7
LPS1SRT1720 538.7 6 184.0 613.8 6 165.9 782.1 6 230.5 735.1 6 74.8

Smokers
Control 613.7 6 275.4 687.4 6 182.3 571.2 6 145.0 639.6 6 197.6
SRT1720 870.9 6 190.6 656.4 6 112.0 511.9 6 145.5 523.5 6 66.3
LPS 1,570.9 6 389.2* 865.6 6 111.0 932.8 6 157.7 881.3 6 191.8
LPS1SRT1720 1,291.5 6 312.7 1,226.9 6 126.9 778.3 6 239.1 936.4 6 249.7

COPD
Control 956.8 6 168.9 534.5 6 149.9 479.9 6 110.0 690.7 6 220.0
SRT1720 803.0 6 136.7 495.8 6 132.4 465.3 6 120.5 423.9 6 87.7
LPS 1,115.2 6 150.5 927.1 6 202.0 1,070.8 6 236.0* 940.6 6 166.1
LPS1SRT1720 1,064.8 6 155.8 890.6 6 173.5 900.1 6 162.8 824.3 6 146.9

Definition of abbreviations: COPD, chronic obstructive pulmonary disease; ZT, Zeitgeber time.
Mean values (pg/ml) 6 SEM of IL-8 are shown (n = 6–9/group).
*P , 0.05 versus corresponding control.

Table 3. Interleukin-6 Release from LPS-Treated Peripheral Blood Mononuclear
Cells from Nonsmokers, Smokers, and Patients with Chronic Obstructive Pulmonary
Disease

Group

ZT (h)

0 6 12 18

Nonsmokers
Control 0 6 0 2.5 6 2.5 1.4 6 1.4 12.7 6 8.6
SRT1720 0 6 0 5.4 6 4.3 1.7 6 1.7 0 6 0
LPS 35.76 15.0 105.3 6 56.9 52.0 6 17.4 42.3 6 17.2
LPS1SRT1720 17.2 6 7.9 140.8 6 83.6 47.8 6 16.5 22.8 6 19.0

Smokers
Control 22.3 6 14.3 69.7 6 69.7 73.9 6 52.6 16.2 6 16.2
SRT1720 33.2 6 13.0 54.4 6 54.4 37.8 6 25.5 28.2 6 17.9
LPS 244.0 6 119.3* 202.2 6 59.3 79.0 6 22.4 70.0 6 16.6†

LPS1SRT1720 116.5 6 40.5‡ 166.2 6 56.7 52.1 6 20.1 30.0 6 20.7
COPD
Control 0 6 0 0 6 0 0 6 0 1.2 6 1.2
SRT1720 0 6 0 2.7 6 2.7 0 6 0 0 6 0
LPS 136.4 6 39.2x 156.9 6 71.1† 112.5 6 32.1* 80.6 6 18.8x

LPS1SRT1720 107.6 6 28.0 164.6 6 97.5 108.8 6 25.2 61.0 6 19.2

For definition of abbreviations, see Table 2.
Mean values (pg/ml) 6 SEM of IL-6 are shown (n = 6–9/group).
*P , 0.001 versus corresponding control.
†P , 0.05 versus corresponding control.
‡P , 0.05 versus corresponding LPS group.
xP , 0.01 versus corresponding control.
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are modulated by SIRT1 in monocytes/
macrophages and mouse lungs and in lungs
from smokers and patients with COPD
(13–15). We found an increased release
of cytokines (IL-8, IL-6, and TNF-a) in
PBMCs recovered from smokers and
patients with COPD compared with
nonsmokers. As expected, SRT1720
treatment decreased proinflammatory
cytokine release in LPS-treated PBMCs
from nonsmokers and smokers. However,
SRT1720 was not effective in reducing
cytokine release in LPS-treated PBMCs
from patients with COPD. The
ineffectiveness of SRT1720 on
LPS-mediated proinflammatory cytokine
release in PBMCs recovered from patients
with COPD may be attributed to dramatic
SIRT1 reduction and molecular clock
dysfunction (e.g., acetylation and
degradation of BMAL1 and PER2).

In addition to the suprachiasmatic
nucleus, peripheral tissues including lung,
liver, heart, and kidney also possess self-
sustaining, gene-based circadian clocks
oscillating with a period of approximately
24 hours, which play a critical role in
optimizing the organization of cellular
function and responses to environmental
stimuli (6, 27–29). Abnormal regulation of
circadian clocks in peripheral tissues is
suggested to cause cell dysfunction and

chronic diseases (8, 30). It has been shown
that the clock machinery including nuclear
receptors controls inflammatory immune
responses (5, 17, 19, 23–25, 31–33). We
found that the level and expression of clock
proteins (BMAL1 and PER2) and
associated nuclear receptors (REV-ERBa)
were reduced in PBMCs and sputum
cells (mainly inflammatory cells [i.e.,
macrophages and neutrophils]) and in
lungs from smokers and patients with
COPD. This is in agreement with our
previous findings and the work of others
showing BMAL1 reduction in lung tissue
from smokers and patients with COPD and
reduced expression of the Nr1 d1 (encoding
REV-ERBa) gene in mouse lungs after
exposure to CS (3, 34).

It has been shown that the molecular
clock regulates cellular proliferation and
senescence as well as DNA damage/repair
(35–37). Thus, future studies are needed to
determine the changes of clock molecules
in different lung compartments
(inflammatory versus structural cells) and
their cell-specific roles in inflammatory
responses and cellular senescence/
proliferation in patients with COPD. We
found that lung CLOCK protein was not
altered among nonsmokers, smokers, and
patients with COPD, whereas PER1 and
RORa were increased in PBMCs from

patients with COPD. The reason for this
“within-clock” discrepancy is not known
and will require further investigation. It is
particularly interesting that we detected an
increase in RORa expression, an activator
of Bma1 gene transcription, but an overall
reduction in BMAL1 protein levels. It
remains to be seen whether the effects we
observed translate into significant changes
in the diurnal rhythms of clock gene
expression in PBMCs. Further studies are
required to determine any discrepancies
of clock proteins and LPS responses in
PBMCs from ex-smokers and current
smokers and from patients with COPD
(both smokers and ex-smokers). Thus, we
surmise that clock dysfunction is in part
responsible for increased proinflammatory
gene expression in smokers and patients
with COPD. This assertion is supported by
the findings that core clock proteins (e.g.,
REV-ERBa) accumulate on the promoters
of proinflammatory genes including IL-6,
thereby inhibiting expression (5, 7, 38).
Further study is required to determine if
recruitment of core clock proteins and
nuclear receptors to proinflammatory genes
is altered in smokers and patients with
COPD as compared with nonsmokers.
Moreover, it remains to be seen if clock
gene expression is impaired in lung
epithelial cells from smokers and patients
with COPD because a recent study shows
that the clock in epithelial cells also controls
pulmonary inflammatory responses (5). Both
LPS and inflammatory mediators (TNF-a
and IL-1b) inhibit CLOCK-BMAL1–induced
activation of E-box regulatory elements on
clock gene promoters (39, 40). This is
supported by our observation that LPS
reduced the levels of REV-ERBa and
BMAL1 in PBMCs. Further, endotoxemia
influences the rhythms of leukocyte
abundance, which are also associated with
altered rhythms (mesor, amplitude, period,
and acrophase) of clock gene expression in
mouse lungs (41). Our findings provide
additional insight into the mechanism
whereby abnormal inflammation contributes
to the reduction of clock proteins in smokers
and patients with COPD.

Recent reports have shown that SIRT1
deacetylates BMAL1 and PER2, thereby
regulating their activity (3, 11, 12, 42). We
have shown that SIRT1 levels are reduced
in lung tissues of smokers and patients with
COPD and that SIRT1 rhythms are affected
by CS (3, 13–15). SRT1720 attenuated
LPS-induced reduction of clock proteins,

Table 4. TNF-a Release from LPS-Treated Peripheral Blood Mononuclear
Cells from Nonsmokers, Smokers, and Patients with Chronic Obstructive Pulmonary
Disease

Group

ZT (h)

0 6 12 18

Nonsmokers
Control 0 6 0 0 6 0 5.8 6 4.9 12.4 6 12.4
SRT1720 1.7 6 1.7 31.2 6 29.7 3.4 6 2.2 0.3 6 0.3
LPS 1,254 6 462* 1,430 6 657* 1,498 6 509* 1,568 6 797*
LPS1SRT1720 797.9 6 344 518.6 6 222† 918.1 6 227 1,064.5 6 485

Smokers
Control 3.4 6 3.4 11.0 6 11.0 0 6 0 6.4 6 6.4
SRT1720 8.3 6 8.3 0 6 0 0 6 0 4.2 6 4.2
LPS 1,713 6 1,245‡ 467 6 164 561 6 143‡ 472 6 150
LPS1SRT1720 631.9 6 242 371.0 6 103 371.4 6 120 240.0 6 122

COPD
Control 0 6 0 13.5 6 13.5 0 6 0 0 6 0
SRT1720 0 6 0 79.4 6 60.7 0 6 0 0 6 0
LPS 663 6 250‡ 503 6 215 276 6 79 531 6 193
LPS1SRT1720 516.6 6 212 465.4 6 148 408.9 6 108 349.2 6 137

For definition of abbreviations, see Table 2.
Mean values (pg/ml) 6 SEM of TNF-a are shown (n = 6–9/group).
*P , 0.001 versus corresponding control.
†P , 0.05 versus corresponding LPS group.
‡P , 0.05 versus corresponding control.
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including REV-ERBa and BMAL1, in
PBMCs. Future study will determine the
effect of SIRT1 activator, siRNA, or
transgenic overexpression in PBMCs from
nonsmokers, smokers, and patients with
COPD on clock proteins and inflammatory
responses to CS exposure. It has yet to be
determined whether the protection against
systemic inflammatory responses by the
SIRT1 activator as shown in PBMCs is also
beneficial for lung pathological changes in
patients with COPD. These data will be
critical in light of recent findings that Sirt1
deletion in myeloid cells did not affect
airspace enlargement or lung mechanical
properties in a mouse model of emphysema
(13). Overall, CS-mediated reduction of
SIRT1 level and activity may contribute to
clock dysfunction and proinflammatory
cytokine release in patients with COPD.
Recent studies have shown that CLOCK:
BMAL1 enhancer complexes bind to the
SIRT1 promoter to enhance its expression
in liver and that SIRT1 gene expression is
reduced in skeletal muscle of REV-ERBa
knockout mice (43, 44). However, the levels
of SIRT1 were not changed in lungs of
Bmal1 or Rev-erba knockout mice as
compared with wild-type mice (unpublished
data). This suggests that SIRT1 reduction
by CS or in patients with COPD is not due
to the change in BMAL1 or REV-ERBa
signal.

Steroid sensitivity is impaired by
CS-mediated oxidative stress, which
accounts for the inefficacy of glucocorticoid

therapy in patients with COPD. Recent
studies have shown that exogenous steroids
failed to suppress LPS-induced CXCL5 and
lung neutrophilic inflammation in Bmal1
knockout mice (5). This may be due to
Bmal1 deletion-mediated oxidative stress,
reduced recruitment of deacetylases
(e.g., NCoR, HDAC3, and SIRT1), and
glucocorticoid receptor on the promoters of
proinflammatory genes (35, 45). Further
study is required to determine if changes in
clock function, including recruitment of
corepressor complexes to proinflammatory
gene promoters, vary among nonsmokers,
smokers, and patients with COPD.
Glucocorticoids can modulate clock gene
expression in peripheral tissues, including
per and cry expression in lung epithelial
cells, PBMCs, and fibroblasts (46–48).
However, the glucocorticoid receptor
undergoes acetylation due to reduction of
HDAC2 or SIRT1 level and activity in
patients with COPD (49, 50). This may
form a vicious cycle between glucocorticoid
inefficacy and circadian clock dysfunction
in patients with COPD. It remains to be
seen whether SIRT1 activators along with
REV-ERBa agonists reduce abnormal
inflammatory response or enhance
glucocorticoid efficacy in smokers and
patients with COPD.

In conclusion, the expression of select
clock proteins (BMAL1, REV-ERBa, and
PER2) is suppressed in PBMCs, sputum
cells, and lung tissues from smokers and
patients with COPD when compared with

nonsmokers. These effects appear to be
linked to irregular inflammatory responses
in smokers and patients with COPD.
SIRT1 activator (SRT1720) attenuated
LPS-mediated reduction of REV-ERBa
and BMAL1 in PBMCs. Rhythms of
proinflammatory cytokine release from
PBMCs varied greatly among nonsmokers,
smokers, and patients with COPD, marked
by considerable variation in the amplitude
and peak of cytokine secretion. Further,
SIRT1 activation more effectively inhibited
LPS-induced cytokine release in
nonsmokers compared with smokers and
patients with COPD. Together, these data
support the notion that SIRT1 regulates
molecular clock function and
inflammatory responses in smokers and
patients with COPD. Targeting both
SIRT1 and the molecular clock with
chronopharmacological agents (e.g.,
SRT1720 and REV-ERBa agonists) could
prove to be a novel and effective therapy
for improving abnormal lung
inflammatory responses and impaired lung
function in airway diseases like COPD. n
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