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A recent study has indicated that alveolar macrophages from
smokers incubatedwith lipopolysaccharide(LPS)secretemuchmore
IL-1b and TNF-a than those from healthy nonsmokers, but the
mechanisms underlying this augmented secretion by cigarette
smoke (CS) remain unknown. CS and LPS reportedly promote
macrophages’ secreting substance P (SP) that could up-regulate
these cytokines’ secretion from macrophages by acting on neuro-
kinin 1 receptor (NK1R). Moreover, NF-kB from macrophages
participates in NK1R intracellular signaling and synthesis of these
cytokines. The present in vitro study was undertaken to examine
whether CS is able to synergize these cytokines’ response to LPS in
macrophages, and if so, whether an amplified SP secretion is re-
sponsible for this synergistic cytokines’ response via a NK1R-driven
NF-kB pathway. THP-1–derived and MH-S macrophages were ex-
posed to control medium and CS condensate (CSC) without or with
LPS.WefoundthatLPS,CSC,andCSC1LPSsignificantly increased IL-
1b, TNF-a, andSPsecretionandthatSPsecretionmarkedlypreceded
cytokines’ secretion. CSC1LPS-induced responses were markedly
greater than the sum of the responses to CSC and LPS alone,
suggesting a synergistic effect. Blocking NK1R reduced the re-
sponses of IL-1b, TNF-a, and NF-kB activation to CSC1LPS by 41,
40, and 46%, respectively. NF-kB inhibitors decreasedtheCSC1LPS–
induced cytokines’ responses by 70%. Our findings suggest that CS
amplifies the LPS-induced macrophages’ secretion of IL-1b and
TNF-a through synergizing SP secretion, which activates NF-kB via
binding with NK1R.
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IL-1b and TNF-a are important cytokines participating in the
pathogenesis of multiple pulmonary diseases, such as pulmo-
nary infection, fibrosis, cancer, and emphysema (1–4). For
example, cigarette smoke (CS)-induced emphysema was di-
minished up to 83% in mice that were null of receptors for IL-
1b and TNF-a (4). Macrophages are one of the important
sources these cytokines (5), especially during infection (6). It
was reported that pulmonary infection induced by intratracheal
instillation of lipopolysaccharide (LPS) substantially promoted
cytokine secretion from macrophages (7). A recent study has
further indicated that alveolar macrophages from smokers
incubated with LPS secrete much more IL-1b and TNF-a than
those from healthy nonsmokers (8). This finding, along with
a higher secretion of these cytokines in smokers with pulmonary
infection than in those without infection (6), implies a synergistic
effect of CS exposure on macrophage secretion of these

cytokines induced by LPS. However, the exact mechanisms
underlying this CS augmented effect on cytokine secretion have
not been investigated.

There is evidence demonstrating synergistic impacts of CS on
the receptors’ expression or mucin secretion. We have observed
that alveolar macrophages from mice exposed to CS express more
neurokinin 1 receptors (NK1R) in response to substance P (SP)
compared with those from control mice (9). Moreover, LPS-
induced mucin secretion from pulmonary mucoepidermoid cells
was facilitated by CS condensate (CSC) (10). These CS synergis-
tic effects generate a possibility that the direct action of CS on
macrophages may lead to a synergistic secretion of IL-1b and
TNF-a in response to LPS. Incubating macrophages from mice
and humans with SP substantially promoted secretion of IL-1b

and TNF-a by selectively acting on NK1R in vitro (11–13),
pointing to an important role of SP in up-regulating macrophages’
secretion of IL-1b and TNF-a. Stimulating macrophages with
LPS or CS in vitro not only increased synthesis and secretion of SP
(9, 14) but also promoted secretion of IL-1b and TNF-a (15, 16).
However, it remains unclear what the role of the SP-NK1R is in
CS synergizing the cytokine responses to LPS if this synergy
exists.

NF-kB is reportedly downstream of NK1R activation (17, 18)
and is involved in macrophages’ synthesis of IL-1b and TNF-a
(19). CS and LPS alone could activate NF-kB in macrophages (20,
21) and, more importantly, CS exposure in vivo increased the NF-
kB–activating response to LPS (22). In addition, NF-kB is
reported to be downstream of phosphatidylinositol 3-kinase
(PI3K)/Akt (23, 24). Akt can be more effectively activated by
CSC than by LPS (25, 26) and fails to be activated by SP at
pathophysiological concentrations (27). These results, and our
preliminary observation that macrophage-secreted SP during
CSC contributes to the synergistic IL-1b and TNF-a responses
to LPS, raised the following two questions: (1) How important is
the NF-kB pathway in CS synergizing macrophage secretion of
IL-1b and TNF-a induced by LPS? and (2) To what extent does
NF-kB activation by CSC coupled with LPS depend on NK1R
and Akt activation?

In the present study, we tested four hypotheses: (1) CSC is able
to synergize the LPS-evoked IL-1b and TNF-a secretion from
macrophages, (2) this cytokines’ synergy is achieved largely by an
amplified secretion of SP that acts on NK1R, (3) NF-kB activa-
tion is central in generating this cytokines’ synergy, and (4) this

CLINICAL RELEVANCE

This research reveals a synergistic effect of cigarette smoke
on the lipopolysaccharide-evoked IL-1b and TNF-a secre-
tion from macrophages mainly by activating NK1R–NF-kB
pathway. Our finding may contribute to better understand-
ing the mechanisms underlying cigarette smoke–exaggerated
pulmonary inflammation.

(Received in original form August 8, 2009 and in final form January 28, 2010)

Supported by National Heart, Lung, and Blood Institute Grant 74183 and by the

Master Tobacco Settlement.

Correspondence and requests for reprints should be addressed to Fadi Xu, M.D.,

Lovelace Respiratory Research Institute, Pathophysiology Program, 2425 Ridge-

crest Dr. SE, Albuquerque, NM 87108. E-mail: fxu@lrri.org

Am J Respir Cell Mol Biol Vol 44. pp 302–308, 2011

Originally Published in Press as DOI: 10.1165/rcmb.2009-0288OC on February 16, 2010

Internet address: www.atsjournals.org



NF-kB activation results from stimulating both the NK1R- and
PI3K/Akt-pathways.

MATERIALS AND METHODS

Cell Preparations

The human monocytic (THP-1) and murine alveolar macrophage cell
lines (MH-S) from American Type Culture Collection (Manassas, VA)
were used in this study. THP-1 and MH-S cells were grown in suspension
at 378C in 5% CO2 in culture medium consisting of RPMI 1640 mixed
with 5 mM L-glutamine, 100 U/ml penicillin and streptomycin, and 10%
heat-inactivated FBS. For differentiation, THP-1 cells were cultured in
the medium with 10 nM phorbol 12-myristate 13-acetate for 48 hours
(28), washed three times with PBS, and incubated with culture medium
for 5 to 7 days. THP-1–derived and MH-S macrophages were transferred
to 12-well polystyrene culture plates at 1 3 106 cells per well, and the cells
in each well were incubated with 1 ml of culture medium overnight. After
washing twice, cells in each well were resuspended with serum-starved
medium (1 ml) and underwent the following study series.

Cell Treatments

Study Series I. Study series I was designed to test the interaction of
CSC and LPS in secreting IL-1b and TNF-a from macrophages. To do so,
we first detected the dose dependency of the cytokine responses to CSC
and LPS. THP-1–derived and MH-S macrophages were cultured for 12
hours with different doses of CSC (0, 0.1, 1.0, and 10 mg/ml) or LPS (0,
0.01, 0.033, 0.1, 0.33, and 1 mg/ml), respectively. Our pilot studies showed
that the threshold CSC concentration was 1 mg/ml. Second, we de-
termined the interaction of CSC and LPS in secreting these cytokines.
The two types of cells (THP-1–derived and MH-S macrophages) re-
ceived four types of treatments, respectively. Each type of cell was
incubated with CSC or dimethyl sulfoxide (sham control) for 30 minutes,
and then CSC- and dimethyl sulfoxide–treated cells were incubated with
LPS for 12 hours to serve as the CSC1LPS and LPS or with vehicle to
serve as CSC and control (CON). To define the interaction of this
threshold CSC stimulation with LPS, we analyzed the cytokines’ re-
sponses to CSC alone, to six doses of LPS (0, 0.01, 0.033, 0.1, 0.33, and
1 mg/ml) alone, and to their combination. IL-1b and TNF-a in the
supernatant were detected in this study series. Because the threshold
CSC (1 mg/ml) and LPS concentration at 0.1 mg/ml began to generate
a maximal cytokine response in our pilot studies, this mixture were
applied in the following mechanistic studies.

Study Series II. Study series II was performed to evaluate the role
of SP and NK1R in CSC1LPS-induced synergistic cytokine response by
conducting three experimental steps in both types of macrophages. First,
we tested whether CSC1LPS evoked macrophage SP secretion pre-
ceding secretion of IL-1b and TNF-a. Macrophages were incubated with
CSC1LPS at nine time points (0, 15, 30, 45, 60 min and 3, 6, 12, and 24 h),
and the cytokines and SP in supernatant was measured. Second, we tested
whether CSC synergized macrophage SP response to LPS. SP in the
supernatant was measured after incubation the cells with CSC, LPS, and
CSC1LPS for 30 minutes and 12 hours, respectively. Third, we verified
whether NK1R contributes to the CSC1LPS–induced synergy of these
cytokines. Macrophages were left untreated or pretreated with NK1R
antagonists aprepitant (1028 M) or CP99,994 (10 ng/ml) (12) applied 30
minutes before the protocols described in STUDY SERIES I, and the
cytokines were detected.

Study Series III. Study series III was conducted to evaluate the
contribution of NF-kB to CSC1LPS–induced synergistic responses of
cytokines and SP. THP-1–derived macrophages were incubated with
a specific NF-kB translocation inhibitor SN50 (100 mg/ml) or a selective
IkB kinase-2 inhibitor SC-514 (10 mM) for 60 minutes (29) before CSC
and/or LPS, similar to the protocols described in STUDY SERIES I. IL-1b,
TNF-a, and SP in supernatant were measured. The reason for using
only THP-1–derived macrophages to elucidate the cellular mechanism
is described in RESULTS.

Study Series IV. Study Series IV was performed to address three
issues. First, we defined the involvement of the NK1R pathway in NF-kB
activation induced by CSC and/or LPS. THP-1–-derived cells were
treated using the same protocols described in the STUDY SERIES I with
the exception that LPS was incubated for only 60 minutes and that

aprepitant (1028 M) or CP99,994 (10 ng/ml) was applied 30 minutes
before CSC and/or LPS. Second, we clarified the role of the PI3K/Akt
pathway in NF-kB activation. The protocols were the same as described
above with exception that CP99,994 was replaced by PI3K/Akt inhibitor
LY294002 (10 mM) (26) or its vehicle 60 minutes before CSC1LPS. In
these experiments, nuclear p65 and NF-kB activity were measured.
Third, we examined whether cytosolic Akt could be activated by CSC
and/or LPS and, if so, whether this modulation depends on NK1R. Akt
was detected in the cells exposed to CSC and LPS, respectively, and
CSC1LPS without or with NK1R antagonists, for 0, 30, 45, and 60
minutes, respectively.

Measurement of IL-1b, TNF-a, and SP

After supernatant collection, protease inhibitor cocktail (PI cocktail IV,
1:100 dilution; Calbiochem, La Jolla, CA) was added and stored at
–808C. IL-1b and TNF-a protein levels were determined according to
the manufacturer’s protocol with the ELISA kit (R&D Systems,
Minneapolis, MN). SP concentration was detected quantitatively using
a commercial enzyme immunoassay kit (Cayman Chemical, Ann Arbor,
MI) as described (30). Results were expressed in picograms per milliliter.

Cell Lysates and Nuclear Extracts

Cell lysates were prepared by suspending cells in lysis buffer as previous
described (12). Nuclear extracts were prepared with a NEPER nuclear
extraction reagent (Pierce, Rockford, IL) as recommended by the
manufacturer. Briefly, THP-1–derived macrophages were placed on ice
after different stimulations. After media aspiration, the cells were
washed three times with cold PBS. The cells were gently removed by
scraping and collected by centrifugation at 500 3 g for 3 minutes at 48C.
The cells were incubated in cytoplasmic extraction buffer with protease
inhibitor cocktail for 10 minutes followed by vortexing. Then, the
preparations were centrifuged at 16,000 3 g for 5 minutes at 48C. The
nuclear pellet was resuspended in nuclear extraction buffer with protease
inhibitor cocktail and vortexed for 15 seconds every 10 minutes for a total
of 40 minutes. The supernatant (nuclear extract) was collected, ali-
quoted, and frozen at 2808C after centrifugation at 16,000 3 g for 10
minutes at 48C.

Western Blotting

Proteins (20 mg) in the cell lysates or the nuclear extracts were separated
by 10% SDS-polyacrylamide gel electrophoresis. The cell lysates and
nuclear protein extracts were transferred to a nitrocellulose membrane
and probed with phosphorylated Akt (p-Akt) at Ser473 rabbit mono-
clonal and NF-kB–RelA/p65 rabbit polyclonal antibody (1:1,000), re-
spectively, overnight at 48C. The blots were exposed to horseradish
peroxidase–conjugated goat anti-rabbit IgG (1:1,000) and detected by
electrochemiluminescence (Amersham Biosciences, Piscataway, NJ).
After detecting p-Akt and NF-kB–RelA/p65, membranes were stripped
and reprobed with nonphosphorylated Akt rabbit polyclonal and Lamin
B mouse monoclonal antibody (1:1,000), respectively. The antibody-
bound proteins were visualized after incubation with horseradish
peroxidase–conjugated goat anti-rabbit and mouse IgG (1:1,000), re-
spectively. Bands of p-Akt, Akt, p65, and Lamin B were scanned using
a GS-800 imaging densitometer (Bio-Rad, Hercules, CA), and the results
were expressed as the relative values to nonphosphorylated Akt or
Lamin B signals, respectively.

Electrophoretic Mobility Shift Assay

To prepare an NF-kB probe, oligonucleotides (59 GGCAACTGGGG
ACTCTCCCTTT-39 and 59-GGCAAAGGGAGAGTCCCCAGTT-39)
with an NF-kB binding site were labeled using the biotin 39 End DNA
labeling kit (Pierce, Rockford, IL) and annealed as reported elsewhere
(31). Nuclear extracts (8 mg) were incubated with the biotinylated DNA
probe at room temperature for 30 minutes in 50 ng/ml poly (dI.dC), 2.5%
glycerol, 5 mM MgCl2, 0.05% NP-40, and 20 fmol biotin–EBNA control
DNA (Pierce). The DNA–protein complex was electrophoresed on 4%
nondenaturing polyacrylamide gel and transferred onto a nylon mem-
brane. After transferring, the DNA probe was cross-linked to the
membrane using an UV cross-linker. The DNA mobility shift due to
the binding of the NF-kB complex was detected using the light-shift
electrophoretic mobility shift assay kit (Pierce). Bands of NF-kB and
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Lamin B were scanned using a GS-800 imaging densitometer, and the
results were expressed as the relative values to the Lamin B signals.

Reagent

CSC (Murty Pharmaceuticals, Lexington, KY) was purchased from the
University of Kentucky Reference Cigarette 3R4F. The smoke partic-
ulate matter was dissolved in DMSO at 40 mg/ml, aliquoted into small
vials, and stored frozen at 2808C as described previously (32). Aprepi-
tant and CP99,994, selective NK1R antagonists (12, 33), were the gifts
from Pfizer and Merck, respectively. LPS from Escherichia coli (Sero-
type 0111:B4) and 12-myristate 13-acetate were purchased from Sigma-
Aldrich (St. Louis, MO). SC-514 (a selective IkB kinase-2 inhibitor) and
SN50 (a cell-permeable peptide that blocks nuclear translocation of NF-
kB) (29) and PI3K/Akt inhibitor LY294002 were supplied by Calbio-
chem (San Diego, CA). Akt phosphorylated at Ser473 rabbit monoclonal
and nonphosphorylated Akt rabbit polyclonal antibody were from Cell
Signaling (Beverly, MA). NF-kB–RelA/p65 rabbit polyclonal and Lamin
B mouse monoclonal antibody were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA).

Statistical Analysis

The data were expressed as absolute values with the exception that p-
Akt, p65, and NF-kB were presented as the ratio to nonphosphorylated
Akt or Lamin B, respectively. All data are presented as mean 6 SE. One-
way ANOVA was used to compare the responses of the cytokines to
different doses of CSC and LPS and of SP and cytokine responses to
CSC1LPS during different times. To detect the significant changes in
secreting cytokines or SP by CSC and/or LPS or to compare the NF-kB
responses to CSC and/or LPS with or without PI3K/Akt inhibitor, two-
way ANOVA was used. Factorial ANOVA was used to compare the
cytokine and SP responses to CSC and/or LPS with and without NK1R
antagonists or NF-kB inhibitors and to compare the Akt responses to
CSC and/or LPS at different time points with and without NK1R
antagonists. If an overall test was significant, Fisher’s post hoc tests were
followed for comparing the data from individual groups. To assess the
potential for the interactions between CSC and LPS, we included
interaction terms in the models. When tests indicated an interaction,
95% confidence intervals for the differences in means were obtained to
assess the magnitude of the interaction. In all analyses, P , 0.05 as
considered statistically significant.

RESULTS

CSC and LPS Increases IL-1b and TNF-a Secretion from

Macrophages in a Dose-Dependent Manner

A significant elevation of IL-1b and TNF-a initially occurred at
1 mg/ml for CSC and at 0.033 mg/ml for LPS after THP-1–derived
and MH-S macrophages were incubated with different concen-
trations of these agents for 12 hours (Figure 1). The responses
became significantly greater as the concentrations increased. The
cytokines reached a plateau response to LPS for 12 hours after
0.33 mg/ml. These responses were similar in both cell lines.
Compared with CSC, LPS produced a greater IL-1b and TNF-a
responses with a lower threshold concentration, indicating that
LPS is more potent in stimulating macrophage secretion of these
cytokines than CSC, which is consistent with previous reports in
alveolar macrophages (16).

CSC Synergizes the LPS-induced Secretion of IL-1b and TNF-a

from Macrophages

Figure 2 presents the data to reflect a synergistic effect of CSC on
macrophage secretion of IL-1b and TNF-a in response to LPS.
The full dose-response curves of LPS and CSC1LPS were
obtained by plotting cytokine responses to six different LPS
doses and to the mixture of CSC (1 mg/ml) and LPS (six individual
doses), respectively. The sum of response curve to LPS and CSC
alone was calculated by each of the six responses to LPS doses
plus the given response to 1 mg/ml CSC. IL-1b responses to

CSC1LPS became significantly greater (40–70%) than the sum
of the responses to CSC and LPS alone when the cells were
incubated with LPS at the concentrations higher than 0.033 mg/ml
(Figure 2). TNF-a responses to CSC1LPS were also markedly
greater (30–60%) than the sum of the responses to CSC and LPS
alone if the concentration of LPS was up to 0.33 mg/ml. In contrast
to IL-1b, these TNF-a responses became almost equal to the sum
when the cells were incubated with LPS at 1 mg/ml. As reported
previously, this decline phenomenon may be due to activation of
other cellular inhibitory responses at high concentrations of LPS
(10 mg/ml) (34).

Figure 1. Effects of different doses of (A) cigarette smoke condensate
(CSC) and (B) lipopolysaccharide (LPS) for 12 hours on IL-1b (left) and

TNF-a (right) secretion from THP-1–derived and MH-S macrophages.

Five independent experiments in each treatment; data are mean 6 SE.
*P , 0.05 compared with vehicle. †P , 0.05 compared between 1 mg/ml

and 10 mg/ml CSC or between 0.033 mg/ml LPS and the higher doses.
‡P , 0.05 compared between 0.1 mg/ml LPS and the higher doses.

Figure 2. CSC (1 mg/ml) synergistically affects IL-1b and TNF-a secre-
tion from (A) THP-1–derived and (B) MH-S macrophages in response to

different doses of LPS for 12 hours. CSC-induced IL-1b (pg/ml) and

TNF-a (pg/ml) were 15.1 6 1.2 and 102.4 6 6.8 in THP-1–derived

macrophages and 13.7 6 1.4 and 88.8 6 3.8 in MH-S macrophages,
respectively. Data are from five independent experiments in each

treatment (mean 6 SE). *P , 0.05, CSP1LPS versus SCSC1LPS or

LPS. †P , 0.05 compared with the responses to CSC1LPS between

0.033 mg/ml LPS and the higher doses. CSC1LPS 5 combination of CSC
and LPS; SCSC1LPS 5 sum of CSC and LPS alone.
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SP Secretion Amplified by CSC Contributes to Synergistic

IL-1b and TNF-a Secretion

To reveal the role of SP-NK1R in CSC1LPS-induced cytokines’
secretion, we first tested whether CSC1LPS–evoked macro-
phage SP secretion occurred earlier than secretion of IL-1b and
TNF-a. Figure 3A compares the kinetics of SP and cytokine
responses to CSC1LPS in THP-1–derived macrophages. As
depicted, the kinetics of the SP response to CSC1LPS was
characterized by two phases. The first phase consisted of an initial
increase of SP with the peak response occurring at 30 minutes that
declined afterward. The mechanisms underlying this decline are
unknown. It may be because the SP secretion becomes relatively
less than the decline of free SP molecules through its internali-
zation (35) during this period. The second phase featured
a gradual increase over 3 hours and reached a plateau 12 hours
after incubation with CSC1LPS. In sharp contrast, the first phase
was absent for IL-1b and TNF-a secretion, clearly indicating that
SP secretion precedes the secretion of these cytokines. Second,
we tested whether CSC synergized macrophage SP response to
LPS (Figure 3B). LPS and CSC alone significantly increased the
levels of SP at 12 hours. CSC1LPS-produced SP were 40%
greater than the sum of the responses to CSC and LPS alone.
Third, we verified whether NK1R contributed to the CSC1LPS-
induced synergy of these cytokines by using the NK1R antago-
nists aprepitant and CP99,994. Aprepitant diminished the
LPS-induced IL-1b and TNF-a secretion with little effect on
CON levels and the CSC-induced responses at 12 hours in THP-
1–derived macrophages (Figure 3C). The CSC1LPS–induced
secretion of these cytokines was reduced by approximately 41%
after using aprepitant or CP99,994. Similar results were observed
in MH-S macrophages (data not shown).

NF-kB Activation Is Required for CSC Synergizing the LPS-

Induced IL-1b, TNF-a, and SP Secretion from Macrophages

To define the involvement of NF-kB in CSC synergizing the LPS-
induced secretion of these cytokines and SP, we compared
cytokine and SP responses to CSC and/or LPS before and after
the NF-kB inhibitor SN50 or SC-514 in THP-1–derived macro-
phages. We only used this cell line for intracellular signaling study
because the results mentioned above have demonstrated the high
similarity of cytokine and SP response to CSC and/or LPS
between these two types of cells. Inhibition of NF-kB activation
by SN50 did not significantly alter baseline (CON) levels of the
cytokines and SP (Figure 4). However, it reduced cytokine (50%)
and SP (30%) response to LPS or CSC, and this reduction became
even greater for the synergistic responses of the cytokines (70%)
and SP (45%) to CSC1LPS. Similar responses were observed

when SC-514 was used. These results suggest that NF-kB
activation plays an important role in generating the responses
of these cytokines and SP to CSC or LPS, especially to CSC1LPS.

NK1R and Akt Participate in NF-kB Responses to

CSC and/or LPS

To define the contributions of the NK1R- and PI3K/Akt-pathway
to NF-kB activation in responses to CSC and/or LPS, we
compared the effects of CSC and/or LPS on NF-kB activation
before and after blocking NK1R or inhibiting PI3K/Akt activa-
tion in THP-1–derived macrophages. We found that the in-
creased NF-kB DNA binding activity in the macrophages in
response to CSC1LPS was much greater than those in response
to LPS and CSC alone (Figure 5). All of the responses to CSC or
LPS, especially to CSC1LPS, were significantly reduced by
approximately 26%, approximately 29%, and approximately
46%, respectively, after blocking NK1R with aprepitant or
CP99,994, without significant changes in baseline NF-kB activa-

Figure 3. Effects of substance P (SP) on IL-1b and

TNF-a responses to CSC (1 mg/ml) and/or LPS (0.1

mg/ml) in THP-1–derived macrophages. (A) Time-

course of CSC1LPS-induced secretion of SP, IL-1b,
and TNF-a. (B) SP secretion at 30 minutes and 12

hours by CSC and/or LPS. (C ) Cytokine response to

CSC and/or LPS with or without NK1R antagonists

(aprepitant, 1028 M; CP99,994, 10 ng/ml). The
concentrations of the CSC, LPS, and NK1R antag-

onists used here are the same for the following

figures. Data are from five independent experi-
ments in each treatment (mean 6 SE). *P , 0.05

compared with 0 minutes or control (CON). †P ,

0.05 compared between vehicle and aprepitant or

CP99,994. ‡P , 0.05, interaction of CSC and LPS.
The same results were observed in MH-S macro-

phages (not shown).

Figure 4. Effects of NF-kB inhibitors (SN50, 100 mg/ml; SC-514, 10 mM)

on SP (top), IL-1b (middle), and TNF-a (bottom) responses to 12 hours

CSC and/or LPS in THP-1–derived macrophages. Data are from five

independent experiments in each treatment (mean 6 SE). *P , 0.05
compared with the corresponding CON. †P , 0.05 compared between

vehicle and SN50 or SC-514.
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tion. These effects also were observed in the levels of nuclear
translocation of p65, one of the subunits of NF-kB that plays a key
role in NF-kB translocation related to stimulating IL-1b and
TNF-a synthesis (19). We also found that LY294002 did not
markedly alter baseline NF-kB activity and p65 nuclear trans-
location but down-regulated their response to CSC1LPS by
approximately 20%, which was significantly smaller than the
aprepitant-produced down-regulation (43%) (Figure 6). These
data suggest that the NK1R and PI3K/Akt pathways are involved
in the NF-kB response to CSC1LPS and that the former appears
to be more important.

Akt Is Predominantly Activated by CSC without Effect

from NK1R

To determine whether Akt could be activated by CSC and/or
LPS, and, if so, whether this modulation depends on NK1R, p-
Akt was detected in the macrophages exposed to CSC and LPS,
respectively, or to CSC1LPS without or with pretreatment of
NK1R antagonists. LPS marginally induced Akt activation,
indicating LPS as a weak Akt activator (Figure 7). In contrast,
CSC potently activated Akt, which was not significantly different
from that evoked by CSC1LPS, again confirming CSC but not
LPS as a potent activator. We also found that neither of the NK1R
antagonists interfered CSC1LPS–induced Akt activation, re-
vealing that the SP/NK1R pathway is dispensable for CSC1LPS–
induced Akt activation. Our data are consistent with a lack of SP
effect on activating Akt at doses lower than 1 nM (27).

DISCUSSION

CS Directly Stimulates Macrophages, Leading to a Synergized

Secretion of IL-1b and TNF-a Induced by LPS

A previous study has shown that LPS induces a much greater
secretion of IL-1b and TNF-a from alveolar macrophages in
smokers than from those in healthy nonsmokers (8), implying
a CS synergistic effect on macrophage secretion of these cyto-
kines. Whether CS directly affects macrophages to cause this
phenomenon remains unknown. One of our major findings in this
study is that CS directly acts on macrophages to synergize their
secretion of IL-1b and TNF-a in response to LPS. In agreement
with previous reports (15, 16), we found that LPS and CSC alone
significantly promoted macrophages’ secretion of IL-1b and
TNF-a. The responses of IL-1b and TNF-a to CSC1LPS were
1.8-fold and 1.6-fold higher, respectively, than the sum of their
responses to CSC and LPS alone, convincingly showing a synergis-
tic response induced by the direct action of CS on macrophages. CS
has been reported to synergize the macrophage NK1R response to
SP (9) and LPS-induced pulmonary mucoepidermoid cell secretion
of mucin (10). Although the mechanisms underlying the aug-
mented effects on IL-1b and TNF-a in smokers could be more
complicated, our finding strongly supports the assumption that
direct stimulation of macrophages by CS at least partially contrib-
utes to the synergistic effect of CS on the LPS-induced macrophage
secretion of IL-1b and TNF-a observed in smokers.

Amplified SP Secretion by Macrophages Contributes to the

CS-Induced Synergistic Cytokines’ Response to LPS by Acting

on NK1R

Previous studies have shown that CSC promotes SP secretion
from macrophages (9). Moreover, SP stimulates macrophages to

Figure 5. The p65 nuclear translocation and NF-kB responses to CSC
and/or LPS for 60 minutes with or without blocking NK1R (aprepitant

and CP99,994) in THP-1–derived macrophages. The selected and

representative NF-kB DNA-binding sites by EMSA, and protein bands

of p65 (65 kD) and Lamin B (67 kD) by Western blotting are illustrated in
panel A (note: the third lane in each of the gels from a different blot). The

corresponding group data are shown in panel B. Five independent

experiments for p65 and three independent experiments for NF-kB were

performed in each treatment. Data are mean 6 SE. *P , 0.05 compared
with the corresponding CON. †P , 0.05 compared between vehicle and

aprepitant or CP99,994. #P , 0.05 compared between CSC1LPS and

LPS or CSC after vehicle treatment.

Figure 6. Effects of PI3K/Akt inhibitor (LY294002, 10 mM) and NK1R
antagonist (aprepitant, 1028 M) on NF-kB activation and the p65

nuclear translocation in responses to CSC1LPS for 60 minutes in THP-

1–derived macrophages. (A) Representative NF-kB DNA-binding sites
by electrophoretic mobility shift assay, protein bands of p65 (65 kD),

and Lamin B (67 kD) by Western blotting. (B) Corresponding group

data. Five independent experiments for p65 and three independent

experiments for NF-kB in each treatment. Data are mean 6 SE. *P ,

0.05 compared with the corresponding CON. †P , 0.05 compared

with vehicle. #P , 0.05 compared between LY294002 and aprepitant.
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secret IL-1b and TNF-a by acting on NK1R (12, 13). In this study,
we tested the role SP-NK1R plays in the CSC-induced macro-
phage synergistic responses of these cytokines to LPS. There are
three lines of evidence in the present study that allow us to
conclude that CSC facilitates LPS-mediated macrophage secre-
tion of SP and thereby contributes to the synergistic cytokine
responses by acting on NK1R. First, CSC1LPS-induced SP
secretion started much earlier than IL-1b and TNF-a secretion,
suggesting that the induction of SP may result in cytokine
secretion. Second, CSC1LPS-induced SP was 1.4-fold higher
than the sum of the responses to CSC and LPS alone, consistent
with the up-regulatory impact of CSC or LPS on SP synthesis in
and secretion from macrophages (9, 14). Third, and most impor-
tantly, blocking NK1R reduced 41% of the synergistic cytokine
response to CSC1LPS. This finding is supported by previous
results showing that SP promotes the secretion of these cytokines
by macrophages (11–13), similar to CS and LPS (5, 16). Because
blocking NK1R only reduced 41% of the synergistic effect, other
pathways may also participate in the CSC synergistic modulation.
In fact, previous studies have demonstrated that nicotine, one of
the major components of CS, is able to elevate IL-1b and TNF-a
secretion by acting on the nicotinic receptors (36). Similarly, LPS
can act on toll-like receptors to induce IL-1b and TNF-a secretion
(37). Further studies are required to define whether there is
a functional interaction of these two receptors in CS-synergized
IL-1b and TNF-a secretion from macrophages.

NF-kB Activation Is Essential for CSC Synergizing the

LPS-Induced IL-1b and TNF-a Secretion

NF-kB was reportedly involved in the synthesis of IL-1b and
TNF-a by macrophages (19), and its activation was promoted by
CSC and LPS (20, 22, 38). Our novel finding in this study is that
NF-kB inhibition diminished approximately 70% of the cytokine
and approximately 45% of the SP response to CSC1LPS. This
finding suggests that although other pathways may be involved in
this CSC-induced synergy, the NF-kB pathway is central. The
remaining 30% of the cytokine that was not blocked by NF-kB
inhibitors might be due to the incomplete pharmacological
inhibition of the NF-kB pathway by SN50 or SC-514 or to
involvement of other signaling pathways. Because blocking
NK1R or inhibiting NF-kB did not eliminate the CSC-synergized
responses of the cytokines, other pathways are likely involved in
these responses. The known pathways involved in CSC- and LPS-
induced cytokine responses, dependent or independent of NF-kB
activity, include p38 (18, 22), reactive oxygen species (39, 40),
activator protein 1 (37, 41), and nuclear factor of activated T cells
(42, 43). In addition, the fact that inhibition of NF-kB reduced SP
secretion suggests a mutually regulation between NF-kB and SP
(i.e., a positive feedback loop for CSC1LPS-induced cytokine

secretion). The role of these intracellular signaling pathways in
the CS-synergized cytokine response to LPS should be clarified
by further investigations.

NF-kB Response to CSC1LPS Stems from Stimulation of Both

NK1R and PI3K/Akt-Pathways

Another important finding in this study is that SP secreted by
macrophages significantly contributes to NF-kB activation by
acting on NK1R. Our results showed that NK1R blockade
reduced NF-kB activation by 46% in response to CSC1LPS.
This crucial role of NK1R is supported by previous results that
SP activates NF-kB through NK1R (17, 18). We also found that
CSC1LPS–induced Akt activation was independent of the
NK1R pathway and that PI3K/Akt inhibition down-regulated
CSC1LPS–induced NF-kB activity by 20%. The results reveal
that PI3K/Akt is another pathway upstream of NF-kB activated
by CSC1LPS, although its contribution is smaller than that of
the NK1R pathway, which is in agreement with the known role
the PI3K/Akt-pathway plays in NF-kB activation (23, 24, 44).
Taken together, these results suggest that the NK1R and PI3K/
Akt pathways participate in CSC1LPS-induced NF-kB activa-
tion, which is a key contributor to the synergistic cytokines’
response.

In summary, there are four major findings from the present
study: (1) CS directly stimulates macrophages to synergize the
LPS-evoked IL-1b and TNF-a secretion; (2) CS amplifies LPS-
induced macrophage secretion of SP, which plays an important role
in generating this cytokines’ synergy via acting on NK1R; (3) NF-
kB activation is essential for the genesis of this cytokines’ synergy;
and (4) both the NK1R and PI3K/Akt pathways are responsible for
the NF-kB response to CSC1LPS. This novel mechanism explains,
at least in part, the phenomenon that LPS induces a much greater
secretion of IL-1b and TNF-a from alveolar macrophages in
smokers than from those in healthy nonsmokers.
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