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Exposure to Cigarette Smoke Impairs Alveolar
Macrophage Functions during Halothane and
Isoflurane Anesthesia in Rats
Naoki Kotani, M.D.,* Hiroshi Hashimoto, M.D.,* Daniel I. Sessler, M.D.,† Yuichi Yatsu, M.D.,‡
Masatoshi Muraoka, M.D.,* Akitomo Matsuki, M.D.§

Background: Smoking alters numerous alveolar macrophage
functions and is an important risk factor for postoperative
pulmonary complications. The authors therefore tested the hy-
pothesis that smoke exposure impairs antimicrobial and proin-
flammatory responses in alveolar macrophages during halo-
thane and isoflurane anesthesia with mechanical ventilation.

Methods: Thirty control rats and 30 rats exposed to cigarette

smoke were mechanically ventilated with 1.5 minimum alveo-
lar concentration halothane and isoflurane. Ten smoke-ex-
posed and control animals were assigned to one of three differ-
ent anesthetic durations (0, 2, and 6 h). The fraction of
aggregated cells and cell distribution were determined. Opso-
nized and unopsonized phagocytosis was measured. Microbici-
dal activity was determined as the ability to kill Listeria mono-
cytogenes. The expression of interleukin (IL)-1a, IL-1b, IL-6,
macrophage inflammatory protein-2, interferon-g, and tumor
necrosis factor-a was measured by semiquantitative reverse-
transcription polymerase chain reaction. Pulmonary lavage
concentrations of these cytokines were measured by enzyme-
linked immunosorbent assay.

Results: During both halothane and isoflurane anesthesia,
the fraction of aggregated macrophages increased, whereas un-
opsonized and opsonized phagocytosis and microbicidal activ-
ity decreased significantly over time in both groups. Responses
observed in smoke-exposed rats were almost twice as great as
those observed in the control rats. Gene expression and pro-
duction of all proinflammatory cytokines except IL-6 increased
2–20-fold during anesthesia. The increases in IL-1b, interfer-
on-g, and tumor necrosis factor-a in the control rats were 1.5–8
times greater than those in the smoke-exposed rats.

Conclusion: Antimicrobial and proinflammatory responses of
alveolar macrophages during anesthesia were markedly sup-
pressed by smoke exposure. Our data suggest that smoke expo-
sure reduces the efficacy of immune defenses during anesthe-
sia. (Key words: Immune response; mechanical ventilation;
smoking; volatile anesthetic.)

ALVEOLAR macrophages are the first line of pulmonary
defense. Among their antimicrobial responses are che-
motaxis, phagocytosis, and microbicidal activity against
foreign invaders. Furthermore, alveolar macrophages
provide critical proinflammatory functions, including
medulating secretion of various proinflammatory cyto-
kines and neutrophil chemoattractants.

Alveolar macrophage functions are significantly altered
during anesthesia and surgery.1–3 For example, antimi-
crobial activities such as phagocytic and microbicidal
activities of alveolar macrophages decrease progres-
sively during anesthesia and surgery.1,2 Macrophage ag-
gregation and neutrophil influx also increased during
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anesthesia and surgery. In both cases, changes became
evident 2 h after induction of anesthesia and peaked
after 6 h. Isoflurane provokes greater macrophage aggre-
gation and neutrophil influx than propofol.2 Inhalation
of volatile anesthetics and mechanical ventilation each
provoke inflammatory reactions.3 Thus, available data
suggest that anesthesia, mechanical ventilation, and sur-
gery independently initiate inflammatory responses in
alveolar macrophages.1–3

Smoking is among the most important risk factors for
postoperative pulmonary complications, even in the
absence of underlying pulmonary disease or abnormal
pulmonary function tests.4,5 Smoking often reduces
phagocytic and microbicidal activities of alveolar macro-
phages.6,7 Furthermore, cigarette smoking is reported to
significantly impair gene expression and production of
proinflammatory cytokines against inhaled noxious sub-
stances.8–10 It is therefore likely that both antimicrobial
and proinflammatory reactions are further impaired dur-
ing general anesthesia. Consistent with this theory, He-
gab and Matulionis11 examined the morphologic
changes of the lungs in smoke-exposed mice during
spontaneous inhalation of halothane and reported that
inhalation of halothane in smoke-exposed mice mark-
edly increased macrophage aggregation and influx of
inflammatory cells to the distal airway. However, from
their study, the changes in antimicrobial and proinflam-
matory functions of alveolar macrophages that result
from smoke exposure during anesthesia remain unclear.

We examined how prior chronic exposure to cigarette
smoke affects macrophage aggregation, neutrophil in-
flux, and antimicrobial activities, such as phagocytic
microbicidal activity in alveolar macrophages during
halothane and isoflurane anesthesia with mechanical
ventilation, in rats. To evaluate proinflammatory func-
tion, we measured gene expression and production of
key proinflammatory cytokines in alveolar macrophages,
including interleukin (IL)-1a, IL-1b, IL-6, macrophage
inflammatory protein-2 (MIP-2), interferon-g (IFN-g), and
tumor necrosis factor-a (TNF-a).

Methods

The protocol of the study was approved by the insti-
tutional animal care at the University of Hirosaki. We
studied a total of 120 male Wistar rats weighing approx-
imately 200–250 g. All rats were maintained under stan-
dard conditions with free access to water and rodent
laboratory food. Artificial light was present from 7 A.M. to

7 P.M. each day, and room temperature was maintained
between 22°C and 24°C. Sixty rats were exposed to
filter-tipped cigarettes. (Hilite; Japan Tobacco, Tokyo,
Japan) for 30 min/day over 60 days using a Hamburg II
smoking machine (Leybold-Heraeus, Hamburg, Ger-
many) at a rate of 1 puff/min. Puff duration and volume
were 2 s and 35 ml, respectively. Cigarette smoke was
diluted with air at a ratio of 1:10. The remaining 60
sham-exposed rats served as controls and were applied
to the smoking machine as were smoke-exposed rats,
but they were not exposed to cigarette smoke.

Protocol
The rats were anesthetized with 50 mg/kg intraperito-

neal pentobarbital. A catheter was inserted into the tra-
chea via a neck incision. Catheters were also inserted
into the femoral artery and vein. Lactated Ringer’s solu-
tion was infused at a rate of 10 ml z kg21 z h21 through
the venous catheter. We continuously monitored mean
arterial pressure and heart rate from the femoral arterial
catheter. The rats were placed on a heating pad (Small
Animal Warmer BWT-100; BRC Company, Nagoya, Ja-
pan), and rectal temperature was maintained between
37.0°C and 37.5°C.

Thirty smoke-exposed rats and 30 control rats were
mechanically ventilated with 1.5 minimum alveolar con-
centration halothane (1.6%). Ten exposed and control
animals were assigned to one of three different anes-
thetic durations. Ten smoke-exposed and control rats
were killed and underwent whole pulmonary lavage
immediately after induction of anesthesia (0 h). Ten
others in each group were killed 2 and 6 h after onset of
anesthesia. A rodent ventilator (model 683; Harvard ap-
paratus, South Natick, MA) set to 10 ml/kg was used in
the mechanically ventilated animals. The respiratory rate
was controlled to produce an initial arterial carbon di-
oxide partial pressure between 35 and 45 mmHg. Muscle
relaxants were not administered. Arterial blood was sam-
pled for analysis of pH and oxygen and carbon dioxide
partial pressures immediately after the start of inhalation
of volatile anesthetics (initial values) and again at the
end of experiment (final values) except in the 0-h group.
The procedures were similar in the remaining 30 smoke-
exposed and 30 control rats except that they were anes-
thetized with 1.5 minimum alveolar concentration isoflu-
rane (2.1%) rather than halothane.

Whole Pulmonary Lavage and Cell Treatment
Five milliliters of 0.9% saline solution containing 16 mM

lidocaine hydrochloride titrated with NaOH to a pH of
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7.4 was gently instilled with a syringe, then withdrawn.
This procedure was repeated 10 times, so that a total of
50 ml of the saline solution was instilled. Three-milliliter
aliquots of lavage fluid were reserved for total cell count,
viability, and cell differentiation and aggregation. Total
cell number was determined with a hemocytometer.
The viability of alveolar cells was evaluated by an ability
to exclude 0.2% trypan blue as described previously.1,2

Cell differentiation and aggregation were examined by
counting 500 cells on a Wright-Giemsa–stained slide.
Lavage fluid was divided into three equal volumes for
determination of phagocytosis, bactericidal activity, and
gene expression of proinflammatory cytokines by re-
verse-transcription polymerase chain reaction (PCR).

RNA Isolation and cDNA Synthesis
The bronchoalveolar lavage fluid was centrifuged at

200 3 g for 10 min. After the supernatant was decanted
for measurement of cytokine concentrations, the cell
pellets were dissolved in 0.5 ml of guanidinium buffer
solution (4 M guanidinium isothiocyanate, 50 mM Tris
HCl, 10 mM EDTA, 2% sarcoryl, and 100 mM mercapto-
ethanol). The following molecular analysis of proinflam-
matory cytokines was based on our previously reported
method.3 RNA was isolated from the guanidinium buffer
by the well-established acid guanidinium-phenol-chloro-
form method.12 The amount of isolated RNA was mea-
sured by a spectrophotometer (Model DU-65; Beckman,
Tokyo, Japan). We obtained 1.2–3.2 mg RNA from each
sample. By incubation at 40°C for 60 min, cDNA was
synthesized from 0.2 mg RNA with 20 ml total reaction
mixture that included Tris-HCl buffer (pH 8.3), 1 mM

dNTPs, 0.125 mM oligo dT primers, 20 U RNase inhibitor,
and 0.25 U avian myeloblastosis virus reverse transcrip-
tase. After 60 min of incubation, the reverse transcrip-
tase was inactivated at 95°C for 5 min.

Semiquantitative Reverse-Transcription PCR
The reverse-transcription PCR mixture (50 ml) con-

tained cDNA synthesized from 0.2 mg RNA, 10 mM Tris-
HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 0.2 mM dNTP,
0.2 mM 59 and 39 oligonucleotide primers, and 2.5 U Taq
polymerase (Takara, Company, Tokyo, Japan).

The reaction mixture was then amplified in a DNA
thermocycler (Perkin-Elmer, Irvine, CA). Each cycle con-
sisted of denaturation at 94°C for 1 min, annealing at
56°C (for IL-6 and IFN-g) or 59°C (for other cytokines)
for 1 min, and extension at 72°C for 1 min. The optimal
number of PCR cycles for each primer set was deter-

mined in preliminary experiments so that the amplifica-
tion process was conducted during the exponential
phase of amplification.13 The number of PCR cycles was
as follows; 26 for b-actin, 32 for IL-1a, 31 for IL-1b, 35
for IL-6, 28 for IFN-g, 30 for MIP-2, and 28 for TNF-a. The
sequence of cytokine-specific primer pairs, 59 and 39,
were the same as in our previous study.3 cDNA for each
cytokine and b-actin were then coamplified in single
tubes. The b-actin primers were added after several cy-
cles with only cytokine primer so that the final number
of PCR cycles was optimal for both the cytokine and
b-actin.

The PCR products were quantified by densitometry
measurements. The PCR products were separated by
electrophoresis on a 1.8% agarose gel containing 0.5
mg/ml ethidium bromide. PCR products were visualized
on a transilluminator (Model FBTIV-816; Fisher Scien-
tific, Pittsburgh, PA) at 312-nm wavelength and photo-
graphed with Polaroid 667 film (Japan Polaroid, Tokyo,
Japan). The band images were obtained by scanning the
photograph with a ScanJet 3P (Hewlett-Packard, Cuper-
tino, CA). The total intensity (average intensity 3 total
pixels) of each band was measured with Mocha software
(Jandel Scientific Software, San Rafael, CA). To evaluate
the relative amount of cytokine mRNA in each rat, the
cytokine/b-actin ratio of the intensity of ethidium bro-
mide luminescence for each PCR product was calcu-
lated.

Cytokine Enzyme-linked Immunosorbent Assas in
Whole Pulmonary Lavage Fluid
Concentrations of IL-1b, IL-6, MIP-2, IFN-g, and TNF-a

in pulmonary lavage fluid were evaluated in duplicate by
an investigator blinded to anesthetic type and sample
time using commercially available enzyme-linked immu-
nosorbent assay kits (TFB Co., Tokyo, Japan). The mini-
mum detection levels were 5, 3, 1, 7, and 0.7 pg/ml,
respectively. The concentration of cytokines under min-
imum detection levels were considered as zero. We did
not measure IL-1a because its function is mainly intra-
cellular and may be released by cellular damage. In our
laboratory, the intraassay and interassay coefficient of
variation of each cytokine measurement was less than
5% and 8%, respectively. The absorbance of each well
was determined at 450 nm with a microplate reader.
Background absorbency of blank wells was subtracted
from the standard and unknowns before determination
of sample concentration.
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Phagocytosis and Microbicidal Activity
Phagocytosis and microbicidal activity were evaluated

with a slightly modified version of our previously de-
scribed technique.2 Alveolar macrophages were sepa-
rated from bronchoalveolar lavage fluid by centrifuga-
tion at 200 3 g for 10 min. After the supernatant was
decanted, alveolar macrophages were resuspended at a
concentration of 0.25 3 106 cells/ml in a balanced saline
solution containing NaCl (125 mM), KCl (6 mM), dextrose
(10 mM), CaCl2 (0.3 mM), and MgCl2 (1.0 mM), titrated
with NaOH to a pH of 7.4.

Resuspended alveolar macrophages were incubated as
suspensions at 37°C in 20-ml sterile centrifuge tubes on
a shaking platform (60 cycles/min). Unopsonized and
opsonized (1.0 mm diameter) particles were added to the
separate centrifuge tubes, each containing a sample of
the cell suspension; the particle-to-cell ratio was 15:1.
The tubes were incubated for 15 min, and the phagocy-
tosis was then stopped by addition of 2 ml ice-cold
balanced saline solution. The cell suspension was placed
on a glass slide, fixed, and stained. We recorded the
fraction that ingested at least one particle and the num-
ber of fluorescent particles per positive phagocytic alve-
olar macrophage.

Bactericidal ability of the alveolar macrophages was
determined by their ability to kill Listeria monocyto-
genes using a modification of a previously described
method.2 Listeria were stored at a concentration of 1 3
109 colony-forming unit/ml in the RPMI-1640 medium
(Gibco BRL, Life Tech, Inc., Rockville, MD) and stored at
280°C until use. Alveolar macrophages were separated
as in the phagocytosis assay at 2-h intervals and at the
end of surgery. We resuspended each set of alveolar cells
at a concentration of 0.25 3 106 cells/ml in RPMI-1640
and plated them in 24-well dishes. After removal of
nonadherent cells by washing with RPMI-1640, the ad-
herent cells (. 98% macrophages) were finally resus-
pended in 0.5 ml RPMI containing 10% normal human
serum.

The bacteria were resuspended in the same medium at
a concentration of 2 3 106 colony-forming unit/ml. Re-
suspended aliquots of Listeria (0.5 ml) were mixed and
incubated for 30 min and 120 min in 5% CO2/air. Total
reaction volume was 1.0 ml. The pellets of alveolar
macrophages were lysed by adding 10 ml of sterilized
distilled water and vortexing for 30 s to release bacteria.
The viable fraction of Listeria bacteria was determined
by plating serial 10-fold dilutions on agar plates. The
number of colonies of Listeria was counted after 48 h on
one of the plates. The rate at which alveolar macro-

phages killed Listeria was calculated by dividing the
fraction of the initial inoculum of Listeria killed by the
fraction of the initial inoculum surviving in the control
(cell-free) tubes.

Statistical Analysis
Time-dependent data in each smoke-exposed and con-

trol group were analyzed using one-way analysis of vari-
ance and Dunnett tests for comparison with control
values. Differences between smoke-exposed and control
groups at each time point were evaluated using two-
tailed, unpaired t tests. Intragroup differences in hemo-
dynamic and respiratory parameters were evaluated by
two-tailed, paired t test. Data are expressed as mean 6
SDs; P , 0.05 was considered statistically significant.

Results

Demographic Data and Cell Recovery by
Whole-lung Lavage
There were no significant time-dependent (0, 2, and

6 h of anesthesia), intragroup (initial vs. final) and inter-
group (smoke-exposed vs. control) changes in hemody-
namic or respiratory parameters during halothane and
isoflurane anesthesia (tables 1 and 2). Although all rats
were ventilated with an inhaled oxygen fraction of 0.21,
arterial oxygen partial pressure exceeded 80 mmHg in all
rats.

Concentration and total number of alveolar cells in the
lavage fluid was fivefold greater in smoke-exposed than
in control rats at all evaluation points during halothane
anesthesia (P , 0.001). In both smoke-exposed and
control rats, macrophage aggregation and neutrophil in-
flux increased over the course of 6 h of halothane anes-
thesia (P , 0.01). Six hours after induction of anesthesia,
macrophage aggregation in the smoke-exposed rats was
almost twice that in the control rats (P , 0.05; table 3).
These cellular responses were similar during isoflurane
anesthesia (table 4).

Gene Expression of Proinflammatory Cytokines
During halothane anesthesia, relative expression of

MIP-2, IFN-g, and TNF-a in alveolar cells increased sig-
nificantly in control and smoke-exposed rats over the
course of 6 h of anesthesia (P , 0.001). The increases in
IFN-g and TNF-a were greater in control than smoke-
exposed rats (P , 0.005). There were no differences in
expression of MIP-2 between the groups. Relative ex-
pression of IL-1a increased in both smoke-exposed and

1826

KOTANI ET AL.

Anesthesiology, V 91, No 6, Dec 1999

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/91/6/1823/397956/0000542-199912000-00037.pdf by guest on 17 April 2024



control rats at 6 h after anesthesia, but there was no
difference between smoke-exposed and control rats. Rel-
ative expression of IL-1b in the smoke-exposed and con-
trol rats increased significantly at 2 and 6 h of anesthesia,
respectively (P , 0.01), and the increase was signifi-
cantly greater in control than smoke-exposed rats at 6 h
of anesthesia (P , 0.05). Expression of IL-6 was minimal
at all evaluation points in both groups (fig. 1).

Expression of genes for proinflammatory cytokines
during isoflurane anesthesia was nearly the same as halo-
thane anesthesia. However, expression of IFN-g did not
increase significantly until 6 h of anesthesia. Further-
more, expression of IL-1a and IL-1b failed to increase
over time in the smoke-exposed rats (fig. 2).

During halothane anesthesia, the concentration of
IL-1b did not change over time in either group. The
concentration of MIP-2 increased significantly after 2 and

6 h of anesthesia in control and smoke-exposed rats (P ,
0.001); however, there were no significant differences
between groups. Concentrations of IFN-g and TNF-a
increased after 6 h of anesthesia in the control rats (P ,
0.01), and increases were significantly greater in the
control than in the smoke-exposed rats (P , 0.05).
During the entire course of anesthesia, IL-6 was unde-
tectable in the lavage fluid (fig. 3). Cytokine concentra-
tions during isoflurane anesthesia were similar to those
during halothane anesthesia (fig. 4).

Phagocytic and Bactericidal Activities
After 2 and 6 h of halothane anesthesia, phagocytosis

of both unopsonized and opsonized particles decreased
significantly in the smoke-exposed and control rats, re-
spectively (P , 0.001). At these time points, the de-
creases in both unopsonized and opsonized phagocyto-

Table 2. Cardiorespiratory Responses and Body Temperature during Isoflurane Anesthesia

Control Smoke-exposed

0 h 2 h 6 h 0 h 2 h 6 h

MAP (mmHg) Initial 86 6 10 83 6 9 81 6 8 86 6 10 85 6 6 85 6 5
Final — 85 6 10 79 6 8 — 87 6 8 83 6 8

HR (beats/min) Initial 403 6 18 401 6 21 398 6 13 406 6 14 408 6 19 406 6 21
Final — 402 6 12 398 6 12 — 404 6 16 401 6 16

pH Initial 7.41 6 0.03 7.42 6 0.02 7.41 6 0.03 7.40 6 0.04 7.43 6 0.03 7.40 6 0.03
Final — 7.41 6 0.03 7.42 6 0.02 — 7.42 6 0.02 7.39 6 0.02

PCO2
(mmHg) Initial 38 6 1 37 6 2 37 6 2 38 6 1 37 6 1 38 6 1

Final — 37 6 2 38 6 1 — 37 6 2 38 6 1
PO2

(mmHg) Initial 98 6 6 98 6 7 96 6 9 97 6 8 100 6 9 95 6 7
Final — 97 6 9 97 6 8 — 100 6 8 96 6 6

Initial values identify the beginning of the study; final values are those obtained at the end of the experiments. Results are presented as mean 6 SD. There were
no significant time-dependent, intragroup, or intergroup differences.

HR 5 heart rate; MAP 5 mean arterial pressure.

Table 1. Cardiorespiratory Responses and Body Temperature during Halothane Anesthesia

Control Smoke-exposed

0 h 2 h 6 h 0 h 2 h 6 h

MAP (mmHg) Initial 81 6 7 81 6 10 83 6 9 86 6 9 88 6 9 82 6 6
Final — 85 6 10 82 6 6 — 86 6 10 80 6 7

HR (beats/min) Initial 402 6 13 404 6 25 403 6 16 405 6 12 411 6 21 404 6 12
Final — 404 6 18 404 6 12 — 404 6 10 410 6 17

pH Initial 7.41 6 0.04 7.43 6 0.04 7.40 6 0.04 7.39 6 0.02 7.42 6 0.04 7.39 6 0.03
Final — 7.41 6 0.03 7.39 6 0.03 — 7.42 6 0.04 7.40 6 0.04

PCO2
(mmHg) Initial 38 6 2 37 6 2 38 6 2 38 6 1 37 6 2 38 6 1

Final — 38 6 1 38 6 2 — 37 6 2 38 6 1
PO2

(mmHg) Initial 95 6 8 98 6 8 96 6 10 97 6 8 97 6 9 94 6 6
Final — 100 6 9 97 6 7 — 97 6 6 96 6 8

Initial values identify the beginning of the study; final values are those obtained at the end of the experiments. Results are presented as mean 6 SD. There were
no significant time-dependent, intragroup, or intergroup differences.

HR 5 heart rate; MAP 5 mean arterial pressure.
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sis were significantly greater in smoke-exposed than in
control rats (P , 0.005). Microbicidal activity at both 30-
and 120-min incubations decreased significantly after 2
and 6 h of anesthesia in both groups (P , 0.001). At 6 h
of anesthesia, microbicidal activity in the smoke-ex-
posed rats had decreased twice as much as in the control
rats (P , 0.001; fig. 5).

Changes in phagocytic and microbicidal activities dur-
ing isoflurane anesthesia were almost similar to those
observed during halothane anesthesia. However, there
was no significant difference of opsonized phagocytosis
between smoke-exposed and control rats after 2 h of
isoflurane anesthesia (fig. 6).

Discussion

Gene Expression and Production of
Proinflammatory Cytokines
We found that gene expression and production of

proinflammatory cytokines increased over time in both

smoke-exposed and control rats. These results are con-
sistent with those of our previous study.3 Gene expres-
sion and production of proinflammatory cytokines in-
crease after inhalation of noxious substances such as
aerosolized lipopolysaccharide or bacteria,14–18 and
even 100% oxygen.19 Furthermore, mechanical ventila-
tion induces expression of the gene for TNF-a.20 Our
results with these previous studies suggest that inhala-
tion of volatile anesthetics during mechanical ventilation
induces an inflammatory reaction in the distal airway.

Among the proinflammatory cytokines, IL-1 and TNF-a
are the most important mediators secreted from alveolar
macrophages.21 It is interesting that both expression and
concentration of TNF-a increased, whereas the produc-
tion of IL-1b did not. Although we cannot explain the
mechanism, expression of TNF-a is generally much
faster than that of IL-1. For example, administration of
lipopolysaccharide causes a marked increase in gene
expression for TNF-a within 30 min. Furthermore, even
the production TNF is faster than that of IL-1.17,18 TNF-a

Table 3. Cell Recovery from Bronchoalveolar Lavage Fluid during Halothane Anesthesia

Control Smoke-exposed

0 h 2 h 6 h 0 h 2 h 6 h

Recovery rate (%) 84 6 4 83 6 3 85 6 3 84 6 3 84 6 3 84 6 3
Cell concentration (3105/cm3) 1.6 6 0.3 1.5 6 0.3 1.5 6 0.3 5.4 6 1.3† 5.3 6 1.1† 6.0 6 1.5†
Total cell (3106) 6.5 6 1.4 6.3 6 1.1 6.2 6 1.4 22.9 6 6.1† 22.3 6 4.9† 25.3 6 6.8†
Macrophage (%) 96 6 2 96 6 2 90 6 2* 96 6 2 96 6 2 89 6 2*
Lymphocyte (%) 2 6 1 2 6 1 2 6 1 2 6 1 2 6 2 3 6 1
Neutrophil (%) 2 6 1 2 6 1 8 6 2* 2 6 1 2 6 2 9 6 3*
Aggregation (%) 1.2 6 1.2 2.0 6 1.5 4.1 6 1.7* 2.4 6 1.7 4.1 6 2.2 9.3 6 3.6*†
Viability (%) 97 6 2 97 6 2 97 6 2 98 6 1 97 6 2 97 6 2

Results are presented as mean 6 SD.

* Significant differences from control values.

† Significant differences between smoke-exposed and control rats.

Table 4. Cell Recovery from Bronchoalveolar Lavage Fluid during Isoflurane Anesthesia

Control Smoke-exposed

0 h 2 h 6 h 0 h 2 h 6 h

Recovery rate (%) 84 6 3 85 6 2 85 6 3 84 6 3 85 6 3 84 6 3
Cell concentration (3105/cm3) 1.5 6 0.3 1.6 6 0.3 1.5 6 0.4 5.9 6 1.5† 5.9 6 0.9† 6.5 6 1.2†
Total cell (3106) 6.4 6 1.2 6.9 6 1.3 6.3 6 1.6 24.9 6 6.3† 25.1 6 4.3† 27.3 6 5.2†
Macrophage (%) 97 6 2 96 6 1 90 6 2* 96 6 3 95 6 2 89 6 2*
Lymphocyte (%) 1 6 1 2 6 1 2 6 1 2 6 2 3 6 2 3 6 1
Neutrophil (%) 2 6 1 2 6 1 8 6 2* 2 6 1 3 6 1 8 6 3*
Aggregation (%) 1.2 6 0.9 1.6 6 1.4 3.1 6 1.7* 2.2 6 1.5 2.8 6 1.2 7.3 6 3.9†
Viability (%) 97 6 2 98 6 1 97 6 2 97 6 2 97 6 2 98 6 1

Results are presented as mean 6 SD.

* Significant differences from control values.

† Significant differences between smoke-exposed and control rats.
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may be more sensitive to noxious stimuli to the lungs, as
indicated by the fact that mechanical ventilation or in-
halation of 100% oxygen increases gene expression of
TNF-a.19

Interleukin-1b accounts for . 90% of the IL-1 mRNA.
Although expression of the gene for IL-1a increased
significantly, we did not measure IL-1a in the lavage
fluid. It is likely that IL-1a concentrations failed to in-
crease because this cytokine functions primarily intracel-
lularly and is only released in substantial concentrations
by cellular damage.21

We found that both expression and concentration of
MIP-2 increased simultaneously in smoke-exposed and
control rats. MIP-2, like IL-8 in humans, is one of the
most potent chemoattractants for neutrophils to the
distal airway. Neutrophil influx was similar in our smoke-
exposed and control rats. This result is consistent with a
study showing that the concentrations of IL-8 in bron-
choalveolar lavage fluid is similar in smoking and non-
smoking patients.8 Thus, our results suggest that
changes of neutrophil chemoattractance in distal airway

by inhalation of volatile anesthetics under mechanical
ventilation were not modulated by prior exposure to
cigarette smoke.

Although our methods possibly were insufficiently sen-
sitive, it is notable that we failed to observe either ex-
pression or production of IL-6 in alveolar macrophages
and lavage fluid. Why this gene is so poorly expressed
during anesthesia and surgery remains unknown. Mc-
Crea et al.8 reported that IL-6 concentrations in bron-
choalveolar lavage fluid were greater in smokers than
nonsmokers. IL-6 is a pleiotropic cytokine released by
alveolar macrophages. Like IL-1b and TNF-a, IL-6 is in-
volved in acute-phase protein production and is an en-
dogenous inflammatory mediator. On the other hand,
IL-6 limits inflammation by inhibiting release of TNFa by
macrophages.16 Even direct instillation of IL-6 abrogates
subsequent lipopolysaccharide-induced lung injury, sug-
gesting that IL-6 may exert antiinflammatory effects in
the lungs.22

Fig. 1. Changes in gene expression of proinflammatory cyto-
kines in smoke-exposed (circles) and control (squares) rats
anesthetized with halothane. Data are expressed as the ratio of
cytokine mRNA to b-actin mRNA. *Significant differences from
control values; #significant differences between smoke-ex-
posed and control rats. Data are expressed as mean 6 SD.

Fig. 2. Changes in gene expression of proinflammatory cyto-
kines in smoke-exposed (circles) and control (squares) rats
anesthetized with isoflurane. Data are expressed as the ratio of
cytokine mRNA to b-actin mRNA. *Significant differences from
control values; #significant differences between smoke-ex-
posed and control rats. Data are expressed as mean 6 SD.
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Phagocytic and Microbicidal Activities
Phagocytosis of opsonized and unopsonized particles

and microbicidal activity decreased over time during
both halothane and isoflurane anesthesia. Antimicrobial
activities are generally upregulated by proinflammatory
cytokines and colony-stimulating factors,23,24 all of
which increased during the 6-h anesthesia period. None-
theless, these activities decreased over time in both
groups. Therefore, these reductions presumably resulted
in part from the direct anesthetic-induced inhibition of
phagocytic and chemotactic activity. In fact, our previ-
ous study demonstrated that intraoperative decreases in
these activity were more pronounced during isoflurane
than in propofol anesthesia.2 Similar reductions in oxi-
dative activity of alveolar macrophages have also been
reported by exposure of volatile anesthetics.25,26 Volatile
anesthetics markedly suppress the production of adeno-
sine triphosphate and protein in alveolar macrophages
by exposure to volatile anesthetics.27,28

Alveolar macrophages have important immunologic

functions as antimicrobial and proinflammatory cells.
The progressive neutrophil influx and macrophage ag-
gregation observed in this study suggest inflammatory
responses. Given this situation, alveolar macrophages
may function more as proinflammatory cells, with anti-
microbial functions such as phagocytic and bactericidal
activities being suppressed. This conclusion is consistent
with previous reports. It is well established that antimi-
crobial functions of alveolar macrophages decrease over
time, as do functions of other immune cells. In contrast,
expression and concentrations of proinflammatory cyto-
kines increase during anesthesia.29

A notable finding in this study is our observation that
phagocytic and microbicidal activities decreased almost
twice as much in smoke-exposed as in control rats.
There are numerous potential explanations for this ob-
servation: (1) gene expression and production of proin-
flammatory cytokines in smoke exposed rats did not
increase as much as in control rats; (2) volatile anesthet-
ics and smoking both reduce in metabolic activity by

Fig. 3. Changes in absolute pulmonary lavage concentration of
proinflammatory cytokines in smoke-exposed (circles) and
control (squares) rats receiving halothane under mechanical
ventilation. *Significant differences from control values; #sig-
nificant differences between smoke-exposed and control rats.
Data are expressed as mean 6 SD.

Fig. 4. Changes in absolute pulmonary lavage concentration of
proinflammatory cytokines in smoke-exposed (circles) and
control (squares) rats receiving isoflurane concentration under
mechanical ventilation. *Significant differences from control
values; #significant differences between smoke-exposed and
control rats. Data are expressed as mean 6 SD.
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inhibiting the respiratory burst required for phagocytic
and microbicidal activity27,30; and (3) macrophage aggre-
gation is significantly and markedly augmented in smoke-
exposed rats. At the very least, aggregation decreases
cell membrane surface area available for phagocytosis,
thus reducing the ability of alveolar macrophages to
ingest foreign particles.2 Phagocytosis and bactericidal
activity of alveolar macrophages is a key element of
pulmonary defense. Smoking markedly reduced both
functions, suggesting that smokers have limited ability to
resist pulmonary insults.

Macrophage Aggregation and Neutrophil Influx
Neutrophil influx was observed after 6 h of anesthesia

in smoke-exposed and control rats, and the increases
were similar in each group. Two studies suggest that
smoke exposure may enhance chemotactic activity for
both monocytes and neutrophils.31,32 This observation is
consistent with our observation that expression and pro-
duction of MIP-2 was similar in the two groups.

Aggregation of alveolar macrophages increased in both

groups, but the increase was much greater in smoke-
exposed than control rats. Hegab and Matulionis11 re-
ported that inhalation of halothane under spontaneous
ventilation for 24 h causes massive macrophage aggre-
gation in smoke-exposed mice, whereas this response
was absent in unexposed mice. Adhesion molecules are
a critical component of macrophage and neutrophil ac-
cumulation. Schaberg et al.33,34 reported that alveolar
macrophages and pulmonary vascular epithelial cells
from smokers augmented expression of the leukocyte
adhesion molecules CD11a/CD18, CD11b/CD18,
CD11c/CD18, and CD54 (intercellular adhesion mole-
cule-1). The accumulated and activated neutrophils up-
regulate local adhesion molecules.35 Klut et al.31 re-
ported that neutrophils within pulmonary microvessels
are activated by smoke-exposed rabbits. Taken together,
these results suggest that increases in adhesion mole-
cules in smoke-exposed rats promotes accumulation of
inflammatory cells to the distal airway and macrophage
aggregation.

Fig. 5. Changes in phagocytosis (left) and microbicidal activity
(right) in smoke-exposed (circles) and control (squares) rats
that received halothane under mechanical ventilation. Phago-
cytosis was evaluated by the fraction of alveolar macrophages
ingesting both opsonized and unopsonized particles. Microbi-
cidal activity was evaluated by the percentage of Listeria mono-
cytogenes killed by alveolar macrophage at 30 and 120 min
incubation. *Significant differences from control values; #sig-
nificant differences between smoke-exposed and control rats.
Data are expressed as mean 6 SD.

Fig. 6. Changes in phagocytosis (left) and microbicidal activity
(right) in smoke-exposed (circles) and control (squares) rats
that received isoflurane under mechanical ventilation. Phago-
cytosis was evaluated by the fraction of alveolar macrophages
ingesting both opsonized and unopsonized particles. Microbi-
cidal activity was evaluated by the percentage of Listeria mono-
cytogenes killed by alveolar macrophage at 30 and 120 min
incubation. *Significant differences from control values; #sig-
nificant differences between smoke-exposed and control rats.
Data are expressed as mean 6 SD.
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Limitation and Summary
We did not separate the macrophages from other cells

to avoid any artificial influence of the sorting process.
For example, even adherence to plastic test tubes for
separation of alveolar macrophage activates gene expres-
sion of cytokines.36 Macrophages are the most likely
source in initial responses.20 However, IFN-g is a potent
stimulator to alveolar macrophages, but this cytokine is
mainly secreted by lymphocytes. Although IL-8 is ex-
pressed and secreted from alveolar macrophages to re-
cruit neutrophils, migrated and activated neutrophils
produce lysosomal enzymes and oxygen free radicals,
which facilitate IL-8 secretion in the lungs significant-
ly.37,38 Thus, we cannot draw a definite conclusion re-
garding cell source for the observed increase in gene
transcription.

Caution must be paid when extrapolating these find-
ings to humans undergoing general anesthesia and sur-
gery. In fact, we observed less neutrophil influx and
macrophage aggregation than in our previous human
study.2 The most important factor accounting for the
difference is contribution of surgical stress. Surgical
stress augments leukocyte adhesion molecules and acti-
vates neutrophil function.29 Our current results indicate
that even a 6-week exposure to cigarette smoke impairs
antimicrobial and proinflammatory functions of alveolar
macrophages. Although our results may have some clin-
ical significance, the clinical importance of these finding
remains to be determined.

We conclude that inhalation of volatile anesthetics
during mechanical ventilation modulates alveolar macro-
phage function. Furthermore, antimicrobial and proin-
flammatory responses of alveolar macrophages, on both
the cellular and histologic levels, are markedly sup-
pressed by smoke exposure.

The authors thank Dr. D. Sawamura, Department of Dermatology,
University of Hirosaki, Hirosaki, Japan, for suggestions for molecular
analysis.

References

1. Kotani N, Lin CY, Wang JS, Gurley JM, Tolin FP, Michelassi F, Lin
HS, Sandberg WS, Roizen MF: Loss of alveolar macrophages during
anesthesia and operation in humans. Anesth Analg 1995; 81:1255–62

2. Kotani N, Hashimoto H, Sessler DI, Kikuchi A, Suzuki A, Taka-
hashi S, Muraoka M, Matsuki A: Intraoperative modulation of alveolar
macrophage during isoflurane and propofol anesthesia. ANESTHESIOLOGY

1998; 89:1125–32
3. Kotani N, Takahashi S, Sessler DI, Hashiba E, Kubota T, Hashi-

moto H, Matsuki A: Volatile anesthetics augment expression of proin-

flammatory cytokines in rat alveolar macrophages during mechanical
ventilation. ANESTHESIOLOGY 1999; 91:187–97

4. Mohr DN, Jett JR: Preoperative evaluation of pulmonary risk
factors. J Gen Intern Med 1988; 3:277–87

5. Bluman LG, Mosca L, Newman N, Simon DG: Preoperative smok-
ing habits and postoperative pulmonary complications. Chest 1998;
113:883–9

6. Martin RR: Cigarette smoking and human pulmonary macro-
phages. Hosp Pract 1977; 12:97–104

7. Plowman PN: The pulmonary macrophage population of human
smokers. Ann Occup Hyg 1982; 25:393–405

8. McCrea KA, Ensor JE, Nall K, Bleecker ER, Hasday JD: Altered
cytokine regulation in the lungs of cigarette smokers. Am J Respir Crit
Care Med 1994; 150:696–703

9. Yamaguchi E, Okazaki N, Itoh A, Abe S, Kawakami Y, Okuyama H:
Interleukin 1 production by alveolar macrophages is decreased in
smokers. Am Rev Respir Dis 1989; 140:397–402

10. Higashimoto Y, Shimada Y, Fukuchi Y, Ishida K, Shu C, Ter-
amoto S, Sudo E, Matsuse T, Orimo H: Inhibition of mouse alveolar
macrophage production of tumor necrosis factor alpha by acute in vivo
and in vitro exposure to tobacco smoke. Respiration 1992; 59:77–80

11. Hegab ES, Matulionis DH: Pulmonary macrophage mobilization
in cigarette smoke-exposed mice after halothane anesthesia. Anesth
Analg 1986; 65:37–45

12. Chomczynski P, Sacchi N: Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 1987; 162:156–9

13. Kolls J, Deininger P, Cohen JC, Larson J: cDNA equalization for
reverse transcription-polymerase chain reaction quantitation. Anal Bio-
chem 1993; 208:264–9

14. Gupta S, Feng L, Yoshimura T, Redick J, Fu SM, Rose CE Jr:
Intra-alveolar macrophage-inflammatory peptide 2 induces rapid neu-
trophil localization in the lung. Am J Respir Cell Mol Biol 1996;
15:656–63

15. Xing Z, Jordana M, Kirpalani H, Driscoll KE, Schall TJ, Gauldie J:
Cytokine expression by neutrophils and macrophages in vivo: Endo-
toxin induces tumor necrosis factor-alpha, macrophage inflammatory
protein-2, interleukin-1 beta, and interleukin-6 but not RANTES or
transforming growth factor-beta 1 mRNA expression in acute lung
inflammation. Am J Respir Cell Mol Biol 1994; 10:148–53

16. Ulich TR, Watson LR, Yin SM, Guo KZ, Wang P, Thang H, del
Castillo J: The intratracheal administration of endotoxin and cytokines:
I. Characterization of LPS-induced IL-1 and TNF mRNA expression and
the LPS-, IL-1-, and TNF-induced inflammatory infiltrate. Am J Pathol
1991; 138:1485–96

17. Ulich TR, Howard SC, Remick DG, Wittwer A, Yi ES, Yin S, Guo
K, Welply JK, Williams JH: Intratracheal administration of endotoxin
and cytokines: VI. Antiserum to CINC inhibits acute inflammation. Am J
Physiol 1995; 268:L245–50

18. Ulich TR, Guo K, Yin S, del Castillo J, Yi ES, Thompson RC,
Eisenberg SP: Endotoxin-induced cytokine gene expression in vivo: IV.
Expression of interleukin-1 alpha/beta and interleukin-1 receptor an-
tagonist mRNA during endotoxemia and during endotoxin-initiated
local acute inflammation. Am J Pathol 1992; 141:61–8

19. Horinouchi H, Wang CC, Shepherd KE, Jones R: TNF alpha gene
and protein expression in alveolar macrophages in acute and chronic
hyperoxia-induced lung injury. Am J Respir Cell Mol Biol 1996; 14:
548–55

20. Takata M, Abe J, Tanaka H, Kitano Y, Doi S, Kohsaka T, Miyasaka

1832

KOTANI ET AL.

Anesthesiology, V 91, No 6, Dec 1999

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/91/6/1823/397956/0000542-199912000-00037.pdf by guest on 17 April 2024



K: Intraalveolar expression of tumor necrosisfactor-alpha gene during
conventional and high-frequency ventilation. Am J Respir Crit Care
Med 1997; 156:272–9

21. Hack CE, Aarden LA, Thijs LG: Role of cytokines in sepsis. Adv
Immunol 1997; 66:101–95

22. Farone A, Huang S, Paulauskis J, Kobzik L: Airway neutrophilia
and chemokine mRNA expression in sulfur dioxide-induced bronchitis.
Am J Respir Cell Mol Biol 1995; 12:345–50

23. Hebert JC, O’Reilly M, Yuenger K, Shatney L, Yoder DW, Barry
B: Augmentation of alveolar macrophage phagocytic activity by gran-
ulocyte colony stimulating factor and interleukin-1: Influence of sple-
nectomy. J Trauma 1994; 37:909–12

24. Suzuki K, Lee WJ, Hashimoto T, Tanaka E, Murayama T, Amitani
R, Yamamoto K, Kuze F: Recombinant granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF) or tumour necrosis factor-alpha (TNF-
alpha) activate human alveolar macrophages to inhibit growth of My-
cobacterium avium complex. Clin Exp Immunol 1994; 98:169–73

25. Welch WD: Effect of enflurane, isoflurane, and nitrous oxide on
the microbicidal activity of human polymorphonuclear leukocytes.
ANESTHESIOLOGY 1984; 61:188–92

26. Welch WD: Enflurane and isoflurane inhibit the oxidative activ-
ity of pulmonary alveolar macrophages. Respiration 1985; 47:24–9

27. Hammer JAd, Rannels DE: Effects of halothane on protein syn-
thesis and degradation in rabbit pulmonary macrophages. Am Rev
Respir Dis 1981; 124:50–5

28. Voisin C, Scherpereel PA, Aerts C, Lepot D: In vitro toxicity of
halogenated anaesthetics on guineapig alveolar macrophages, surviv-
ing in gas phase. Br J Anaesth 1984; 56:415–20

29. McBride WT, Armstrong MA, McBride SJ: Immunomodulation:
An important concept in modern anaesthesia. Anaesthesia 1996; 51:
465–73

30. Skold CM, Forslid J, Eklund A, Hed J: Metabolic activity in human
alveolar macrophages increases after cessation of smoking. Inflamma-
tion 1993; 17:345–52

31. Klut ME, Doerschuk CM, Van Eeden SF, Burns AR, Hogg
JC: Activation of neutrophils within pulmonary microvessels of
rabbits exposed to cigarette smoke. Am J Respir Cell Mol Biol 1993;
9:82–9

32. Koyama S, Rennard SI, Daughton D, Shoji S, Robbins RA:
Bronchoalveolar lavage fluid obtained from smokers exhibits in-
creased monocyte chemokinetic activity. J Appl Physiol 1991; 70:
1208 –14

33. Schaberg T, Lauer C, Lode H, Fischer J, Haller H: Increased
number of alveolar macrophages expressing adhesion molecules of the
leukocyte adhesion molecule family in smoking subjects: Association
with cell-binding ability and superoxide anion production. Am Rev
Respir Dis 1992; 146:1287–93

34. Schaberg T, Rau M, Oerter R, Liebers U, Rahn W, Kaiser D, Witt
C, Lode H: Expression of adhesion molecules in peripheral pulmonary
vessels from smokers and nonsmokers. Lung 1996; 174:71–81

35. Holtzman MJ, Look DC: Cell adhesion molecules as targets for
unraveling the genetic regulation of airway inflammation. Am J Respir
Cell Mol Biol 1992; 7:246–7

36. Northemann W, Braciak TA, Hattori M, Lee F, Fey GH: Structure
of the rat interleukin 6 gene and its expression in macrophage-derived
cells. J Biol Chem 1989; 264:16072–82

37. Nakamura H, Yoshimura K, McElvaney NG, Crystal RG: Neutro-
phil elastase in respiratory epithelial lining fluid of individuals with
cystic fibrosis induces interleukin-8 gene expression in a human bron-
chial epithelial cell line. J Clin Invest 1992; 89:1478–84

38. Rees DD, Brain JD: Effects of cystic fibrosis airway secretions on
rat lung: Role of neutrophil elastase. Am J Physiol 1995; 269:L195–202

1833

SMOKE EXPOSURE AND ALVEOLAR MACROPHAGES

Anesthesiology, V 91, No 6, Dec 1999

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/91/6/1823/397956/0000542-199912000-00037.pdf by guest on 17 April 2024


