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THE SYSTEMIC inflammatory response syndrome (SIRS) is a
leading cause of death in hospitalized patients. SIRS can be
associated with infection (in which case it is called sepsis), or
it can be triggered by noninfectious insults such as blunt
trauma (6, 27). In the laboratory, a procedure called cecal
ligation and puncture (CLP) is often used to induce peritonitis
and sepsis in laboratory animals, whereas systemic administration of lipopolysaccharide (LPS, a constituent of the cell
wall of Gram-negative bacteria) is often used to cause SIRS
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aseptically. In either case, shock, multiple organ failure, and
eventually death can occur, largely as the result of an overt
production of proinflammatory mediators (8). Activation of
nicotinic acetylcholine receptors, possibly on macrophages,
either by the electrical stimulation of the efferent vagus nerve
(which releases acetylcholine) or by the acute administration of
nicotine has been shown to suppress the production of several
proinflammatory cytokines and inhibit several symptoms of
experimental SIRS (5, 28, 50). On the other hand, transection
of the vagus nerve has been shown to result in exaggerated
responses to shock-inducing doses of LPS (5, 16, 39). However, whether and how nicotine influences the outcome of
SIRS remains unclear. In studies by Wang et al. (49), Pavlov
et al. (31), and Hofer et al. (13), acute administration of
nicotine diminished mortality in mice with SIRS, regardless of
whether SIRS was induced aseptically (by LPS) or was associated with infection (caused by CLP), whereas a study by van
Westerloo et al. (48) showed that nicotine increased mortality
in a mouse model of Escherichia coli-induced sepsis.
Perhaps more important than clarifying how SIRS is affected
by the acute administration of nicotine is to determine how it
is affected by the chronic administration of this substance (as
in smoking tobacco) and by nicotine withdrawal (as with
smoking cessation). Humans and experimental animals that
receive nicotine chronically become tolerant to it, a phenomenon that is thought to result from the desensitization of
nicotinic acetylcholine receptors (26, 32). Tolerant subjects
depend on the regular consumption of nicotine to maintain its
concentration in the body high enough to prevent the precipitation of withdrawal symptoms such as anxiety, depression,
irritability, restlessness, bradycardia, hyperphagia, and others
(22). These withdrawal symptoms are manifested both in
healthy people trying to quit smoking (10, 14) and in patients
with various conditions who abruptly stop smoking on admission to an intensive care unit (20). The latter group deserves
special attention, because critical care patients are at a high risk
of developing SIRS (6, 7, 47).
The purpose of the present study was to determine the
effects of nicotine administered acutely and chronically, as
well as the effects of nicotine withdrawal, on the mortality of
mice with experimentally induced SIRS. Two established models of SIRS were employed: LPS administration (to induce
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inflammation models. J Appl Physiol 105: 1028 –1034, 2008. First
published July 10, 2008; doi:10.1152/japplphysiol.90619.2008.—How
different regimens of nicotine administration and withdrawal affect
systemic inflammation is largely unknown. We studied the effects of
chronic and acute nicotine administration and of nicotine withdrawal
on the outcome of aseptic and septic systemic inflammation. Male
C57BL/6 mice were implanted with subcutaneous osmotic pumps (to
deliver nicotine) and intrabrain telemetry probes (to measure temperature). Aseptic inflammation was induced by lipopolysaccharide (40
mg/kg ip); sepsis was induced by cecal ligation and puncture. The
chronic nicotine administration group received nicotine (28
mg䡠kg⫺1 䡠day⫺1) for 2 wk before the induction of inflammation and
continued receiving nicotine until the end of the experiment; the acute
nicotine administration group received saline for 2 wk and nicotine
thereafter; the nicotine withdrawal group received nicotine for 2 wk
and saline thereafter; and the no-nicotine group was infused with
saline throughout the experiment. Compared with no nicotine, the
chronic nicotine administration did not affect survival in either model
of inflammation, possibly due to the development of nicotine tolerance. The acute nicotine administration increased the survival rate in
aseptic inflammation from 11 to 33% (possibly by suppressing inflammation) but worsened the outcome of sepsis (possibly because the
suppression of inflammation promoted microbial proliferation). Oppositely to acute nicotine, nicotine withdrawal increased the survival
rate in sepsis from 18 to 40%. The effects on survival were not due to
changes in body temperature. We conclude that acute nicotine administration and nicotine withdrawal affect survival in systemic inflammation and that these effects strongly depend on whether inflammation is aseptic or septic.
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SIRS in the absence of an infection) and CLP (to induce SIRS
associated with a polymicrobial infection).

Table 1. Timeline of experiment 2
Model

METHODS
Time

Animals

CLP-induced sepsis
(develops slower)

Day 0

1st pump implanted
(delivers nicotine or
saline during days 0–13)

1st pump implanted
(delivers nicotine or
saline during days 0–13)

Day 13

Telemetry probe implanted

Telemetry probe implanted

1st pump removed

1st pump removed

2nd pump implanted
(delivers nicotine or
saline during days 13–18)

2nd pump implanted
(delivers nicotine or
saline during days 13–18)

Temperature and activity
recording started

CLP or sham surgery
performed
Temperature and activity
recording started
Mortality recording started*

Day 15

LPS or saline injected
Mortality recording started*

Study Design
Experiment 1: characterizing the models of LPS- and CLP-induced SIRS. To induce SIRS, one group of mice was injected intraperitoneally with LPS (40 mg/kg), and the other group was subjected,
under anesthesia, to the CLP procedure. Control groups were injected
with saline or subjected to a sham procedure, respectively. LPS (or
saline) was injected at 5:00 PM; CLP (or sham surgery) was performed between 12:00 PM and 4:00 PM. To monitor mortality, all
mice were periodically examined for the presence of cardiac and
respiratory activities and spontaneous movements. Brain temperature
and gross locomotor activity were measured in approximately onehalf of the mice in each group by telemetry (MiniMitter). If a mouse
was designated for injection of LPS (or saline), a telemetry transmitter
was implanted into the brain 2 days before the injection. If a mouse was
designated for CLP (or the sham procedure), a transmitter was
implanted immediately before the procedure, thus avoiding a second
anesthesia.
Experiment 2: determining the effects of acute and chronic nicotine
administration and nicotine withdrawal on the outcomes of LPS- and
CLP-induced SIRS. The mice were first implanted subcutaneously
with Alzet osmotic minipumps (Durect, Cupertino, CA) to deliver
nicotine (28 mg 䡠 kg⫺1 䡠 day⫺1) or saline continuously for 13 days
(Table 1). The rate of nicotine infusion was selected based on the fact
that it elevates the level of nicotine in the blood plasma of mice to
⬃50 ng/ml (25), a level frequently observed during unrestricted
smoking in humans (43). On day 13, each implanted pump was
surgically removed and replaced with a new, second pump to continue
delivering nicotine or saline (at the same rate as the first pumps) or to
change the treatment (from nicotine to saline and vice versa). Mice
designated to telemetry measurements were implanted with brain
transmitters immediately before the pump replacement. CLP (which
induces a slowly developing SIRS) was performed immediately after
the pump replacement, whereas LPS (which induces a rapidly developing SIRS) was injected on the second day after pump replacement
(day 15 overall). This timeline was chosen to ensure that the majority
of deaths in either model of SIRS occur on the second day after pump
replacement. During the first 3 days after pump replacement (days
14 –16), the group that received the saline infusion via the first pump
followed by nicotine infusion via the second pump was not expected
to have developed significant nicotine tolerance (26) and hence was
suitable for studying the effects of acute nicotine administration on the
J Appl Physiol • VOL

Day 18

Experiment ended

Experiment ended

SIRS, systemic inflammatory response syndrome; CLP, cecal ligation and
puncture. *In either model, deaths occurred on the 2nd and 3rd days after pump
replacement (days 15 and 16, respectively), when the effects of acute nicotine
and nicotine withdrawal are known to be maximal.

outcomes of SIRS; in the text below and in the figures, we refer to this
group as the “acute nicotine” group. During the same time window,
the group that received nicotine through the first pump followed by
nicotine through the second pump was expected to be fully tolerant to
the drug (26); we refer to this group as the “chronic nicotine” group.
At the same time, the group that received nicotine through the first
pump followed by saline through the second pump was expected to
display a full-blown withdrawal syndrome (12, 46); we refer to this
group as the “nicotine withdrawal” group. The fourth group received
saline via the first pump followed by saline via the second pump; this
was the “no-nicotine” group. In all groups, physical examination and
telemetry recordings were performed as in experiment 1. On day 18 all
monitoring was ended, and all survivors were euthanized.
Surgical Procedures
Anesthesia. All surgeries were performed under ketamine-xylazineacepromazine (42.0, 4.8, and 0.6 mg/kg ip) anesthesia. A mouse was
kept on a heating pad and periodically ventilated with oxygen through
a custom-made mask.
Telemetry probe implantation. The head of a mouse was fixed to a
stereotaxic apparatus (David Kopf, Tujunga, CA), the skin over the
sagittal suture was incised, the periosteum was excised, and two
supporting miniature screws were driven into the skull. The incisor
bar of the apparatus was adjusted to place the intersections of the
sagittal suture with bregma and lambda in the same horizontal plane.
A hole was drilled in the skull surface (1.0 mm caudal to bregma; 1.0
mm right of the midline), and the 26-gauge thermistor extension of an
XM-FH transmitter (MiniMitter) was stereotaxically lowered through
the hole so that its tip was located 4.0 mm ventral to the skull surface.
The capsule of the transmitter was attached to the supporting screws
with acrylic cement. Postmortem histology revealed that the thermistor tip was located in the lateral hypothalamus. Hypothalamic
temperature is commonly used as an index of core body temperature
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Male C57BL/6 mice weighing 25–35 g (Charles River Laboratories, Wilmington, MA) were initially housed four per cage in cages
(“shoe boxes”) kept in a Maxi-Miser ventilated rack (Thoren Caging
Systems, Hazleton, PA) at room temperature (24 –27°C). From the
day before they were subjected to LPS administration, CLP, or the
respective control procedures to the end of the experiments, the mice
were housed singly in cages kept inside an environmental chamber
(model 3940; Forma Scientific, Marietta, OH) at tightly controlled
ambient temperature (27.8 –28.2°C) and air humidity (45–55%). Inside the chamber, the cages were kept on top of telemetry receivers
(series 3000; MiniMitter, Bend, OR) to allow for continuous monitoring of brain temperature and gross locomotor activity (for those
mice implanted with telemetry probes). Whether during the initial
housing in the ventilated rack or during the subsequent housing in the
environmental chamber, the mice were on a 12:12-h light-dark cycle
(lights on at 7:00 AM) and had free access to standard chow and tap
water. The study was approved by the St. Joseph’s Hospital Animal
Care and Use Committee.

LPS-induced SIRS
(develops faster)
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Drugs
LPS. A 2.4-mg/ml suspension of LPS from E. coli 0111:B4 (SigmaAldrich, St. Louis, MO) in saline was prepared, aliquoted, and stored at
⫺20°C. On the day of the injection, the suspension was thawed,
sonicated for 5 min, and then injected in bolus (40 mg/kg ip).
Nicotine. A 200-mg/ml (70 mg/ml, free base) solution of
(⫺)nicotine bitartrate (Sigma-Aldrich) in saline was prepared and
loaded into Alzet minipumps. The pumps were then submerged in
saline at room temperature for 24 h to ensure that they would be
releasing their contents at the time of implantation (immediately after
the incubation in saline). Both pump models used (2002 and 1007D)
release their content at a rate of 12 l/day, thus delivering nicotine at
a rate of 0.84 mg/day (⬃28 mg 䡠 kg⫺1 䡠 day⫺1).

Fig. 1. Outcome of mice injected with LPS (40 mg/kg ip) or saline. A: survival
rate of the mice. B: deep body (brain) temperature and gross locomotor activity
responses (mean ⫾ SE) before any casualties; n ⫽ no. of animals in each
group. Compared with saline, LPS significantly reduced survival rate (P ⬍
0.001 for the duration of the experiment, logrank test), altered body temperature (fever at 4 h postinjection, P ⬍ 0.05, 2-way ANOVA; hypothermia at
6 –15 h, P ⬍ 0.001, 2-way ANOVA), and suppressed locomotor activity (1–15 h,
P ⬍ 0.001, 2-way ANOVA).

The survival rate was calculated as a percentage of survivors at a
certain point in time relative to the total number of mice that received
a given treatment. The survival rate data were analyzed by using the
logrank test (4) and by performing a point-by-point 2 test (Statistica
AX’99, StatSoft, Tulsa, OK). The results of the logrank test were used
to reveal those intergroup differences in the survival rate that persisted
throughout the entire duration of the experiment (4). Student’s t-test
was used to evaluate changes in the time to death. The brain temperature and locomotor activity responses were compared across treatments and points in time by two-way ANOVA. For all tests used, the
level of significance was set at P ⬍ 0.05.

typical for the body temperature response of mice to high doses
of LPS (42). Both the febrile and hypothermic phases of the
response were associated with locomotor depression (P ⬍
0.001, 2-way ANOVA), a nonspecific “sickness symptom”
(11, 23, 33) that also occurs in LPS-treated animals (36).
In the CLP experiment, all mice survived the sham procedure, whereas CLP-induced sepsis had a survival rate of 14%
(P ⬍ 0.001, logrank test; Fig. 2A). Although LPS and CLP
resulted in similar overall survival rates, CLP-induced sepsis
was characterized by a slower dynamics. All CLP-related
deaths occurred between 24 and 78 h after the CLP procedure,
and the mean time to death among nonsurvivors was 42 ⫾ 5 h.
As in the LPS-treated mice, marked hypothermia and locomotor depression occurred in the mice subjected to CLP (P ⬍
0.001 for both, 2-way ANOVA; Fig. 2B). These symptoms
became obvious after the mice recovered from anesthesia (⬃6
h after CLP). At this point, the body temperature and activity
of the sham-operated mice started to increase, whereas hypothermia and malaise persisted in the CLP-subjected mice.

RESULTS AND DISCUSSION

Nicotine and the Outcome of SIRS

Statistical Analyses

LPS and CLP Models of SIRS
All mice injected with saline survived, whereas the survival
rate among the mice that received LPS was 20% (P ⬍ 0.001,
logrank test; Fig. 1A). All LPS-related deaths occurred between
15 and 36 h after LPS administration; the mean time to death
among nonsurvivors was 21 ⫾ 1 h. Such a rapid progression is
typical for LPS-induced SIRS (16). The fast progression of
SIRS was also revealed by changes in brain temperature (Fig.
1B): a small but significant (P ⬍ 0.05, 2-way ANOVA) rise in
brain temperature (fever) peaked at 4 h after LPS administration and was followed by pronounced and long-lasting hypothermia (P ⬍ 0.001, 2-way ANOVA). This bimodal pattern is
J Appl Physiol • VOL

In the no-nicotine group of experiment 2, the overall survival
rate of the LPS-treated mice implanted with osmotic pumps
was 11% (Fig. 3A). This rate was not statistically different
from the survival rate (20%) found in experiment 1 for the
LPS-treated mice not implanted with osmotic pumps (Fig. 1A).
Relative to no nicotine, the acute treatment with nicotine
increased survival of mice with LPS-induced SIRS threefold:
from 11 to 33% (P ⬍ 0.001, logrank test; Fig. 3A). The same
treatment delayed the mean time to death for animals that
succumbed: from 22 ⫾ 1 h in the no-nicotine group to 27 ⫾ 2 h
in the acute nicotine group (P ⬍ 0.05; t-test). In CLP-induced
sepsis (Fig. 4A), the effects of acute nicotine were opposite to
its effects in LPS-induced SIRS. The survival rate at 30 h
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(34, 35, 38). The lateral location of the thermistor within the hypothalamus was chosen to avoid damaging the medially located hypothalamic structures such as the median preoptic nucleus and medial
preoptic area; lesioning these medial structures results in severe
hyperthermia and other unwanted physiological effects (1, 40).
Osmotic pump implantation. A 1-cm skin incision was made over
the lumbar spine, the skin was bluntly separated from the underlying
tissues to form a pocket on the right side, an Alzet osmotic minipump
(model 2002; delivers its content for 14 days) was inserted into the
pocket, and the surgical wound was sutured. At the time of pump
replacement, the skin was incised at the same site, the previously
implanted pump was removed, a new pocket was made on the left
side, a new pump (model 1007D; delivers its content for 7 days) was
inserted into the new pocket, and the skin was re-sutured.
CLP. Following a midline laparotomy, the cecum was pulled out of
the abdominal cavity and placed on a saline-soaked gauze. The cecum
was filled with the intestinal content by gently squeezing the content
from the ascending colon. The cecum was then ligated with 3-0 silk
just distal to the ileocecal junction (intestinal transit was not interrupted). The cecal wall was punctured through at the antimesenteric
side with a 26-gauge needle, the cecum was placed back into the
abdominal cavity, and the abdominal wall was sutured in layers.

NICOTINE AND THE OUTCOME OF SYSTEMIC INFLAMMATION

post-CLP was reduced more than twofold (from 55% to 25%;
P ⬍ 0.05, 2 test), and the average time to death for nonsurvivors tended to be shorter (37 ⫾ 5 vs. 41 ⫾ 5 h in the
no-nicotine group).
Interestingly, both the beneficial effects in the LPS model
and the deleterious effects in the CLP model may be related to
the same, anti-inflammatory action of nicotine (5, 28, 50).
Suppression of inflammation can be expected to aid recovery in
a situation when the inflammatory response is a major damag-

Fig. 3. Effects of nicotine treatments or withdrawal on the outcome of mice
injected with LPS (40 mg/kg ip). For details on the regimens of nicotine
infusion, see METHODS. A: survival rate of the mice. B: deep body (brain)
temperature and gross locomotor activity responses (mean ⫾ SE) before any
casualties; n ⫽ no. of animals in each group. Relative to no nicotine, the acute
treatment with nicotine increased survival rate (P ⬍ 0.001 for the duration of
the experiment, logrank test). LPS-induced hypothermia was enhanced by
acute and chronic nicotine (1–15 h, P ⬍ 0.001, 2-way ANOVA). None of the
treatments affected LPS-induced locomotor depression.
J Appl Physiol • VOL

Fig. 4. Effects of nicotine treatments or withdrawal on the outcome of mice
subjected to CLP. For details on the regimens of nicotine infusion, see
METHODS. A: survival rate of the mice. B: deep body (brain) temperature and
gross locomotor activity responses (mean ⫾ SE) before any casualties; n ⫽ no.
of animals in each group. Relative to no nicotine, acute nicotine reduced
survival rate (P ⬍ 0.05 at 30 h, 2 test), whereas nicotine withdrawal increased
it (P ⬍ 0.05 for the duration of the experiment, logrank test). CLP-induced
hypothermia was enhanced by acute and chronic nicotine (6 –18 h, P ⬍ 0.001,
2-way ANOVA). None of the treatments affected LPS-induced locomotor
depression.

ing factor (such as in LPS-induced SIRS), whereas the situation with infection-associated SIRS (as in the case of CLP) is
more complex. When SIRS and an infection occur in parallel,
inhibiting inflammation may facilitate microorganism spreading, and thus promote infection (2). In support of the proposed
scenario, nicotine has been shown to impair the ability of
macrophages to eliminate live bacteria in vitro (28). Furthermore, van Westerloo et al. (48) have reported an association
between the impairment of bacterial clearance and the decreased survival rate in nicotine-treated mice infected with E.
coli. Factors other than nicotine have also been shown to affect
septic and aseptic SIRS differently. For example, increasing
core temperature did not improve survival of LPS-challenged
mice in a study by Jiang et al. (18), whereas it improved
survival and reduced the bacterial load in mice with Klebsiella pneumoniae peritonitis in another study by the same
authors (17).
Seemingly in contradiction with this scenario are studies by
Wang et al. (49), Pavlov et al. (31), and Hofer et al. (13), in
which nicotine (or nicotine agonists) increased the survival rate
in both LPS-induced SIRS and CLP-induced sepsis. It should
be considered, however, that the CLP procedure was followed
by administration of antibiotics in the studies by Wang et al.
(49) and Pavlov et al. (31); the antibiotic therapy should have
limited the underlying infection, thus making the model employed different from that of an untreated sepsis and more
similar to that of an aseptic SIRS. The study by Hofer et al.
(13) did not use antibiotics to treat CLP-induced sepsis, but it
differed from ours in that it involved repeated intraperitoneal
injections (and not a constant-rate infusion) of nicotine. Because high concentrations of nicotine can promote neutrophil
activation (15), marked surges in nicotine levels following the
intraperitoneal bolus injections might have aided protection
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Fig. 2. Outcome of mice subjected to cecal ligation and puncture (CLP) or
sham surgery. A: survival rate of the mice. B: deep body (brain) temperature
and gross locomotor activity responses (mean ⫾ SE) before any casualties;
n ⫽ no. of animals in each group. Compared with sham surgery, CLP
significantly reduced survival rate (P ⬍ 0.001 for the duration of the experiment, logrank test), decreased body temperature (6 –18 h, P ⬍ 0.001, 2-way
ANOVA), and suppressed locomotor activity (6 –18 h, P ⬍ 0.001, 2-way
ANOVA).
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to acute nicotine (Figs. 3B and 4B), we also conclude that the
hypothermic effect of nicotine is not subject to tolerance
development. Further supporting this conclusion is the fact that
the withdrawal of nicotine increased body temperature relative
to chronic nicotine treatment in either LPS SIRS (P ⬍ 0.001,
2-way ANOVA; Fig. 3B) or CLP SIRS (P ⬍ 0.001, 2-way
ANOVA; Fig. 4B) but did not change the temperature response
to SIRS relative to no-nicotine treatment in either model of
inflammation (Figs. 3B and 4B). It is possible that the hypothermic effect of nicotine involves a nicotinic acetylcholine
receptor that is resistant to desensitization, such as the ␣4␤4receptor (51). Indeed, the hypothermic response to nicotine has
been proposed to be mediated by a receptor containing the ␤4
subunit (44).
We also found that the effects of nicotine treatment (whether
acute or chronic) and withdrawal on the survival rate were
dissociated from the locomotor manifestations of SIRS. Specifically, none of the regimens of nicotine administration affected LPS- or CLP-induced locomotor depression (Figs. 3B
and 4B) despite affecting the survival rate (Figs. 3A and 4A).
Conclusions
We conclude that while chronic administration of nicotine
does not affect the survival rate in SIRS (possibly due to the
development of nicotine tolerance), acute nicotine administration and nicotine withdrawal both have pronounced effects on
the outcome of experimental SIRS. As for the acute administration of nicotine, it is beneficial in an aseptic situation (LPS
model), possibly due to suppression of inflammation. The same
acute nicotine treatment, however, is detrimental in sepsis
(CLP model), possibly because the suppression of inflammation renders the host defenseless against microbial proliferation. As for the effect of nicotine withdrawal, it can be seen in
sepsis (CLP model), and it is opposite to the effect of acute
nicotine administration. We further conclude that none of the
reported effects of nicotine administration or withdrawal on
survival in SIRS are due to changes in body temperature.
Perspectives
The present study has discovered a robust experimental
phenomenon: differential effects of nicotine administration and
withdrawal on the overall outcome of LPS- and CLP-induced
systemic inflammation. However, the mechanisms of this phenomenon were not studied in the present work and are open for
exploration. As the next step, it will be particularly important
to determine whether the differential effects described here are
indeed due to the aseptic vs. septic nature of systemic inflammation in the two models studied. To this end, studies of the
effects of different regimens of nicotine administration on the
levels of inflammatory mediators and the extent microbial
proliferation are warranted.
Also of interest are the clinical implications of the phenomenon discovered. A large number of SIRS patients may experience nicotine withdrawal, e.g., smokers who undergo a traumatic injury and abruptly stop smoking due to the severity of
trauma. There may also be a small cohort of patients who
receive nicotine acutely, e.g., those patients who develop SIRS
within a few days of being placed on transdermal nicotine
therapy for unrelated conditions such as ulcerative colitis (45)
or within a few days after starting cigarette smoking or using
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against infection. Although Hofer et al. (13) found no neutrophil activation in the lungs, neutrophils still could have become
activated in the peritoneal cavity, the compartment in which
nicotine was injected directly and, therefore, was expected to
reach the highest concentration.
When nicotine was infused chronically, it did not affect the
survival rate significantly in either the LPS or the CLP model
(Figs. 3A and 4A). This finding suggests that the anti-inflammatory action of nicotine is subject to tolerance development
(desensitization). Among the nicotinic acetylcholine receptor
subtypes desensitized by chronic administration of nicotine are
the homomeric ␣7-receptors and the heteromeric ␣4␤2-receptors (30), both of which have been implicated in the antiinflammatory action of nicotine (9, 28, 50).
Since the physiological effects produced by nicotine withdrawal are usually opposite to those produced by acute nicotine
administration, one could expect that nicotine withdrawal
would reduce the survival rate in the LPS model but would
increase it in the CLP model (relative to the survival rate in the
respective no-nicotine group). Nicotine withdrawal did increase the survival rate more than twofold (from 18 to 40%;
P ⬍ 0.05, logrank test) in mice with CLP-induced sepsis (Fig.
4A). However, it failed to cause any effect in the LPS-induced
SIRS (Fig. 3A). This lack of a measurable effect may be linked
to the fact that LPS-induced SIRS causes death so rapidly (see
above) that any further decrease in the survival rate may be hard
to detect in this model. In neither model of SIRS was the time to
death in nonsurvivors significantly altered by nicotine withdrawal.
The effects of acute nicotine administration and withdrawal
on the survival rate in experimental SIRS are pronounced: 2.2to 3.0-fold according to the present study. It should be noted,
however, that effects found in animal studies of SIRS are
usually much stronger than those revealed in clinical trials.
Indeed, several drugs have been reported to drastically (sometimes from 0 to 75%) increase the survival rate in LPS-induced
SIRS (19, 29) and in CLP-induced sepsis (21) in mice and rats,
whereas the single most successful clinical trial (with protein
C) reported only a marginal (from 69 to 75%) increase in the
survival rate of patients with severe sepsis (3).
Both fever (due to its antimicrobial and immunostimulating
effects) and hypothermia (due to its anti-hypoxic and possibly
anti-inflammatory effects) may be adaptive in systemic inflammation (41). Because body temperature is likely to affect the
outcome of both aseptic and septic SIRS (17, 24, 37), we asked
whether the effects of nicotine treatment and withdrawal revealed in this study were due to effects on body temperature.
Although acute nicotine treatment affected the survival rate in
LPS-induced SIRS and CLP-induced sepsis in the opposite
directions (increased and decreased, respectively, compared
with the corresponding no-nicotine group; Figs. 3A and 4A), it
exaggerated both LPS- and CLP-induced hypothermia (P ⬍
0.001 for both effects, 2-way ANOVA; Figs. 3B and 4B).
Moreover, the effect of acute nicotine treatment on brain
temperature was similar to that of chronic nicotine treatment in
either LPS-induced SIRS (Fig. 3B) or CLP-induced SIRS (Fig.
4B), whereas the two treatment regimens differently affected
survival rate in either model of SIRS (Figs. 3A and 4A). Hence,
we conclude that the effects of nicotine on the survival rate and
deep body temperature are dissociated. Based on the fact that
chronic nicotine treatment affected LPS hypothermia similarly

NICOTINE AND THE OUTCOME OF SYSTEMIC INFLAMMATION

other tobacco products. The present work suggests that future
clinical studies on this subject need to account for the fact that
the effects of nicotine on outcomes of SIRS may depend on
whether SIRS occurs aseptically or is associated with an
infection (sepsis), and on how successfully the underlying
infection is treated.
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