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Abstract

Introduction: Despite its adverse health consequences, tobacco smoking is associated with lower 
incidence of several neurodegenerative and inflammatory diseases. The present study is aimed to 
show the effects of nicotine, major tobacco constituent, on five organs targeted by sepsis.
Methods: Male Wistar albino rats received tap water with (5 mg/kg) or without nicotine for 14 days. 
Under ketamine anesthesia, sepsis (n = 50) was induced by ligation and puncture of the cecum, 
while sham group (n = 8) had only laparotomy. In other rats, nicotine drink was withdrawn for 
5  days before sepsis induction, while in acute nicotine group, rats were injected with nicotine 
(30 mg/kg, i.p.) before sepsis, but had no oral intake. Rats were decapitated 24 hours after surgery 
to obtain lung, liver, ileum, heart, and kidney tissues to determine malondialdehyde (MDA) and 
glutathione (GSH) levels and myeloperoxidase (MPO) activities. Data were analyzed by one-way 
analysis of variance and Tukey multiple comparison tests or Student’s t test.
Results: Chronic nicotine administration or its withdrawal reduced lipid peroxidation and MPO 
activity and prevented GSH depletion with some varying results in different target tissues. Nicotine 
injection prior to sepsis depressed MPO activity in all tissues and reduced MDA levels except 
for the lung, while GSH levels were elevated only in the hepatic and ileal tissues. Histologically 
observed injury was ameliorated by all nicotine treatments at varying degrees.
Conclusions: The findings of the present study indicate that long-term nicotine administration 
reduces sepsis-induced oxidative damage in several tissues, which appears to involve inhibition 
of neutrophil activity in the inflamed tissues.
Implications: Nicotine administration or its withdrawal reduced lipid peroxidation and neutrophil 
content and prevented GSH depletion with some varying results in different target tissues. A single 
injection prior to sepsis induction depressed MPO activity in all the tissues and reduced all tissue 
MDA levels except for the lung. When nicotine was withdrawn for 5 days, its inhibitory effect on 
MPO activity was still present in all the tissues except for the liver. Microscopically an improved 
inflammatory response was observed in all the tissues of rats that have received different nicotine 
pretreatment regimens.
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Introduction

Cigarette smoking is proved to precipitate the progression of 
many diseases by impairing the functions of several tissues.1,2 
Although the adverse health consequences of tobacco smok-
ing are extensively described, epidemiological studies have also 
revealed a lower incidence of several neurodegenerative and 
inflammatory diseases in smoking patients.3,4 Both the adverse 
and beneficial effects of smoking were attributed to nicotine, 
which is a natural alkaloid in Nicotiana tabacum known to sup-
press the immune system.5–8 In certain diseases, such as osteo-
arthritis9 or ulcerative colitis,10 nicotine delays the onset of the 
disease or reduces its severity or facilitates the healing process in 
several tissues.11–13

Despite the improvements in the management of intensive care, 
sepsis is still a life-threatening problem with a high incidence of mul-
tiorgan failure and consequently a high mortality rate.14 In contrast 
to the general belief that trauma patients who were using nicotine 
for long-term would have a higher incidence of sepsis, smoking 
status was found not to play a significant role in the outcome of 
patients with trauma, and unexpectedly incidence of sepsis or organ 
failure was not higher in severely injured smokers.15 On the other 
hand, experimental and clinical studies have revealed that oxida-
tive stress causing an exaggerated inflammatory response has a cru-
cial impact on the outcome of sepsis,16,17 suggesting that additional 
therapeutic strategies capable of controlling the oxidative inflam-
matory response may be of benefit in the management of sepsis.18 
Accordingly, nicotine was shown to improve survival in experimen-
tal endotoxin peritonitis via its cholinergic agonistic effect,19 which 
may be attributed to its inhibitory action on the production of pro-
inflammatory cytokines.20,21 Regarding the conflicting results that 
associate the nicotine use with the outcomes of sepsis, the present 
study was designed to elucidate the effect of acute or chronic nico-
tine use and its withdrawal on oxidative damage of sepsis-targeted 
multiple organs.

Materials and Methods

Animals
Male Wistar albino rats (300–350 g, 10 weeks old), supplied by 
the Marmara University (MU) Animal Center (DEHAMER), were 
housed in a humidity- (65%–70%) and temperature-controlled 
room (22°C ± 2°C) with standardized light/dark (12/12 hours) 
cycles. Rats were fed with standard rat pellets and tap water ad libi-
tum. All experimental protocols were approved by the MU Animal 
Care and Use Committee.

Experimental Design and Surgery
Before commencing the surgery for sepsis, rats received either tap 
water or tap water containing nicotine (nicotine bitartrate, 5 mg/kg; 
Sigma, St. Louis, MO) for 14 days (Figure 1). The dose is equal to the 
average nicotine uptake (5 mg/kg; 30 cigarettes/day) of a moderate-
to-heavy cigarette smoker.22 In a subgroup of rats, nicotine was with-
drawn and replaced with tap water on the ninth day, and tap water 
was continued for the following 5 days. Another group of rats that 
had tap water ingestion were administered intraperitoneally (i.p.) a 
single injection of nicotine (30 mg/kg) before the surgery, while all 
the other rats were injected with saline. The rationale for the nicotine 
dose was based on a previous study, in which the antioxidant effect 
of nicotine on acetic acid-induced gastric ulcer was investigated.11

Under ketamine (100 mg/kg; Pfizer, İstanbul) and chlorpromazine 
(3 mg/kg; Eczacıbaşı, İstanbul) combined anesthesia, surgery for cecal 
ligation and puncture (CLP) procedure was performed to induce sep-
sis (n = 50). Immediately before CLP or sham operation, i.p. saline 
or nicotine was injected (Figure 1). Following a midline laparotomy, 
a ligature was put around the cecal segment and three random punc-
tures were made on the cecum, while the sham-operated control 
group (n = 8) underwent a laparotomy without any ligatures. During 
the surgery, rats were kept on a heating pad. Following the closure of 
the abdominal incision, rats were returned to their home cages and 
were resuscitated with saline (3 mL/100 g body weight) subcutane-
ously. The rats were deprived of food but had free access to water 
for the following 24 hours until they were decapitated. Lung, heart, 
kidney, liver, and ileum tissues were obtained for the determination of 
malondialdehyde (MDA) and glutathione (GSH) levels, myeloperoxi-
dase (MPO) activities, and for histological evaluation.

Measurement of MDA and GSH Levels
Using a tissue homogenizer (IKA, T10 basic Ultra-Turrax, Handheld 
Homogenizer, Germany), tissue samples were homogenized in ice-
cold trichloroacetic acid (1 g tissue + 9 mL 10% trichloroacetic 
acid; Sigma). Homogenized tissue samples were then centrifuged 
(Universal 16R Centrifuge, Hettich, Germany) at 2000g for 15 
minutes at 4°C. The supernatant was removed and re-centrifuged 
at 41 400g for 8 minutes. Thiobarbituric acid reactive substance for-
mation was measured according to previously described method for 
the evaluation of the MDA levels as indicators of lipid peroxida-
tion.23 Lipid peroxidation, given in terms of MDA equivalents using 
an extinction coefficient of 1.56 × 105 M−1 cm−1, was expressed as 
nmol MDA/g tissue.

GSH measurements were performed using a modification of 
the Ellman procedure.24 Briefly, the homogenates were centrifuged 

Figure 1. Representative scheme showing the procedure followed in the methods for the chronic oral intake of TW/NIC or i.p. NIC injection before the induction 
of sepsis with CLP. CLP, cecal ligation and puncture; NIC, nicotine; TW, tap water.
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at 2000g for 10 minutes to obtain a 0.75 mL of supernatant, and 
this supernatant was added to 1 mL of 0.3 mol/L Na2HPO4·2H2O 
solution. Afterwards, 0.2 mL of 5,5′-Dithiobis(2-nitrobenzoic acid) 
(Sigma) was added (0.4 mg/mL) in 1% sodium citrate (Sigma), and 
immediately the absorbance was measured at 412 nm. Calculation of 
GSH levels was made using an extinction coefficient of 1.36 × 105 M−1 
cm−1. The results are expressed in µmol GSH/g tissue.

Measurement of MPO Activity
Activity of tissue MPO, an enzyme that is found predominantly in 
the azurophilic granules of polymorphonuclear leukocytes, is used 
as an indication of tissue neutrophil content, because tissue MPO 
activity correlates with the number of polymorphonuclear leukocytes 
determined histochemically in inflamed tissues.25 The method used 
for the determination of tissue MPO was previously described.26 
Tissue samples (0.2–0.3 g) were homogenized in 10 volumes of ice-
cold potassium phosphate buffer (50 mM K2HPO4, pH 6.0) contain-
ing hexadecyltrimethylammonium bromide (0.5%, wt/vol; Sigma). 
The homogenate was centrifuged at 41 400g for 10 minutes at 4°C. 
Following the removal of the supernatant, the pellet was used. The pel-
let was then re-homogenized with an equivalent volume of K2HPO4 
(50 mM) containing (0.5%; wt/vol) hexadecyltrimethylammonium 
bromide and 10 mM ethylenediaminetetraacetic acid (Sigma). H2O2-
dependent oxidation of o-dianizidine dihydrochloride (Sigma) was 
measured to assess MPO activity, where one unit of enzyme activity 
was defined as the amount of MPO present per gram of tissue weight 
that caused a change in absorbance of 1.0 min−1 at 460 nm and 37°C.

Histopathological Evaluation
For light microscopic investigations, tissue specimens from the lung, 
heart, kidney, liver, and ileum were fixed in 10% formaldehyde and 
processed routinely for embedding in paraffin. Tissue sections (4 µm) 
were stained with hematoxylin and eosin (H&E) for general histo-
pathological evaluation. All tissue sections were examined under a 
photomicroscope (Olympus BX51, Tokyo, Japan) for the evaluation 
of histopathological changes by an experienced histologist who was 
unaware of the treatment conditions. The histological score of the 
organ was calculated as the sum of the scores (0–3) given for each 
criterion, using the semiquantitative scale outlined in Table  1.27,28 

The maximum score calculated for lung, liver, kidney, and ileum was 
9, while the maximum score that could be given was 6 for the car-
diac tissue.

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism 6.0 
(GraphPad Software, Inc., La Jolla, CA). Data were analyzed by 
one-way analysis of variance followed by post hoc Tukey multiple 
comparison test. To compare the difference between two means, 
Student’s t test was used after analyzing the data for normal dis-
tribution. All data were presented as mean ± SE and p values were 
regarded as significant when it was lower than .05.

Results

In comparison to sham-operated rats presenting with 100% survival 
rate (8/8), septic rats that have received either tap water (8/11; 73%) 
or single nicotine administration (11/14; 79%) showed a reduc-
tion in survival at the 24th hour following the induction of CLP. 
However, the rats that had chronic intake of nicotine had a 100% 
survival (11/11), while the survival rate was lower (11/14; 79%) in 
the rats that had a 5-day nicotine withdrawal following its chronic 
intake.

As an end product of lipid peroxidation, MDA was measured in 
all tissues to assess the level of oxidative tissue injury. In all of the 
tissues, MDA levels were significantly elevated due to sepsis as com-
pared to sham-operated control group (p < .05–.001; Supplementary 
Figure 1). Either given orally for 14 days, stopped for the last 5 days 
or injected before sepsis, nicotine at all routes significantly decreased 
the ileal MDA levels (p < .01–.001; Figure 2). Additionally, single 
nicotine injection decreased hepatic (p < .05), cardiac, and renal (p 
< .01) MDA levels, while pulmonary and hepatic MDA levels were 
depressed by long-term oral administration of nicotine (p < .01; 
Supplementary Figure 1).

As a marker of neutrophil content of the tissue, MPO activity 
in all tissues was found to be significantly higher in the nontreated 
CLP group than that of the control group (p < .01–.001; Figure 2 
and Supplementary Figure 2). All three nicotine treatment regimens 
significantly decreased the CLP-induced elevations in MPO activity 
of the heart, lung, and ileum tissues (p < .05–.001; Figure  2 and 
Supplementary Figure  2). Sepsis-induced elevations in the MPO 
activity of the liver were depressed by injection (p < .01) or chronic 
oral administration (p < .001) of nicotine, while its injection or with-
drawal for 5 days reduced renal MPO activity (p < .01).

GSH, measured as an intracellular antioxidant, was found to be 
significantly lower in all the tissues of nontreated CLP groups as 
compared to those of sham-operated control group (p < .05–.001; 
Figure 2 and Supplementary Figure 3), while chronic treatment with 
oral nicotine reversed the reductions in GSH in all the tissues (p 
< .05−.001), except for the lung that demonstrated an additional 
reduction (p < .05). On the other hand, nicotine withdrawal or 
its single dose injection also prevented CLP-induced GSH deple-
tion in both the liver (p < .01) and ileum (p < .05; Figure  2 and 
Supplementary Figure 3).

Light microscopic evaluation by H&E staining of sham-operated 
control groups (Supplementary Figures 4 and 5) revealed regular mor-
phological organization of lung and liver parenchyma, cardiac muscle, 
ileal mucosa, glomeruli, and tubules. Lungs of the nontreated sepsis 
group demonstrated severe alveolar disturbance, vascular congestion, 
and inflammatory cell infiltration, which were replaced with moderate 

Table 1. Criteria for the Microscopic Scoring of Tissue Damage

Tissue Appearance

Lung •  Alveolar structural disturbance
•  Inflammatory cell infiltration
•  Vascular congestion and interstitial edema

Heart •  Inflammatory cell infiltration
•  Degeneration of muscle fibers

Kidney •  Degeneration of Bowman space and glomeruli
•  Degeneration of proximal and distal tubules
•  Vascular congestion, interstitial edema, inflammatory cell 

infiltration
Liver •  Dilation and vacuolization of hepatocytes

•  Vascular congestion and dilation of sinusoids
•  Kupffer cell infiltration

Ileum •  Degeneration of surface and crypt epithelium
•  Degeneration of villus structure
•  Inflammatory cell infiltration

Scores for each criterion: 0—none; 1—mild; 2—moderate; 3—severe. At least 
five microscopic areas were examined to score each specimen.
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degrees of disturbance, congestion, and inflammatory cell infiltra-
tion when the rats were treated with oral intake or single injection 
of nicotine, showing lower microscopic damage scores. Nontreated 
CLP group showed a high degree of hepatocyte degeneration with 
vacuole formation and dilatation in sinusoids, but the degeneration 
and sinusoidal dilatation were relieved when nicotine was given either 
orally or intraperitoneally. Disorganization of cardiac muscle fibers 
with vascular congestion, detected in nontreated CLP group, was 
almost reversed by chronic oral or single dose injection of nicotine, 
but the microscopic scores were not significantly changed. The ileal 
tissue of nontreated sepsis group showed severe desquamation of api-
cal epithelial cells and inflammatory cell infiltration in lamina propria. 
Injection of nicotine reduced only infiltration of inflammatory cells, 
while its oral intake decreased both desquamation of apical epithe-
lial cells and the infiltration of inflammatory cells of the ileal mucosa, 
while the microscopic damage scores were not different among the 
groups. Kidneys of nontreated sepsis group showed marked degenera-
tion of renal glomeruli and tubules with vasocongestion in the paren-
chyma. In both groups with chronic intake or single injection, tubular 
and glomerular degeneration were reduced presenting a better mor-
phology with moderate congestion and mild degeneration in the glo-
merular and tubular cells; however, these changes were not reflected 
in the microscopic scores. In the nicotine withdrawal group, all the 
parameters indicating degeneration or inflammation were apparently 
reduced, but the impact of nicotine treatment was not as efficient as 
those of the other treatment regimens.

Discussion

The present data revealed that acute or chronic nicotine administra-
tion, with some varying results in different target tissues, generally 
reduced lipid peroxidation and MPO activity and prevented GSH 
depletion. Except for the renal tissue, chronic nicotine administra-
tion was shown to be protective in all the tissues as assessed by 
reductions in MDA levels and MPO activities with respect to saline-
treated sepsis group. Including the renal tissue, antioxidant GSH was 
maintained in the chronic nicotine-treated groups, while pulmonary 
GSH was further depleted. Similarly, a single injection prior to sepsis 
induction significantly depressed MPO activity in all the tissues and 
reduced all tissue MDA levels except for the lung, while GSH levels 
were elevated only in the hepatic and ileal tissues. Following a 5-day 
withdrawal, the inhibitory effect of nicotine on neutrophil content 
was still present in all the tissues except for the liver, while GSH 
levels in the liver and ileum were raised. Reduction in sepsis-elevated 
MDA levels was observed only in the cardiac and ileal tissues of the 
nicotine-withdrawn group. Although microscopic damage scores of 
the tissues were reduced significantly only in the lung tissue, a ten-
dency for lower damage scores was observed in all the tissues of rats 
that have received different nicotine treatment regimens.

A great proportion of critically ill patients develop systemic 
inflammatory response syndrome and sepsis.29,30 Chronic tobacco 
users present with a lower survival rate due to an increased risk of 
acute lung injury and adult respiratory distress syndrome.31,32 In addi-
tion, smokers were claimed to undergo acute nicotine withdrawal 
following traumatic events that require intensive care, leading to a 
higher incidence of inflammatory complications with multiple organ 
dysfunction; but a retrospective cohort of trauma patients showed 
that nicotine withdrawal during the hospitalization period did not 
alter the incidence of complications in the trauma victims.15 The cellu-
lar and molecular mechanisms involved in the pathogenesis of sepsis 

Figure 2. (A) MDA, (B) MPO activity, and (C) GSH in the ileum of sham-operated 
or sepsis-induced (cecal ligation puncture [CLP]) groups that have received tap 
water, single dose nicotine or chronic oral nicotine or had nicotine withdrawal. 
Each group consists of 6–11 rats. Data were analyzed by one-way analysis of 
variance followed by post hoc Tukey multiple comparison test. To compare 
the difference between two means, Student’s t test was used after analyzing 
the data for normal distribution. Values are represented as mean ± SEM. ***p 
< .001 vs. sham group; +p < .05, ++p < .01, +++p < .001 vs. tap water CLP group. 
GSH, glutathione; MDA, malondialdehyde; MPO, myeloperoxidase.
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were significantly clarified in recent years, which involve the role of 
oxidative injury.33 The results of our study support the contribution 
of the oxidative and antioxidant mechanisms in sepsis-induced mul-
tiple organ damage, while the ameliorative impact of nicotine on sep-
sis-induced oxidative organ damage is demonstrated. Experimental 
and clinical studies have suggested that the effect of nicotine, the 
major constituent of tobacco, was not detrimental as cigarette smok-
ing. Although cigarette smoking is defined as a global public health 
threat responsible of several diseases that can be partially prevented 
by quitting, smokers were proven to be less prone to some chronic 
inflammatory diseases.9 We have previously shown that nicotine did 
not aggravate gastric injury in rats induced with gastric ulcer, while 
nicotine withdrawal has attenuated gastric mucosal injury.11

Since the life-threatening multiple organ failure in sepsis is well 
known to progress by an imbalance between reactive oxygen spe-
cies and antioxidant enzymes, several agents having an antioxidant 
action have been screened for their protective effects on the organs 
of rats or mice submitted to sepsis. Accordingly, alpha-lipoic acid, 
rosmarinic acid, beta glucan, ghrelin, and melatonin were proven 
to be effective in protecting several tissues, including the kidney, 
heart, liver, and lung tissues of septic rats by reducing MPO activity 
and lipid peroxidation.27,34–37 Similar to anti-inflammatory effects of 
the aforementioned agents, the present findings verify that chronic 
nicotine ingestion or its acute administration alleviates multiorgan 
injury in septic rats. In contrast to studies that have demonstrated 
increased testicular lipid peroxidation and decreased antioxidant 
levels in the serum and testis of nicotine-treated rats,38,39 nicotine 
was shown to attenuate oxidative organ damage in several other 
models. Administration of oral nicotine in mice or rats induced with 
colitis has resulted in decreased disease severity, histologic damage 
scores, and reduced production of proinflammatory cytokines.40,41 
Moreover, electrical stimulation of the vagus nerve was also shown 
to depress production of proinflammatory cytokines and mortal-
ity during sepsis.42 Similarly, nicotine pretreatment has significantly 
attenuated the severity of lipopolysaccharide-induced acute lung 
injury in mice and reduced mortality via the suppression of leu-
kocyte infiltration and proinflammatory cytokine production.43,44 
Moreover, the cardioprotective45 and neuroprotective46,47 effects 
of nicotine were also attributed to its anti-inflammatory action via 
the inhibition of proinflammatory cytokine production. Nicotine, 
administered as an acetylcholine receptor agonist, was shown to 
reduce mortality in sepsis and septic peritonitis19,48 via the cho-
linergic anti-inflammatory pathway by suppressing the inflamma-
tory response through the release of acetylcholine from the vagus 
nerve.49 The effects of acute/chronic nicotine administration on sys-
temic inflammation were studied in mice induced with CLP or sys-
temically administered with lipopolysaccharide.50 In contrast to our 
findings, they have shown that long-term nicotine administration in 
either model of inflammation had no effect on survival. However, in 
that study the chronically infused daily dose of nicotine in mice was 
about sixfolds greater than the dose we have orally administered 
to rats. In contrast to the protective effect of our single injection 
of nicotine, Steiner et al.50 have shown that acute administration of 
nicotine by a 3-day infusion reduced the survival in sepsis. Wang 
et al.19 have shown that nicotine diminished the clinical symptoms 
of sepsis, such as hypothermia, diarrhea, and body weight loss 
via an anti-inflammatory pathway. Indicating the role of the anti-
inflammatory mechanism in a murine model of viral myocarditis, 
Li-Sha et  al.51 have recently reported that nicotine significantly 
increased survival rate and decreased myocardial inflammation 

by suppressing inflammatory cytokines at the 14th day of virus 
inoculation. In contrast to our results obtained in rats with acute 
CLP sepsis, elevated lipid peroxidation and depleted antioxidant 
capacity following viral myocarditis were not changed by nicotine 
treatment, which may be explained by differences in sepsis model, 
species, and timing of examination following inflammation. Based 
on the aforementioned studies showing the protective effects of 
cholinergic stimulation by pharmacological or electrical methods 
in sepsis, the present study extends these findings, and measured 
parameters of oxidative stress in the present study demonstrated a 
significant improvement when CLP groups were treated with nico-
tine. Thus, to our knowledge, this is the first report verifying that 
the mechanism underlying the amelioration of CLP-induced sepsis 
by nicotine treatment depends on the balance between the oxidant 
(as measured by MPO and MDA levels) and antioxidant (eg, GSH) 
systems. Moreover, the results suggest that even the single dose of 
nicotine, similar to its long-term administration, is efficient in pro-
tecting the tissues against oxidative damage. Thus, nicotine may be 
advantageous in regulating systemic inflammation by balancing the 
oxidant and antioxidant systems and inhibiting the MPO activity. 
Although it was speculated that nicotine withdrawal may have a 
destructive effect on systemic inflammation,52 our results have 
shown that chronic intake of nicotine maintains its anti-inflamma-
tory effect despite its withdrawal for a 5-day period.

In conclusion, the findings of the current study suggest that nicotine 
intake prior to sepsis had no worsening effect, but contrarily amelio-
rated oxidative injury of sepsis- targeted organs with varying degrees. 
Differences in the kinetics and biodistribution of orally or intraperito-
neally administered nicotine may be responsible of varying changes on 
MDA, MPO, and GSH levels of the sepsis-targeted tissues. Moreover, 
these organs are expected to have varying degrees of vulnerability in sep-
sis, making their response to nicotine be different. Despite the health risks 
of toxic and/or carcinogenic chemicals in tobacco,5 nicotine appears to 
have beneficial effects in systemic inflammatory response. Clinical stud-
ies that include the supplementation of nicotine are required to further 
elucidate the therapeutical potential of nicotine in sepsis.

Supplementary Material

Supplementary Figures 1–5 can be found online at http://www.ntr.
oxfordjournals.org
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