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As an anti-inflammatory alkaloid, nicotine plays dual roles in treating diseases. Here we
reviewed the anti-inflammatory and pro-inflammatory effects of nicotine on inflammatory
diseases, including inflammatory bowel disease, arthritis, multiple sclerosis, sepsis,
endotoxemia, myocarditis, oral/skin/muscle inflammation, etc., mainly concerning the
administration methods, different models, therapeutic concentration and duration, and
relevant organs and tissues. According to the data analysis from recent studies in the past
20 years, nicotine exerts much more anti-inflammatory effects than pro-inflammatory ones,
especially in ulcerative colitis, arthritis, sepsis, and endotoxemia. On the other hand, in oral
inflammation, nicotine promotes and aggravates some diseases such as periodontitis and
gingivitis, especially when there are harmful microorganisms in the oral cavity. We also
carefully analyzed the nicotine dosage to determine its safe and effective range.
Furthermore, we summarized the molecular mechanism of nicotine in these inflammatory
diseases through regulating immune cells, immune factors, and the vagus and
acetylcholinergic anti-inflammatory pathways. By balancing the “beneficial” and “harmful”
effects of nicotine, it is meaningful to explore the effective medical value of nicotine and open
up new horizons for remedying acute and chronic inflammation in humans.

Keywords: nicotine, anti-inflammation, pro-inflammation, nAChRs, immune, vagus
1 INTRODUCTION: NICOTINE IN THE TOBACCO PLANT

Nicotine, also called 3-(1-methyl-2-pyrrolidinyl) pyridine, normally accounts for about 5% (w/w) of
the tobacco plant and is the major psychoactive and addictive component in tobacco smoke. It
belongs to alkaloids, with a pyridine cycle and a pyrrolidine cycle, and occupies a higher proportion
of ~95% of the total alkaloids in tobacco leaves (1). Nicotine is often blamed for its associations with
smoking and addiction. However, with a further clinical understanding of nicotine in
neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases due to its positive anti-
inflammatory, anti-apoptotic, pro-cognitive, and anti-protein aggregation effects (2, 3), its medical
value has attracted considerable attention.
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Undoubtedly, smoking increases the risk of many diseases,
such as cancer, coronary heart disease, stroke, and chronic
obstructive pulmonary disease. However, tobacco was first
found because of its valuable and pharmacological effects in
history (4, 5). As an herbal medicine, its medicinal benefits,
including treating ulcerated abscesses, fistulas, sores, inveterate
polyps, headaches, and many other ailments, were tremendous
before the 19th century in Europe and especially in South
America (6). Concerning the tobacco plant, in addition to the
controversial nicotine, it also contains a considerable amount of
solanesol, chlorogenic acid, rutin, and other widely recognized
beneficial ingredients that have antioxidant, anti-inflammatory,
anti-microbial, anti-obesity, anti-pyretic, neuroprotective, and
anti-hypertensive activities and so on (7–9). Therefore, we agree
with Anne Charlton that we should set aside the prejudices
generated by the ill effects of tobacco smoking, sensibly
distinguish the tobacco plant, tobacco smoking, and the
included substances of therapeutic value, and call for further
research (6).

A quote has been bouncing around the tobacco research
community since the 1970s that “people smoke for the nicotine,
but they die from the tar.” It might be difficult to differentiate the
effects of nicotine from many other toxic substances (10). The
studies on lung toxicity of e-cigarette also showed that nicotine
itself had almost no influence on the modulation of the toxicity
response or lipid homeostasis in alveolar macrophages and
epithelial cells, while flavor composition or vehicle solvents did
have (11, 12). Here we focused on the medical action about
monomer nicotine only; we should neither avoid its toxic effects
nor ignore its pharmacological effects. Importantly, we hope that
the review will elucidate the positive role of nicotine in human
diseases in the future.
2 NICOTINE AND INFLAMMATION

Inflammation underlies various physiological and pathological
processes, including acute inflammation in infection, trauma,
surgery, burns, ischemia, or necrotic tissue and chronic
inflammation in allergy, atherosclerosis, cancer, arthritis,
autoimmune diseases, etc. (13, 14). Inflammation is a complex
process involving multiple genes and signaling pathways. In the
recent decade, the finding that pro-inflammatory responses are
controlled by neural circuits has given birth to the new concept of
“inflammatory reflex.”The cholinergic anti-inflammatory pathway
is the efferent ormotor arm of the “inflammatory reflex”, the neural
circuit that responds to and regulates the inflammatory response
(15). In the neural circuit, the neurotransmitter endogenic
acetylcholine, for example, can interact with the receptors
expressed on immune cells and thus alter immune cell function
(16). It is generally acknowledged that acetylcholine can bind to the
integral membrane protein as acetylcholine receptors, including
nicotinic acetylcholine receptors (nAChR) and muscarinic
acetylcholine receptors (mAChR). It is well known that nicotine,
as an agonist of nAChR found in the central andperipheral nervous
system, muscle, and many other tissues of many organisms (17),
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stimulates the nicotinic acetylcholine receptor signaling anti-
inflammatory pathway to reduce inflammatory responses,
depression, attention deficit–hyperactivity disorder, cognitive
deficits in schizophrenia, Alzheimer’s disease, and pain (18).
Furthermore, nicotine is a lipophilic agent and can penetrate the
cells independently on these special nAChR receptors (19).
Therefore, nicotine could directly affect mitochondrial
respiration, cell autophagy, and cell signaling molecules in an
environment with proper pH (nicotine pKa = 7.9) (20). In our
review, we found that nicotine acts through many signaling
pathways in addition to the mainstream cholinergic anti-
inflammatory pathway and nAChRs.

What makes people more concerned is the inhibitory effect of
nicotine on cytokine storm in lungs in severe respiratory symptoms
in the recent epidemic era of COVID-19. People tend to support a
potential therapeutic role for nicotine in COVID-19, owing to the
varied effects, including mood regulation, anti-inflammatory
effects, and purported interference with SARS-CoV-2 entry and/
or replication (21, 22). Of course, the effect of nicotine on
inflammation is not limited to these aspects. In our study, we
foundmany uncertain factors that affect the function of nicotine or
even reverse it.

In order to clarify the immunomodulatory regulation of
nicotine, we analyzed its function in human inflammatory
diseases. A comprehensive literature search from the year 2000
was conducted through PUBMED using the search terms “anti-
inflammatory and nicotine”, “anti-inflammation and nicotine”,
“pro-inflammatory and nicotine”, “inflammation and nicotine”,
and “pro-inflammation and nicotine”. Relevant articles on
human inflammatory diseases were identified carefully through
the manual review. Concerning the divided voices on the tobacco
plant and modern medical research, we hoped to evaluate the
medicinal value of nicotine and avoid the toxic effects cautiously,
eventually making it a positive choice for human health
in medicine.
3 NICOTINE-RELATED INFLAMMATORY
DISEASES

After a comprehensive reviewof the publishedpapers, wefigured out
that nicotine participated in more than 20 diseases by immune
regulation. In addition to the most-studied neurodegenerative
diseases, including Parkinson’s disease and Alzheimer’s disease
(23), nicotine also played different regulatory roles in ulcerative
colitis, arthritis, periodontitis, sepsis, endotoxemia, multiple
sclerosis, nasal eosinophilic inflammation, allergy, nonalcoholic
fatty liver disease, nonalcoholic steatohepatitis, skin inflammation,
placental inflammation, pancreatitis, Behçet’s disease, muscle
inflammation, viral myocarditis, uveitis, experimental autoimmune
encephalomyelitis, systemic lupus erythematosus, and so on
(Figure 1). In addition, for easy inquiry, summarized and listed in
Supplementary Table S1 are all the reviewed diseases, cell and
animal models, nicotine dosage, administration methods, and
target factors, followed by evaluation and comparison on the
effect efficacy.
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Based on former research, we updated the role of nicotine in
the following inflammatory diseases in this part. No matter in a
common or a rare disease, nicotine may have significant effects
on alleviating human diseases in the future.

3.1 Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) is a global problem. It impacts
all aspects of life and affects people of all ages, most commonly
during adolescence and young adulthood (24). It usually includes
two major distinct forms: ulcerative colitis and Crohn’s disease.
Clinical analyses have shown that smoking worsens Crohn’s
disease but is beneficial for ulcerative colitis for many years due
to nicotine and possibly flavonoid components in the smoke
extract (25, 26). However, nicotine monomers have a dual effect
on these two diseases. This chapter also discusses inflammatory
bowel disease, including burn-induced histological gut injury
and small intestine ulceration.

3.1.1 Anti-Inflammatory Effect of Nicotine on IBD
In general, nicotine is beneficial in ulcerative colitis; in particular,
nicotine transdermal patches or nicotine enemas have shown
significantly improved histological and global clinical scores of
colitis, inhibited pro-inflammatory cytokines in macrophages,
and induced protective autophagy to maintain intestinal barrier
integrity (27, 28). In ulcerative colitis patients, 6 mg of both oral
and transdermal nicotine could be well tolerated, and this is thus
Frontiers in Immunology | www.frontiersin.org 3
thought to be the highest therapeutic dose with a low risk of
adverse effects in the human body (29). However, nicotine’s
unspecific effects limit its clinical applications. Even so, the
exploration of its therapeutic effect on ulcerative colitis has
never stopped. Scientists hope to determine its roles through
comprehensive reviews and analyses.

The most commonly used animal model of ulcerative colitis is
the dextran sodium sulfate (DSS)-induced mouse or rat model,
with body weight loss, colon shortening, missing colonic mucosal
epithelial cell, gland integrity loss, inflammatory cell infiltration,
colonic tissue injury, and typical inflammatory reaction. In DSS-
inducedmale C57BL/6J mice, nicotine (0.1 mg/ml) administration
via the drinking water suppressed the mucosal vascular address in
cell adhesion molecule‐1 (MAdCAM‐1) expression on the
endothelium of colonic microvessels and endothelial bEnd.3
cells and the recruitment of leukocytes to the inflamed colonic
microvessels, which is the underlying pathophysiology of DSS‐
induced colitis (30). Oral nicotine (6, 12.5, 25, and 50 mg/ml, not
100 mg/ml, in drinking water), subcutaneous nicotine (0.1 mg/kg),
and minipump infusion (2.5 mg/kg) attenuated the DSS-induced
colitis of male C57BL/6 mice, which resulted in a significant
decrease in histologic damage scores with myeloperoxidase
(MPO) and TNFa reduction. However, subcutaneous nicotine
(0.5 and 2 mg/kg) and minipump infusion (25 mg/kg) treatment
failed to significantly alter the DSS-treated damage (31). Nicotine
(10 µg/kg/day, gavage) significantly reduced the histologic
inflammation in colon tissues by reducing the levels of TNFa,
IL-1b, and IL-6 and cell apoptosis and induced autophagy via the
AMPK–mTOR–P70S6K pathway in DSS-induced adult male
C57BL/6 mice to treat colitis, along with enhanced LC3II/LC3I
and beclin-1 and decreased p62 protein level (32). Furthermore, by
improving IL-1b, subcutaneous nicotine administration (2 mg/kg,
b.i.d.) suppressed the hyperexcitability of colonic dorsal root
ganglia (L1–L2) neurons and the visceral hypersensitivity of the
number of abdominal constrictions in response to an
intraperitoneal injection of 0.6% acetic acid in DSS-treated male
C57BL/6J mice, finally relieving acute DSS colitis (33). In female
C57BL/6 mice, nicotine (0.25 and 2.50 mmol/kg, i.p.) treatment
reduced the activation of NF-kB and colonic cytokine production,
including IL-6, IL-17, and TNF, but failed to reduce the disease
parameters in DSS colitis. However, it failed in 2,4,6-
trinitrobenzene sulphonic acid (TNBS)-induced colitis (34). It
seems that nicotine may work better in male C57BL mice than
in female ones. In other DSS-induced mice and in male CD1 mice,
oral treatments with nicotine (0.1, 0.3, and 1.0 mg/kg, p.o.) were
effective in inhibiting the mechanical hyperalgesia caused by
colonic inflammation in mice via a7 nAchR activation and IL-
1b suppression, with no effect on DSS-induced colonic damage or
inflammation in 7 days (35). In male BALB/C mice, Hayashi et al.
(36) also found that nicotine (3 mg/kg, s.c.) significantly
attenuated the severity of DSS-induced colitis by decreasing the
MPO activity, suppressing IL-6 mRNA, and activating the a7-
nAChR receptor of colon and isolated CD4 T cells. Furthermore,
they proved that nicotine significantly reduced the number and
size of colonic tumors in mice with colitis-associated cancer
induced by administering azoxymethane and DSS through the
FIGURE 1 | Inflammatory diseases and related organs and cells regulated
by nicotine. Created with BioRender.
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IL-6/Stat3/miR-21 signaling pathway. Thus, nicotine could
suppress DSS-induced acute colitis and also colonic
tumorigenesis associated with chronic colitis in mice. The most
direct evidence showed that the nicotinic acetylcholine receptor
played important mediating roles in DSS-induced ulcerative colitis
using nAChRs-deficient mice. Alpha 5 nicotinic acetylcholine
receptor subunits played key roles in this disease. In the DSS-
induced mouse model of acute colonic inflammation, injury in
a5-/- mice involved the entire bowel wall thickness, with fissuring
ulcers and moderate inflammatory infiltrates in the mucosa,
submucosa, and the inner muscular layer. Nicotine (12.5 mg/ml)
in the drinking water of a5-deficient mice for 7 days before the
induction still significantly ameliorated the colonic inflammation
course by reducing prostaglandin E2 (PGE2) andMPO, indicating
that other nicotinic acetylcholine receptor subunits also mediate
the anti-inflammatory effects of nicotine (37). a7 nAchR was
shown to be necessary and dependent when nicotine suppressed
the hyperexcitability of colonic dorsal root ganglia (L1–L2)
neurons in vitro (28) and in vivo (bath-applied) (33). Neuronal
nAChR in anti-inflammatory mechanisms is a newer field of
investigation in colonic inflammation. These findings
complement the anti-inflammatory effects of nicotine, which
work together to treat colitis.

In other models of different inducers in different animals,
nicotine played effective roles in tolerating dosages, illustrating
the wide range of nicotine use in colitis. In hapten (2,4-
dinitrobenzene sulfonic acid)-induced colitis in Sprague–
Dawley rats, subcutaneous nicotine (a single dose of 8 mg/kg
or triple doses of 4 mg/kg nicotine) reduced the colonic lesion
size, MPO activity, luminol-amplified free radical generation,
and leukotriene B4 (LTB4) formation by downregulating the
colonic IL-1b and monocyte chemoattractant protein (MCP)-1
protein expression in the inflamed colon of animals with colitis
(25). In acetic acid-induced colitis of Sprague–Dawley rats,
nicotine (1 mg/kg, i.p.) reduced the extent of colonic lesions,
colonic malondialdehyde (MDA) level, MPO activity, NF-kB
expression, and serum IL-1b level. Also, nicotine reversed the
decreased serum visfatin levels in the colitis group (38). In
Clostridium difficile toxin A-induced colitis in male Sprague–
Dawley rats, 30 min of pretreatment with nicotine (2 ng, 20 ng,
200 ng, 2 mg, and 20 mg) in the isolated colonic segments induced
by toxin A dose-dependently inhibited the harmful effects, but
not the ileum experiment. Furthermore, nicotinic inhibition
includes the downregulation of transient receptor potential
vanilloid subtype 1, LTB4, and pro-inflammatory neuropeptide
(substance P) via nAChRs, but not directly (39). In the
oxazolone-induced colitis of female BALB/C mice, nicotine (2.5
mg/kg, s.c.) attenuated inflammation by increasing the
proportion of CD25+Foxp3+ Tregs and decreasing CD4+IL-17+

Tregs in colonic CD4-positive cells (40).
Except colitis, in other diseases, such as burn-induced

histological gut injury, male BALB/C mice were given nicotine
(400 mg/kg, i.p.) 30 min after a severe burn injury, which
improved the gut barrier function of intestinal permeability by
preventing the decreased expression of occludin and ZO-1 and
maintaining their localization. In addition, nicotine was further
Frontiers in Immunology | www.frontiersin.org 4
shown to improve intestinal inflammation by inhibiting the
stimulation of IFN-g, TNF-a, and IL-1b in intestinal epithelial
cell CaCO-2 cocultured with enteric glial cells (41). However, a
similar effect was not found in the triculture intestinal model
consisting of a differentiated intestinal epithelial layer (CaCO-2/
HT29-MTX) and immunocompetent cells (differentiated THP-
1) (42).

In small intestinal ulceration induced by indomethacin in
male C57BL/6 mice, nicotine (0.3, 1, and 3 mg/kg, i.p. twice, 0.5 h
before and 8 h after indomethacin treatment) reduced the
severity of intestinal lesions by up to 53.3, 74.7, and 81.3%,
respectively, in a dose-dependent manner by suppressing the
MPO activity and iNOS expression due to the inhibition of
NFkB. This effect was impaired by methyllycaconitine, a selective
antagonist of a7 nAChR antagonist (43).

Regulation of inflammation in intestinal mesothelial cells in
the abdominal cavity is essential for postoperative ileus
pathogenicity. Nicotine (10 nM) significantly inhibited the
lipopolysaccharide (LPS)-induced mRNA expression of IL-1b
and iNOS, but not TNF-a and MCP-1, in primary male
Sprague–Dawley rats’ mesothelial cells via their connectivity
with enteric nerves expressing a7 nAChRs (44).

Although smoking is associated with increased incidence and
severity of Crohn’s disease, nicotine exerts beneficial functions in
different conditions. In the TNBS model of male Wistar rats’
model of Crohn’s disease, oral administration of nicotine (5 mg/
ml, 10-day pretreatment or 3 days after induction, in drinking
water) reduced macroscopic damage with a reduction in MPO,
iNOS, TNFa, and LTB4. This effect was similar to 375 mg/ml
sulphasalazine but greater than 100 mg/ml nicotine, indicating
that low doses of nicotine were more effective in reducing
inflammation than higher doses (45). In Crohn’s disease,
nucleotide-binding oligomerization domain (NOD) 2 (NOD2),
the first identified susceptibility gene, is also reduced by nicotine
in HT29 cells when treated by TNF-a, implying the potential
anti-inflammatory effect of nicotine on Crohn’s disease (46).

In a human experiment, in 30 patients with left-sided
ulcerative colitis refractory to rectal mesalamine alone, by
calculating the Rachmilewitzis activity index confirmed by
endoscopic and histological findings, transdermal nicotine (15
mg) plus mesalamine enemas (4 g) showed significantly
therapeutic success in 4 weeks than mesalamine tablets (oral
mesalamine 800 mg t.i.d.) plus mesalamine enemas (4 g) (47).

Postoperative ileus, a transient cessation of bowel motility
after surgery, was also improved by nicotine. Furthermore, in
patients, nicotine gum reduced the time of postoperative ileus
and improved patient outcomes via vagus nerve activation, with
no apparent adverse events (48). Nicotine suppressed the release
of inflammatory mediators and cytokines, including TNF-a, IL-
1b, IL-6, IL-17, and IFN-g, alleviated oxidative stress by
decreasing luminol-amplified free radical generation, MPO,
NO, and iNOS, inhibited immunocytic LTB4 formation and
MCP-1 expression, and improved gut structural integrity by
maintaining MAdCAM‐1, occludin, and ZO-1 by regulating the
AMPK/mTOR/NF-kB/Stat3 signaling pathway and related
factors such as miR-21. Nicotine also induced autophagy by
February 2022 | Volume 13 | Article 826889
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enhancing LC3II/LC3I and beclin-1 and decreasing the p62
protein level. However, there are still some peculiarities
involving nicotine’s selectivity in regulating immune cytokines
and organs—for example, in interleukin-10-deficient male C57/
BL10 mice, nicotine (12.5 mg/ml) for 2 weeks in their drinking
water at the age of 12–14 weeks, when they had developed
clinical signs of inflammatory bowel disease, significantly
reduced the colonic scores but aggravated jejunum
inflammation, possibly because nicotine significantly increased
both somatostatin and intestinal trefoil factor mRNA expression
in the colon but not in the jejunum (49).

3.1.2 Pro-Inflammatory Effect of Nicotine on
Inflammatory Bowel Disease
It can be seen from the discussion above that nicotine has much
more positive effects on inflammatory bowel disease. There are
also counterexamples. In TNBS-induced BALB/C mice model of
Crohn’s disease, nicotine taken twice a day at a total dose of 7.5
mg/kg for 5 days exacerbated colonic inflammation with the
appearance of extensive mucosal necrosis in the proximal colon,
extensive crypt damage, complete goblet cell depletion, lamina
propria destruction, and massive lymphocytic infiltration, which
was associated with the inhibition of colonic CD4 T cell nAChRs
regulated by IL-12 (40). Nicotine (4 µg/ml) modulated TLR2/
MyD88/IL-8 and exacerbated inflammation in mycobacteria
(Mycobacterium avium paratuberculosis)-infected macrophages,
providing important insights to understand the effect of nicotine
on worsening inflammation symptoms in patients with Crohn’s
disease (50). Caution should be exercised in nicotine
administration due to organ specificity.

To sum up, based on pathological parameters, inflammatory
markers, and histological features, oral administration of
nicotine is a very efficacious way for reversing colitis in rodent
models. Concerning Crohn’s disease, there are several
contradictory results, especially in the TNBS rat model when
the concentration is >2.5 mg/kg. Al-Sharari (31) compared the
different routes of nicotine administration in DSS-induced colitis
models; low, but not high, doses of oral nicotine had a better
effect than chronic s.c. or minipump infusion of the drug. Oral
nicotine at 25 µg/ml for 10 days and the corresponding 18-ng/ml
plasma concentrations had the best protective roles in male
C57BL/6 mice. These findings indicate that nicotine seems to
target and affect the colon locally when administered orally, with
a marginal therapeutic index. However, the way nicotine is added
to drinking water makes quantification difficult. In total, 0.1–1
mg/kg/day (p.o.) or 0.1–8 mg/kg/day (s.c.) or 0.25–6 mg/kg/day
(i.p.) for mouse might be the effective range of nicotine in
inflammatory bowel disease. In a word, nicotine’s anti-
inflammatory effects seem to explain the beneficial outcome of
tobacco smoking on ulcerative colitis activity.

3.2 Arthritis
Based on the definition by the Centers for Disease Control and
Prevention, National Center for Chronic Disease Prevention and
Health in the USA (2019), arthritis is any disorder that affects the
joints, including joint pain and stiffness, usually accompanied by
redness, warmth, swelling, and decreased range of motion of the
Frontiers in Immunology | www.frontiersin.org 5
affected joints, which typically worsens with age. There are >100
types of arthritis. The most common types of arthritis are
rheumatoid arthritis and osteoarthritis (51). Nicotine tends to
exert positive effects on rheumatoid arthritis and osteoarthritis.

3.2.1 Anti-Inflammatory Effect of Nicotine on Arthritis
Rheumatoid arthritis is an immune-mediated inflammatory
disease of unknown etiology, characterized by inflammation of
the synovium, leading to the destruction of cartilage and bone.
Rheumatoid arthritis has affected approximately 24.5 million
people globally as of 2015. Its symptoms usually last over weeks
and months (52). In animal experiments, collagen induction can
increase arthritis scores, lesions on the cartilage, cellular
infiltration, or bone destruction, typically in DBA/1 mice,
sharing common characteristics with rheumatoid arthritis in
humans. In male DBA/1 mice, oral administration of nicotine
(50 mg/ml in drinking water) 4 days before induction ameliorated
collagen-induced arthritis (CIA), which was exacerbated by
vagotomy (day 20 to 47) (53). In the CIA male DBA1/J mice
model, oral nicotine (2 mg/kg, day 21 to 28) reduced the clinical
arthritis scores, decreased the number of infiltrated cells, and
rescued the lesions on the cartilage. Until day 35, the nicotine
group significantly suppressed histological IL-17A, serum TNF-
a, and pro-inflammatory cytokines IL-17A and IL-6 mRNA
expression in isolated splenocytes. Furthermore, isolated
CD4+IL-17A+Th17 cells expressing a7 nAChR stimulated by
nicotine may decrease their pro-inflammatory function (16).
Nicotine was added to drinking water (100 mg/ml, about 300
mg nicotine per day per mouse) for male DBA/1 mice from the
day of immunization by chicken collagen II, resulting in a delay
in arthritis. In addition, nicotine (10 mg/ml) was further shown to
suppress the production of IL-6, not TNF-a, by splenocytes
stimulated by LPS (54). Moreover, an intraperitoneal injection of
nicotine also effectively and safely alleviated arthritis. In a male
DBA/1 mice CIA model, the concentration of nicotine (400 mg/
kg, i.p.) for 7 days also reduced synovial inflammation by
inhibiting bone degradation and reducing TNF-a expression in
synovial tissue and plasma (53). Intraperitoneal pretreatment
with nicotine daily (250 µg/kg) decreased synovial proliferation,
inflammatory monocyte/macrophage infiltration, and bone
destruction, depending on the downregulation of macrophage
inflammatory protein−1a, MCP−1, and C−C chemokine
receptor (CCR)2 (55). The nicotine group (250 µg/kg, i.p.)
significantly attenuated clinical arthritis for 33 days after the
first immunization. Nicotine alleviated CIA inflammation by
inhibiting Th17 cell response, which is the main target in
rheumatoid arthritis, mainly embodied in a decrease in Th17-
related transcription factor (RORgt) expression in the spleen and
IL-17A activities in serum. In addition, Th2 cells, which were
considered an anti-inflammatory Th subtype, were evoked by
nicotine with reduced IL-4 levels in serum and increased GATA3
levels in the spleen to weaken CIA for reducing joint swelling and
pain, reducing infiltration of inflammatory cells, alleviating
synovial inflammation, and reducing bone destruction
simultaneously (56). Furthermore, nicotine decreased not only
the early pro-inflammatory factors TNF-a and IL-6 levels in
serum but also the late powerful pro-inflammatory factors high-
February 2022 | Volume 13 | Article 826889
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mobility group box chromosomal protein 1 (HMGB1)
expression and nuclear translocation in the inflamed joints.
However, nicotine did not affect the anti-inflammatory factor
IL-10 expression in serum, similar to ulcerative colitis as
mentioned before (57). In fibroblast-like synoviocytes isolated
from rheumatoid arthritis patients undergoing joint replacement
surgery, 0.1–100 µM of nicotine did not affect cell viability, but
the 1–10-mM range induced significant cytotoxicity. Nicotine
(0.1, 1, and 10 µM) reduced the expression of IL-6 and IL-8 and
the activity of their upstream NF-kB induced by TNF-a (20 ng/
ml) (58). Furthermore, it was reported that the intracellular
JAK2-STAT3-IL-6/MCP-1 signaling mechanism of the anti-
inflammatory pathway of nicotine (10 mM) in TNF-a-
stimulated fibroblast-like synoviocytes isolated from patients is
a major constituent of the hyperplastic synovium, with an
important role in joint inflammation and bone destruction
observed in rheumatoid arthritis (59). A non-STAT-dependent
pathway was discovered in nicotine in CIA synovial tissues in
DBA/1 mice and patients, derived from fibroblast-like
synoviocytes and mediated by the suppressor of cytokine
signaling pathway SOCS3. Nicotine pretreatment (250 mg/kg/
day, i.p.) attenuated clinical arthritis and histopathology findings
by decreasing the SOCS3 protein levels and its downstream
factors IL-6 (60). In both TNF-a-induced fibroblast-like
synoviocytes and LPS or IFN-g-treated monocytic cell lines
(U937), nicotine (0.1, 1, and 10 mM) inhibited cell proliferation
and reduced the expression of MMP9 and VEGF, indicating that
nicotine played a crucial protective role in pannus formation and
joint destruction in rheumatoid arthritis (61). In addition to
DBA/1 mice, rheumatoid arthritis was induced in male Wistar
rats by intradermal injection into the hind paw of 0.1 ml of
complete Freund’s adjuvant, containing 10 mg/ml of killed
Mycobacterium. In these rats, nicotine (2.5 mg/kg, orally, for
11 days) suppressed the arthritis index of hind paw swelling and
weight gaining and decreased some hematological and
biochemical parameters, including rheumatoid factor, C-
reactive protein, NO, MPO, IL-1, and IL-17. Furthermore, the
combination of 1.25 mg/kg nicotine and 50 mg/kg thymol
(orally) resulted in a synergistic benefit and tolerable safety
margin in alleviating this rheumatoid arthritis model (62). In
rheumatoid arthritis patients, although whole blood from
rheumatoid arthritis patients with high C-reactive protein and
HMGB1 levels showed reduced vagus nerve activity when
stimulated by LPS, nicotine (100 µM) attenuated the release of
inducible cytokine TNF, implicated in the pathogenesis of
rheumatoid arthritis (63).

Osteoarthritis is a degenerative joint disease that causes chronic
disability among the elderly. Despite recent advances in the
symptomatic management of osteoarthritis by pharmacological
and surgical approaches, there is a lack of optimal approaches to
manage inflammation in the joints, which causes cartilage
degradation and pain. Monosodium iodoacetate induction
osteoarthritis mice model is a standardized osteoarthritis model.
In the C57BL/6J mouse model of osteoarthritis induced by an
injection of monosodium iodoacetate into the knee joint, nicotine
(0.5 or 1 mg/kg once daily, i.p., 1 week) reduced mechanical
Frontiers in Immunology | www.frontiersin.org 6
allodynia, cartilage degradation, and the upregulation of MMP9
production by macrophages via a7 nAChR through modulation
of the PI3K/Akt/NF-kB pathway (64). In monosodium
iodoacetate-induced osteoarthritis of male Sprague–Dawley rats,
the systemic administration of nicotine (1 mg/kg once per day for
5 weeks, i.p.) alleviated joint degradation. Accordingly, in isolated
primary cultured rat chondrocytes, pretreatment with nicotine (10
µM) suppressed MAPK (p38/Erk/JNK) phosphorylation and
phosphorylated NF-kB activation induced by IL-1b or
monosodium iodoacetate via a7 nAChRs (65). With the small-
scale study of 16 male Lewis rats using another standardized
osteoarthritis model with monoiodoacetate, nicotine (0.625mg/
kg, i.p., 42 days) did not result in significant differences but still
showed promising tendencies in cartilage degeneration (~36%
restoration), also indicating that nicotine may be an additional
treatment approach for osteoarthritis (66). In surgically created
osteoarthritis mice, nicotine also exhibited a potential therapeutic
effect. In primary chondrocytes of meniscectomy osteoarthritis of
C57BL/6 mice model, nicotine (1, 10, and 100 µM) decreased the
IL-1b-induced IL-6 and MMP3/MMP13 expression in a dose-
dependent manner in the wild type but not in a7 nAChR-/- type,
indicating that nicotine’s effect is also mediated by a7 nAchR in
this non-neuronal cholinergic system (67). In a male Sprague–
Dawley rat model of early-stage osteoarthritis induced by
immobilizing the left knee joints, nicotine (50 mg/ml) added to
the drinking water ameliorated cartilage damage, promotedmatrix
production, and had an anti-inflammatory effect by reducing the
serum levels of TNF-a and the expression of TNF-a in the
synovial tissue via stimulating a7 nAChR, indicating that
nicotine may have potential as a therapeutic strategy for early
osteoarthritis (68).

3.2.2 Pro-Inflammatory Effect of Nicotine on Arthritis
The first study on the aggravation of arthritis by nicotine was
reported by Yu et al. in 2011 (69). They found that, in heat-killed
M. tuberculosis H37Ra (Mtb)-induced arthritis of Lewis rat
models, pretreatment with nicotine (0.625, 1.25, or 2.5 mg/kg,
i.p.) before induction of arthritis exacerbated the disease. In
contrast, post-injection of nicotine after the onset of arthritis
decreased the disease severity. Thus, the critical variables in the
opposite outcomes, including the timing of nicotine
administration and the induction model, differed quantitatively
and/or qualitatively from that of male rats. In female
ovariectomized BALB/C mice immunized with chicken
collagen II in complete Freud’s adjuvant injected in the tail
root, nicotine (0.03%) in drinking water caused arthritis by
supporting the non-exhausted PD-1-IL-7R+CD8+ T cells,
possibly by inducing the release of survivin protein from the
bone marrow (70). The decreased secretion by nicotine (10−8 to
10−7 M) in a high concentration of MMP1/MMP13 and two
proposed markers of osteoarthritis, fibronectin (FINC) and
chitinase 3-like protein 1 (CHI3L1), in primary chondrocytes
from patients also reminded us of the cautious and judicious use
of nicotine in osteoarthritis treatment (71).

To sum up, these diverse dose-dependent effects of nicotine
demonstrate the need for specific and strict dose–response
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studies on disease models to clarify all the controversial data on
the mechanism of this drug. Altogether we still consider that
even if nicotine could have some beneficial effects on cartilage,
the multiple risks related to smoking far outweigh the
conditional beneficial effects of nicotine. However, nicotine is
just one of the compounds found in tobacco smoke; therefore,
the role of the other ones cannot be ruled out. In treating
arthritis, we suggest that injecting nicotine in the lesion site
may be a better direction in future studies.

3.3 Oral Diseases
Tobacco smoking has been established as a significant risk factor
for periodontitis, oral mucosal changes, gingival recessions, and
root surface caries (72). This is different from treating colitis
and arthritis; nicotine also worsens inflammation in the oral
cavity, similar to smoking. However, with the deepening of
research, nicotine interestingly relieves oral inflammation under
certain conditions.

3.3.1 Anti-Inflammatory Effect of Nicotine on Oral
Diseases
A new in vitro study on human oral epithelial cell HSC-2 line
showed that nicotine (10-8–10-3 M), for a short time (24 h), could
exert a suppressive effect on the production of inflammatory
mediators, including IL-8 and ICAM-1 induced by LPS or TNF-
a, indicating that nicotine may serve as an anti-inflammatory
agent. However, nicotine also inhibited b-defensin induced by
Porphyromonas gingivalis LPS, indicating that it may allow the
overgrowth and invasion of potential periodontal pathogens.
Importantly, nicotine did not affect HSC-2 proliferation/viability
in this concentration range. It is impossible to ignore that
nicotine may have a strong toxic effect on different cell types at
concentrations higher than 10−3 M (73). It seems that the oral
microbiota may regulate the effect of nicotine.

3.3.2 Pro-Inflammatory Effect of Nicotine on Oral
Diseases
Many studies have shown the pro-inflammatory effect of
nicotine on oral diseases. This part mainly reviewed
periodontitis, gingivitis, pulpal inflammation, oral mucosal
inflammation, denture inflammation, etc.

Periodontitis is the leading cause of tooth loss in adults, resulting
from the interaction of the host’s defensemechanismswith bacteria
accumulating on the tooth surface (74). Inflammatory responses
and osteoclastogenesis are commonly involved in the development
of periodontitis. Two in vivo studies are available on the aggravation
of periodontitis by nicotine. In an in vivo study, 5-week-old male
Wistar rats intraperitoneally injected with nicotine (0.7 mg/kg for
30 days) exhibited decreased levels of bone alkaline phosphatase
and osteocalcin as important markers for bone mineralization and
activity of osteoblasts, with increased TNF-a and COX−2
expression levels causing ischemia and inflammation of the
periodontium and higher alveolar bone loss. Here catalpol was
shown to improve nicotine-induced injury to the alveolar bone by
promoting alveolar bone mineralization and inhibiting the
inflammatory factors (75). Another in vivo study on
Frontiers in Immunology | www.frontiersin.org 7
periodontitis-susceptible Fischer 344 rats injected with nicotine in
the neck skin (0.8mg/kg for 3 weeks) and intraperitoneally injected
with LPS (100mg/kg) found that these developed significantlymore
periodontal bone loss and periodontal tissue destruction, while
nAChR antagonist mecamylamine abolished this effect. Nicotine
treatment alone indirectly reduced TNF-a, TGFb, and IL-10
production, indicating that the acetylcholine receptors activated
bynicotinemay suppress protective immune responses through the
cholinergic anti-inflammatory pathway by altering the immune
system responses and the susceptibility to periodontitis (76). In
addition, this part of the research mostly focused on human
periodontal ligament cells induced by nicotine (5 mM) and/or
LPS (1 µg/ml) in vitro. Under this condition, pretreatment of
overexpressed zinc finger protein A20 using a recombinant
adenovirus encoding A20 inhibited the inflammatory and
osteoclastogenic effects of nicotine and/or LPS by inhibiting the
PKCa, Akt, GSK-3b, ERK, and NF-kB pathways, including
downstream cytokines COX-2, TNF-a, IL-1b, IL-6, and IL-17 and
especially RANKL, a receptor activator of nuclear factor kappa-b
ligand, which mediates osteoclast differentiation (77). LPS plus
nicotine stimulated the levels of pro-inflammatory medium PGE2,
NO, TNF-a, IL-1b, IL-6, IL-12, and MMPs (MMP1, MMP2, and
MMP9) and suppressed multiple ECM molecules (collagen I,
elastin, and fibronectin) by PI3K/GSK3b/MAPK (P38, JNK,
ERK)/NF-kB and b-catenin signaling pathways. Here resistin
showed the regulation of these factors and exerted anti-
inflammatory effects on this chronic periodontal disease cell
model (78). Nicotine plus LPS likewise upregulated iNOS, COX-
2, NO, PGE2, TNF-a, IL-1b, IL-8, some TRAP (+) cells, and
resorption via PI3K/PKC/Akt/MAPK (P38, JNK, ERK) and the
NF-kB/c-Fos/NFATc1 signaling axis, involved in inflammatory
bone destruction and osteoclast differentiation, with an increase
inphospholipaseD (PLD)1 andPLD2 isoforms (79).Whenhuman
periodontal ligament cells were cocultured with CD4+ T cells,
nicotine (10-5 M, 24 h) dramatically repressed cell viability and
increased apoptosis, which was associated with the collapse of
periodontal tissues and elevated matrix metalloproteinases
MMP1, MMP3, and cytokines IL-1b, IL-6, IL-17, IL-21, and
chemokines CXCL12. The receptor a7 nAChR played a major
mediating role, and its inhibitora-bungarotoxin reversed nicotine-
induced apoptosis, increased viability, and attenuated the nicotine-
triggered production of these factors (80). In addition to
inflammatory cytokines and osteoclast markers, other molecules
may also participate in nicotine-induced periodontitis. In human
periodontal ligament cells, hypoxia-inducible factor-2a (HIF-2a)
was upregulated in a dose- and time-dependent manner. HIF-2a
inhibitors attenuated the 10-mM-nicotine- and 1-µg/ml-LPS-
induced production of NO and PGE2 and upregulation of iNOS,
COX-2, pro-inflammatory cytokines (IL-1b, TNF-a, IL-1b, IL-6,
IL-8, IL-10, IL-11, and IL-17), and matrix metalloproteinases
(MMP1, 8, 13, 2 and 9) and reversed the effect on TIMPs (TIMP1
and 2) via Akt, JAK2 and STAT3, ERK and JNKMAPK, NFkB, c-
Jun, and c-Fos. Thus, HIF-2a was positively associated with
inflammatory responses and osteoclast differentiation induced by
nicotine (81). Another protein, peptidyl-prolyl cis/trans isomerase
NIMA-interacting 1 (PIN1), was upregulated in chronically
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inflamed human periodontal ligament cells in periodontitis
patients. The inhibition or knockdown of PIN1 markedly
attenuated 1-µg/ml-LPS- and 5-mM-nicotine-stimulated NFkB/
COX-2 and iNOS/PGE2, and the NO pathway also attenuated the
increased number of tartrate-resistant acid-phosphatase-stained
osteoclasts, osteoclast-specific gene RANK expression, and
osteoclastogenic cytokine expression (TNF-a, IL-1b, IL-6, IL-11,
IL-17, and IL-23, not IL15) (82). However, 1-mM nicotine
treatment alone did not upregulate PIN1, while 5 and 10 mM
nicotine could significantly increase the PIN1 protein level (82).
HO-1 was also confirmed to be involved in 5-mM-nicotine- and 1-
µg/ml-LPS-induced inflammatory effects on human periodontal
ligament cells by Pi et al. (83). Treatment with an HO-1 inhibitor
and HO-1 siRNAs blocked the stimulated NO and PGE2 release as
well as the expression of iNOS and COX-2 (83). Furthermore,
during the treatment of apigenin on this cell models, LPS (1 µg/ml)
and nicotine (5 mM) induced HO-1 protein expression and
activities, further upregulating iNOS, COX-2, NO, PGE2, IL-1b,
TNF-a, IL-6, and IL-12 by the PI3K/MAPK (P38, JNK, ERK)/PKC
signaling pathway, indicating that apigenin possesses anti-
inflammatory activity for the prevention and treatment of
periodontal diseases associated with smoking and dental plaque
(84).Also, via theHO-1pathway, carbonmonoxide (CO)-releasing
molecule-3 pretreatment suppressed the inflammatory and
osteoclastogenic cytokines, including PGE2, COX-2, and
RANKL/OPG ratio by releasing CO (85). Zhou et al. (86) found
that the activation of GSK-3b played indispensable roles in
nicotine-induced periodontitis using human periodontal ligament
stem cells (PDLSCs). Nicotine (10−9 M) alone did not affect the
osteoblastogenesis/osteoclastogenesis balance of PDLSCs.
However, it significantly exacerbated the destructive effect of
inflammatory factors (5 ng/ml IL-1b and/or 10 ng/ml TNF-a) by
decreasing the osteogenic differentiation indicators ALP, RUNX2,
BSP, and OCN, increasing the osteoclast-forming indicators
RANKL/OPG ratio by suppressing the expression of
phosphorylated GSK-3b, and diminishing the function of its
downstream factor a7 nAChR. The apoptotic effect exerted by
nicotine on these first- l ine defensive cel ls , such as
polymorphonuclear cells (PMNs) and mononuclear cells, may be
an important feature of the pathogenesis of the periodontal disease.
A brief exposure of PMN to nicotine concentrations ranging from
0.01 to 0.3% shortened the accelerated cell apoptosis in a dose-
dependent manner. Concerning mononuclear leukocytes, nicotine
could not induce apoptotic modifications on cells observed up to
72 h of culture time. However, it inhibited IL-1b release and
procoagulant activity expression, indicating that when
mononuclear cells become the predominant population in
inflamed tissues, nicotine could offer an interesting exogenous
example of the phlogistic balance that governs the evolution and
resolution of the persistent inflammation in periodontal disease
(87). Thus, the double-edged sword feature of nicotine necessitates
more detailed research.

Specifically, in gingivitis, 1 mM, not 0.1 mM, nicotine
stimulated the production of IL-1a in gingival keratinocytes
from healthy, non-tobacco-using subjects. When combined with
Escherichia coli and P. gingivalis LPS (10 µg/ml), the release of
Frontiers in Immunology | www.frontiersin.org 8
IL-1a and IL-8 cytokines increased significantly. These findings
support an interactive effect of smoking and bacterial factors on
host response in periodontal disease (88). The exposure of
human gingival fibroblasts to nicotine (2.5, 10, and 15 mM for
2–24 h) resulted in a significant increase in COX-2 mRNAs and
protein expression (89). Furthermore, in this cell line, nicotine (5
mM) and LPS (1 µg/ml) upregulated the mRNA and protein
expression of sirtuin 1 (SIRT1) as well as ROS, PGE2, TNF-a, IL-
1b, IL-6, IL-8, and IL-17 through the PKC, PI3K, MAPK (P38,
JNK, ERK), and NF-kB pathways. SIRT1 activation and over-
expression by resveratrol and adenovirus encoding SIRT1 have
potent cytoprotective and anti-inflammatory effects on nicotine-
and LPS-induced cytotoxicity, oxidative stress, and pro-
inflammatory activities (90). Nicotine (0.3 and 1 mM)
significantly reduced human b-defensin-2 mRNA and protein
expression and significantly increased IL-8 production,
compared with cultures with no nicotine treatment, in
response to P. gingivalis LPS and TNF-a-induced human
gingival epithelial cells from subjects with clinically healthy
periodontium and no history of periodontitis (91).

Concerning oral mucosal inflammation, nicotine was also
used as an inducer to generate neurogenic inflammatory
reactions. In the human oral mucosal keratinocyte 100 cell
line, nicotine (1 µM and 1 mM) did not influence cell viability
but stimulated the concentrations of periodontal inflammation
and oral pain correlation factor substance P (SP), a major
mediator of neurogenic inflammation, and IL-1b. Here neutral
endopeptidase (NEP) exerted a good relieving effect by
downregulating the SP and IL-1b levels by cleavage (92).
Nicotine (EC50 557 mM) potentiated capsaicin-evoked
immunoreactive calcitonin gene-related peptide release in a
concentration-dependent manner by a3, a4, or a6 nAChR
subunit in trigeminal ganglia which co-localized with CGRP-/
VR1 (the capsaicin receptor) in adult male Sprague–Dawley rats.
These findings suggest that nicotine may predispose the buccal
mucosa to an enhanced neurogenic inflammatory response to
different stimulatory factors, such as thermal, chemical, and
mechanical tissue damage or infection (93). One in vitro
experiment also showed that 10 mM nicotine did not affect the
TNF-a-stimulated tissue and un-inflamed reconstituted human
epithelium model and did not significantly affect the release of
IL-1a, IL-6, IL-8, and GM-CSF cytokines after 5 min and 24 h,
respectively (94). This suggests that nicotine may promote the
existing inflammation, not healthy oral mucosa cells, for a short
time. In addition, systemic nicotine treatment (nicotine sulfate, 2
mg/kg, subcutaneously, daily for 28 days) induced inflammatory
leukocyte infiltration and cellular desquamation, blood vessel
dilation, hemorrhage, and epithelial degeneration in the rat
tongue mucosa (95).

Denture stomatitis is a condition of painless inflammation
and erythema of denture-bearing mucosa. Nicotine increased the
growth of Streptococcus mutans and Candida albicans in denture
biofilms. Furthermore, 4 mg/ml nicotine in tryptic soy broth
significantly increased the coaggregation of these two
microorganisms after 24 h of incubation, increasing the
likelihood of denture stomatitis and caries (96).
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The matrix metalloproteinase enzymes are key participants in
pulpal inflammation. When the mineralized matrix of a tooth is
damaged, the pulp is exposed to a plethora of environmental
stimuli. In human dental pulp cells, Manuela et al. (97) showed
that nicotine (0–50 mM) stimulated MMP2 and MMP28 gene
expression extracted from impacted third molars of healthy
patients. In addition, nicotine (5, 10, and 50 mM) can increase
human dental pulp cell proliferation through nicotinic cholinergic
receptors and downstream MAPK signaling pathways.

To sum up, the 5-mM concentration of nicotine has mostly
been used in many previous studies. The range of nicotine
concentrations measured in the saliva of long-term snuff users
is 0.6–9.6 mM (98). From the experimental data, when the
nicotine concentration is >1 mM, it is more likely to cause oral
cavity inflammation; when the concentration is lowered down to
0.01 mM, it may exert a beneficial inhibitory effect on oral cells.
To date, overwhelming data indicate that nicotine’s dual
regulation of the immune system through cytokines and
nAChR accentuates oral inflammation, especially in the
presence of oral pathogenic bacteria. The data are insufficient,
especially in vivo. However, the recent research also indicates
that the medicinal value of nicotine when treating exposed oral
cells at low concentrations (10-8–10-3 M) should be explored
and clarified.

3.4 Skin Diseases
3.4.1 Anti-Inflammatory Effects of Nicotine
on Skin Diseases
The evidence on smoking and skin disease is conflicting.
However, the potential for nicotine treatment is in skin
conditions that occur less often in smokers than in non-smokers.

An interventional study early in 1997 showed that nicotine
patches suppressed the cutaneous inflammatory response to
sodium lauryl sulfate and ultraviolet radiation and transiently
suppressed reactive hyperemia following arterial occlusion in 10
lifelong non-smokers (99). Ultraviolet radiation exposure is a
common and well-characterized method of inducing
inflammation in the skin. At the end of the 6-week oral nicotine
treatment in drinking water (from 25 to 50 mg/ml on day 3, 100 mg/
ml on day 5, and the final concentration of 150 mg/ml on day 7,
maintained for 6 weeks), female C57BL/6 mice were exposed to
ultraviolet radiation to induce inflamed redness in a thickening skin
model. Both RNA and protein production of IL-1b, not IL-6 and
TNF-a, decreased significantly in the skin treated with nicotine by
regulatinga7nAChRandSOCS3. Itwasdemonstrated that the oral
administration of nicotine altered inflammation in the skin,
independent of vagal innervation (100).

In Bechet’s disease, nicotine maintained a specific anti-
inflammatory effect on keratinocytes (isolated from normal
neonatal foreskin specimens, which were removed during
circumcision) and endothelial cells (HMEC-1) in the serum of
patients. After keratinocytes and HMEC-1 were incubated with
the serum of 20 patients with Behçet’s disease and 20 healthy
controls for 4 h, nicotine (6 mM) significantly decreased IL-8 and
IL-6 released by HMEC-1 maintained in both patients’ and
controls’ sera. However, only IL-6 released by keratinocytes
Frontiers in Immunology | www.frontiersin.org 9
was maintained in patients’ sera. VEGF released by both cells
increased markedly after nicotine treatment in either serum.
Thus, it is likely that nicotine could suppress neutrophil-
mediated inflammatory actions (101).

In thepassive cutaneousArthus reaction, anacute inflammatory
response resulting from the deposition of immune complexes in the
tissue, the plasma extravasation, and polymorphonuclear leukocyte
infiltration serve as indexes to evaluate the anti-inflammatory
activities. Kubo et al. (102, 103) reported that nicotine (0.4 mg/kg
injected subcutaneously or 0.8-mg/kg intraperitoneal injection)
inhibited the plasma exudation in the passive cutaneous Arthus
reaction in Wistar male rats by suppressing NO production in
polymorphonuclear leukocyte primedwith TNF-a by elevating the
blood corticosterone levels. It is well established that nicotine
stimulation of the brain’s nicotinic acetylcholine receptors is
related to the nicotine-induced inhibition of the passive
cutaneous Arthus reaction.

3.4.2 Pro-Inflammatory Effect of Nicotine
on Skin Diseases
Nicotine [10-8M and 10-4M, three injections of 20ml (total = 60ml)
around the wounds once daily for 3 days] injected into full-
thickness excisional skin wounds of female C57BL/6 mice
minimally affected the inflammatory mediators like TNF, IL-6,
and IL-12. However, it downregulated the expression of growth
factors like VEGF, PDGF, TGF-b1, and TGF-b2 and the anti-
inflammatory cytokine IL-10, reflecting the overall detrimental
effects of tobacco onwoundhealing and general skin diseases (104).

3.5 Multiple Sclerosis
3.5.1 Anti-Inflammatory Effect of Nicotine
on Multiple Sclerosis
Multiple sclerosis (MS) is a demyelinating autoimmune disease
character ized by inflammation, demyel inat ion, and
neurodegeneration within the central nervous system. The cause
ofMS is still unknown, and there is no cure for it.Nicotine exhibited
protective effects in an experimental model of MS and might be
recommended as a promising drug (105). In two Swedish
population-based, case–control studies (7,883 cases; 9,437
controls), subjects with different snuff use habits had a decreased
risk of developing MS, suggesting that nicotine might exert anti-
inflammatory and immune-modulating effects (106). In relapsing–
remitting MS patients, compared to healthy donors, nicotine (10
mM, 24 h) and treated peripheral blood mononuclear cells
stimulated by phytohemagglutinin (20 mg/ml) had a significant
decrease in mRNA and protein levels of IL-1b and IL-17 via a7
nAChR mediation to down-modulate the inflammation in
MS (107).

Experimental autoimmune encephalomyelitis is the most
commonly used animal model for MS. Peripheral monocyte/
macrophage recruitment, microglial activation, iNOS
upregulation, and pro-inflammatory cytokine production are
important mechanisms for inducing experimental autoimmune
encephalomyelitis and determining disease severity. Furthermore,
200mg/mlnicotinehydrogen tartrate salt in drinkingwater induced
mild, delayed, and chronic clinical signs and less inflammation in
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MOG35-55-induced female C57BL/6 mice (108). Nicotine (28 days,
infusion rate of 0.25 ml/h, mini-osmotic pumps) was protective
against experimental autoimmune encephalomyelitis by reducing
nestin expression, partially allowing for the proliferation (Ki67+) of
ependymal cells in areas of inflammation and increasing mature
anti-inflammatory M2 subtype microglia (NG2+ and CC1+) to
promote disease recovery (105, 109). Nicotine also distinctively
affected microglial viability, activation, and function, contrary to
non-nicotine cigarette components, especially acrolein that has
cytotoxic effects on microglia (105). In female Wistar rats with
experimental autoimmune encephalomyelitis induced by guinea
pig spinal cord homogenate, both nicotine (2.5 mg/kg, i.p.) and
mesenchymal stem cells (2 × 106 cells per rat) exhibited a more
desirable outcome, causing the regression of the average mean
clinical score and neuropathological features, by increasing the IL-
10 levels, thus decreasing the IL-17, TNF-a, and IFN-g levels of
splenocytes; the combination therapy was more favorable than the
treatment with either therapy alone (110). a7 nAChRs, but not a9
nAChRs and b2 nAChRs, are involved in nicotine-dependent
protection against experimental autoimmune encephalomyelitis.
However, it is noteworthy that nAChR a9 and b2 play different
controversial roles in modulating immune functions in
experimental autoimmune encephalomyelitis (111, 112). At
present, there is no conclusive evidence about the worsened
function of nicotine in multiple sclerosis.

3.6 Sepsis and Endotoxemia
3.6.1 Anti-Inflammatory Effect of Nicotine on Sepsis
and Endotoxemia
Sepsis is a complex clinical syndrome resulting from a severe
inflammatory response to infection. Therefore, the control of
inflammation is crucial to minimize sepsis-related deleterious
effects. Several mediators and cell types participate in the
pathophysiology of sepsis; however, the available therapeutic
strategies are far from satisfactory. Activation of nicotinic a7
nAChRs by nicotine leads to improved survival rate and multiple
organ dysfunction syndromes in an experimental model of sepsis
under different induction conditions as detailed in the
following discussion.

In experimental abdominal sepsis induced by an intraperitoneal
injection of live E. coli, the female C57BL/6 mice pretreated with
nicotine (100 µg/ml in drinking water) or a combination of
vagotomy displayed lower levels of TNF-a, IL-6, and IL-1b in
peritoneal lavage fluid and plasma. It also exhibited decreased liver
injury with lower AST and ALT in the vagotomy mice, confirming
that nicotine acts on the peripheral part of the cholinergic anti-
inflammatory pathway, independent of the integrity of the vagus
nerve (113).

In the LPS-induced male Wistar rat endotoxemia model by tail
vein injection, nicotine (0.1 mg/kg) treatment, in the same way,
improved the survival rate by 40%, lowered the elevation of ALT
and creatine kinase-MB (CK-MB) and the serum levels of TNF-a
and IL-6 significantly, recovered the plasma diamine oxidase
(DAO) activity, and had little influence on IL-10 levels (114).

The cecal ligation andpuncture (CLP)-induced femaleC57BL/6
mousemodel is a clinically relevant animalmodel for human sepsis
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because it causes lethal peritonitis produced by polymicrobial
infection. In this model, nicotine (400 µg/kg, i.p.) significantly
reduced the lethality for 3 days (115). In male BALB/C mice
receiving a dose of LPS by intraperitoneal injection or/and CLP,
nicotine (400 µg/kg, i.p.) also prevented lethal endotoxemia and
clinical manifestations, including lethargy, diarrhea, piloerection,
huddling, hypothermia, and hematocrit decrease. It had no
protective effects when the nicotine concentration was low, i.e., up
to 40 µg/kg (116). Nicotine inhibited the NFkB activity and
upregulated the HO-1 levels in the heart and lungs and then
mediated HMGB1 translocation to the cytoplasm; subsequently,
extracellular release in blood played major protective roles in vivo.
Furthermore, the verification mechanism in macrophage
RAW264.7 induced by the LPS inflammatory cell model showed
that nicotine activated a7 nAChR and subsequently increased the
Ca2+ influx. The increased Ca2+ levels led to the activation of
classical PKCs, which, in turn, stimulated ROS production via
NADPHoxidase. The increasedROS levels activated the PI3K/Akt/
Nrf2 pathway, culminating in HO-1 induction in macrophages,
which resulted in anti-inflammatory action, indicating decreased
pro-inflammatory TNFa, iNOS, and HMGB1 activities (116, 117).
Furthermore, Kim et al. reported that intraperitoneal nicotine (50,
100, 200, and400mg/kg), after inductionbyLPSandCLP, improved
the sepsis-induced mortality, attenuated liver and lung failure, and
suppressed the inflammatory cytokines TNF-a, IL-1b, and IL-6.
This protective effect of nicotine can be associated with nicotine-
suppressedToll-like receptor 4 protein expression andPU.1activity
through the a7 nAChR/PI3K signaling pathway (118). In human
macrophages, nicotine (100, 1, and 10 mM) also upregulated the
expression of IL-1 receptor-associated kinase M (IRAK-M), a
negative regulator of innate TLR-mediated immune responses, a
single (JAK2/PI3K/STAT3) or two convergent cascades (JAK2/
STAT3 and PI3K/STAT3), to inhibit LPS-induced TNF-a
production. However, a persistent IRAK-M overexpression may
lead to the immune cells’ tolerance to nicotine (119). The protective
effects of nicotine in lethal sepsis required the spleen, showing that
decreased HMGB1 in the serum of CLP male BALB/C mice by
nicotine (400mg/kg, i.p.)was eliminatedbysplenectomy (120).TNF
production through spleen macrophages in the red pulp and the
marginal zone was specifically attenuated with the electrical
stimulation of the vagus nerve in male Sprague–Dawley rats and
nicotine (2mg/kg, i.p.) treatment in the LPS-induced endotoxemia
model of male BALB/C mice during endotoxemia (15). Thus, the
cholinergic anti-inflammatory pathway between the vagus nerve
and the splenic nerve can allow the rapid and precise control of
systemic cytokine production and the trafficking of inflammatory
cells to distant sites (15, 120). In more detail, microsomal
prostaglandin E synthase-1 gene and PGE2 in the spleen have a
crucial role inbridging the immuneandnervous systems influenced
by nicotine in vitro (121).

Sepsis was induced in outbred albino mice of both genders by
an intraperitoneal injection of the 24-h culture of E. coli (2.5 × 109

microbial bodies). Nicotine (17.5 ± 2 mg/kg, 7 ± 0.8 mg/kg, s.c.)
pretreatment reduced the mortality during the early phase of
sepsis and reduced the concentrations of TNF-a, IL-1b, IL-6, and
MIP-2 after 2 or 10 h of sepsis. These animal survival rates in
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sepsis may be due to the stimulation of the phagocytic monocytic
system of mAChR cells in the liver, gastrointestinal tract, and
spleen, leading to increased phagocytic and metabolic activity
(122, 123). Male Wistar albino rats of CLP sepsis received chronic
tap water with (5 mg/kg) nicotine for 14 days and an acute
injection of nicotine (30 mg/kg, i.p.) for 5 days, resulting in the
recovery of histologically observed injury, lipid peroxidation, and
myeloperoxidase activity and the prevention of GSH depletion,
indicating that nicotine was advantageous in regulating systemic
inflammation by balancing the oxidant and antioxidant systems
(MPO, GSH, and MDA). In addition, chronic treatment seems to
be better than the acute treatment by nicotine after evaluating the
oxidative injury and morphological organization of lung and liver
parenchyma, cardiac muscle, ileal mucosa, glomeruli, and tubules,
significantly the lung tissue (124), although another inconsistent
study showed that nicotine (400 µg/kg, i.p.) had caused more lung
damage by increasing the neutrophil polymorphonuclear
infiltration in CLP-treated peritonitis of male Wistar rats (125).
This may have to do with the severity of the disease and the
tolerance of the animal species. However, nicotine appeared to be
protective to heart abnormalities because LPS-evoked hypotensive
and tachycardic responses, reductions in time-domain indices of
heart rate variability and spectral measure of cardiac
sympathovagal balance, and upregulation of serum TNF-a were
reversed by nicotine (25, 50, and 100 mg/kg, i.v.) via a7 and a4b2
nAChRs in male Wistar rats with endotoxemia (126).
Furthermore, in isolated left kidney with the addition of
acetylcholine and 5′-N-ethylcarboxamidoadenosine from a
Wistar rat endotoxemia model induced by LPS, nicotine (2 mg/
kg, i.p.) offset the LPS facilitation of renal vasodilation and
inflammation through the HSP70/TNFa/iNOS signaling
pathway via a7- and a4b2-type nAChRs (127).

Thebasal levels of acetylcholine are important tomodulate sepsis-
associated inflammatory responses. In the CLP sepsis model and
vesicle acetylcholine transporter knockdown (VAChTKD, C57BL/6J
background), mutant mice with less vesicular Ach transporter
protein contributed to significantly increased TNFa levels, higher
levels of bacteria, and reduced neutrophil accumulation and CXCL2
in the peritoneal cavity. This phenotype was reversed by nicotine salt
(400 mg/kg, i.p.) treatment (128).

To sum up, despite the health risks of toxic and/or
carcinogenic chemicals in tobacco, nicotine appears to have
beneficial effects on systemic inflammatory responses. In the
deadly disease of sepsis and endotoxemia, nicotine may be
helpful for an emergency patient who requires life-saving care,
although some side effects were inescapable for organs. Clinical
studies that include nicotine supplementation are required to
further elucidate the therapeutic potential of nicotine in sepsis
and endotoxemia.

2.6.2 Pro-Inflammatory Effect of Nicotine on Sepsis
and Endotoxemia
One study showed the adverse effects of nicotine (400 µg/kg, i.p.)
when given after treatment in a male Wistar rat CLP model of
sepsis (125). Nicotine administration increased the mortality and
severe lung damage by ~45% by increasing TNF-a, IL-6,
Frontiers in Immunology | www.frontiersin.org 11
cytokine-induced neutrophil chemoattractant (CINC)-3, and
thrombin–antithrombin complexes, with slightly increased
anti-inflammatory factor IL-10. Maybe the rat damage induced
here was too severe to restore. After all, the anti-inflammatory
effects of nicotine seem to affect the early stages of inflammation.
Further studies are needed to better clarify the various effects of
nicotine in established sepsis.

3.7 Acute Pancreatitis
3.7.1 Anti-Inflammatory Effect of Nicotine on Acute
Pancreatitis
Severe acute pancreatitis presents as a mild self-limiting disorder
or a severe disease characterized by systemic inflammation and
multiorgan failure, with a high mortality rate of 30%. Currently,
no specific therapy is known.

Nicotine potentially mediated the development of pancreatic
disease; not only prophylactic but also therapeutic application
was effective in acute experimental pancreatitis using a
glycodeoxycholic acid model of male Wistar rats. Nicotine (25
µg/kg per hour using an intravenous pump) reduced the pancreatic
MPO levels and late cytokine release of serum HMGB1 levels but
not TNFa, IL-1A, or IL-10; it significantly reduced systemic
pancreatic inflammation and local necrosis (129).

Modulating the immunoregulation of CD4+CD25+ Treg is a
criticalmechanism for the nicotinic anti-inflammatory pathway for
severe acute pancreatitis. Nicotine upregulated the number and
suppressive capacity of CD4+CD25+ Treg by inducing the
expression of immunoregulatory molecules CTLA-4, Foxp3, and
TGFb1 in themaleC57BL/6mousemodel of retrograde injectionof
50 ml of 2% Na-taurocholate into the pancreatic duct. Under this
mechanism, nicotine (50, 100, and 300 mg/kg, i.p.) protected the
mice from lethal severe acute pancreatitis in a dose-dependent
manner and ameliorated inflammation, edema, acinar cell
vacuolization, necrosis, and inflammatory cell infiltration. In
addition, nicotine inhibited the MDA and MPO activities in
tissue injury, production of digestive enzyme amylase and lipase
in plasma, and production of pro-inflammatory cytokines TNF-a
and IL-1b (130). It may be feasible to use selective agonists as
immunotherapy for sterile local and systemic inflammatory
diseases such as severe acute pancreatitis.

3.8 Myocarditis
3.8.1 Anti-Inflammatory Effect of Nicotine on
Myocarditis
Myocarditis may present with various symptoms, ranging from
mild dyspnea or chest pain that resolves without specific therapy
to cardiogenic shock and sudden death. Generally, myocarditis is
induced by common viral infections; less commonly, other
pathogens, toxic or hypersensitivity drug reactions, giant cell
myocarditis, or sarcoidosis have also been implicated (131).
Currently, there is no specific treatment for myocarditis.

The cholinergic anti-inflammatory pathway effectively protects
the myocardium from viral infections. Cardiomyocyte apoptosis is
critical for the development of coxsackievirus B3-induced
myocarditis, which may result in heart failure or even sudden
death. Li Yue-Chun’s team extensively investigated coxsackievirus
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B3-infected animal or cell models. Earlier studies have shown that
nicotine treatments (1.2 mg/kg, i.p.) significantly improved the
survival rates by 35%, attenuated myocardial lesions, improved
the left ventricular function impairment, and downregulated the
expression of TNF-a and IL-6, with no correlationwithNF-kB p65
expression, but depending on the increased phosphorylation of
STAT3 upstream in BALB/C mice (132). Furthermore, to
investigate the dose-related effects of nicotine, doses of 0.1, 0.2, or
0.4 mg/kg injected intraperitoneally three times per day for 7 or 14
consecutive days were further evaluated. Notably, the low-dose
nicotine was not effective when administered for up to 7 days,
indicating a dose-dependent effect of nicotine treatment. However,
the other nicotine treatment group exhibited reduced myocardial
expressionofpro-inflammatory cytokines (IL-1b, IL-6, IL-17A, and
TNF-a) (133, 134). Furthermore, the effects of nicotine are
independent of the integrity of the vagal nerve. However,
vagotomy may reduce the release of acetylcholine from vagus
nerve endings, with a decrease in the binding of a7 nAChR,
finally increasing pro-inflammatory cytokines to aggravate
inflammation. The cholinergic stimulation with nicotine also
played a peripheral anti-inflammatory role (135). Later, they
found that nicotine also contributed to its anti-inflammatory
pathway in viral myocarditis by altering Th cell differentiation.
Nicotine treatment (1.2 mg/kg, i.p.) increased Th2 and Treg cell
proportions, decreased the proportion of Th1 and Th17 cells in the
spleen, reduced the levels of pro-inflammatory cytokines IL-1, IL-6,
and TNF-a in the heart, and finally decreased the severity of
myocardium lesions and cellular infiltration in viral myocarditis
(136). A recent study showed that, in coxsackievirus B3-infected
neonatal rat cardiomyocytes and BALB/C mice, in addition to a7
nAChR, a3b4 nAChR subunits were also essential for nicotine-
mediated anti-apoptotic effects and attenuating coxsackievirus B3
replication to protect cardiomyocytes in vitro (1 mM) and in vivo
(0.2 mg/kg/d, i.p.). a3b4 nAChR/PI3K/Akt-dependent survivin
upregulation is the established novel pathway in survival rate
increase and heart function enhancement by nicotine (137).

The activation of the cholinergic anti-inflammatory pathway
withnicotine reduces inflammation inautoimmunemyocarditis. In
cardiac troponin I-induced female A/J mice model, nicotine (for 3
days at 12.5 mg/L, 3 days at 125mg/L, 21 days at 12.5 mg/L, and 21
days at 125 mg/L in drinking water after the first immunization)
reduced inflammatory infiltration and fibrosis by downregulating
the production of IL-6 and TNF-a in splenocytes, the myocardial
expression of inflammatory proteins MCP-1, IL-1b, RANTES,
CCR1, CCR2, and CCR5, and the myocardial expression of
MMP14, NPPB (natriuretic peptide precursor B), TIMP-1, and
osteopontin, which are involved in heart failure. The pSTAT3
activation played a key mediating role (138).

3.9 Allergic Diseases
3.9.1 Anti-Inflammatory Effect of Nicotine on Allergy
Allergic rhinitis is characterizedby several nasal symptoms, including
sneezing, rhinorrhea, and nasal congestion, following provocation
with the specific allergen. In addition, allergic rhinitis patients are
characterizedby the submucosal accumulationof inflammatory cells,
including eosinophils, neutrophils, andT cells, accompaniedbynasal
hyperresponsiveness. Interestingly, in ovalbumin-immunized nasal
Frontiers in Immunology | www.frontiersin.org 12
responses of female BALB/C mice, environmental tobacco smoke
also significantly suppressed allergen-induced nasal inflammation by
suppressingnasalhyperresponsiveness andeosinophil accumulation.
In the corresponding cell model of ovalbumin-specific Th2, nicotine
(10-6 and 10-7 M) diminished cell proliferation and IL-4 production
in a concentration-dependent manner, indicating that nicotine, at
least in part, played an important role (139). In primary nasal
epithelial cells from 19 healthy subjects stimulated by LPS, 50 mM
nicotine for 24 h decreased the IL-8 release (0.6-fold), indicating
the anti-inflammatory properties of nicotine in nasal
inflammation (140).

Food allergies have become prevalent in developed countries
over the past few decades. However, no effective drug therapies
are currently available. In a severe allergic diarrhea model of
BALB/C mice sensitized with repeated oral ovalbumin, nicotine
treatment (3.2 mg/kg, s.c.) suppressed mucosal mast cell
hyperplasia, elevated MPO, and the upregulated mRNA
expression of Th1 cytokines (IFN-g) and Th2 cytokines (IL-4
and IL-5) in murine colon. However, nicotine did not affect the
increased plasma IgE levels. Nicotine treatment significantly
ameliorated food allergy, mainly by suppressing upregulated
mucosal immune responses via a7 nAChRs on immune cells.
Thus, mucosal immune responses closely communicate with
cholinergic nerve fibers to regulate mast cells critically involved
in the pathogenesis of food allergies in mice (141).

Allergic asthma is a significant global health problem and
sometimes becomes a life-threatening illness in all age groups. It
is an inflammatory lung disease characterized by the pronounced
infiltration of eosinophils and T cells into the submucosal tissues
of airways, mucous cell hypertrophy/hyperplasia, increased
mucus production, airway hyperresponsiveness, airway
remodeling, and elevated production of total and allergen-
specific IgE (142). The association between smoking and
asthma is highly controversial. However, nicotine might be a
good candidate for treating allergic asthma. In female Brown
Norway rats sensitized with ragweed or house dust mite several
times, nicotine (1 mg/kg; mini-osmotic pumps) decreased the
mucus content in bronchoalveolar lavage and inhibited the
accumulation of eosinophils and other inflammatory cells in
the lungs by dramatically suppressing eosinophil trafficking and
Th2 cytokine/chemokine IL-4, IL-5, IL-13, and IL-25 release,
eotaxin responses, LTC4 secretion, and allergen-specific IgE, not
IgG (143). Mazloomi et al. (144, 145) constructed a BALB/C
mice allergic asthma model by alum and ovalbumin. The mice
receiving nicotine (1 and 10 mg/kg 3 times every other day, s.c.)
exhibited decreased allergic lung inflammation severity and
allergic response intensity in a dose-dependent manner by
potentiating Treg cell proliferation and TGF-b and decreasing
the eosinophil count, bronchoalveolar fluid, IgE, and IL-4.

3.10 Obesity and Adipose Tissue
Inflammation
3.10.1 Anti-Inflammatory Effect of Nicotine on
Adipose Tissue Inflammation
Obesity is characterized by chronic low-grade inflammation,
contributing to metabolic syndrome such as fatty liver.
Smoking cessation, often associated with weight gain, has led
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to the gradual recognition of nicotine’s fat-burning effects.
Nicotine could reduce body mass by increasing physical
activity and stimulating adipose tissue triglyceride lipolysis and
brown adipose tissue thermogenesis (146, 147). Notably, nicotine
significantly suppressed adipose tissue inflammation and further
improved fatty liver diseases in genetically obese and diet-
induced obese mice (27, 148). In genetically obese (db/db) and
diet-induced obese C57BL/6J (B6) mice, nicotine (400 mg/kg, i.p.
t.i.d) suppressed obesity-induced inflammation by normalizing
the elevated expression of F4/80 and pro-inflammatory
cytokines, including TNF-a, IL-6, IL-1b, and iNOS, and
reduced the expression of MCP1 in adipose tissue or TNF-a in
serum (148). Nicotine reduced the mRNA expression of
inflammatory markers, such as PPAR-g, TNF-a, and IL-6 in
the liver of male Sprague–Dawley rats fed a high-fat diet at a dose
of 2 mg/kg, s.c. In addition, nicotine improved hepatic damage
and liver steatosis by reducing ER stress (146). Nicotine feeding
(120 mg/kg) in CD-1 IGS mice also inhibited adipose tissue
inflammation development by suppressing the inflammatory
cytokines, including F4/80, TNFa, CD86, MCP1, ARG1, and
IL-10, although it was not significant (147). The anti-
inflammatory action of a7 nAChR stimulated by nicotine has
also been demonstrated in stearic acid (C18:0) or TNF-a-
induced 3T3L1 adipocytes (149) and a7 nAChR-/- [a7
knockout (a7KO)] mice (148). Notably, a7 nAChR inhibited
the acylation stimulating protein-induced expression levels of
cytokines, MCP-1, and keratinocyte-derived chemokine (KC) via
p38 kinase phosphorylation and NF-kB activation.

Nonalcoholic steatohepatitis (NASH), a severe form of
nonalcoholic fatty liver disease, was alleviated by nicotine due
to its anti-inflammatory effect. Tang’s group has carried out
more research in this field (150–153). In male C57BL/6J (B6)
NASH model mice fed with high-fat and high-fructose diets,
nicotine (400 mg/kg, i.p., or 5 mg/kg, feeding) could significantly
reduce the serum levels of IL-6 and TNF-a, and the
inflammation was inhibited by the ERK/NF-kB/ikB pathway,
TLR-4, and a7 nAChR stimulation in isolated Kupffer and LPS-
induced RAW264.7 cells. In another study on a male NASH
Wistar rat model fed with a l-amino acid-defined diet, nicotine
(12 mg/kg, osmotic mini-pumps) significantly inhibited the
induced hepatic inflammation and the increased expression of
inflammation-related genes by regulating the expression of TNF-
a, CD68, IL-1b, IL-6, Bax, and Cas3 mRNA in the liver and
hepatic CD68-positive cells. Notably, the hepatic branch of the
vagus nerve-induced anti-inflammatory response is essential for
nicotine-activated a7 nAChR in NASH (154).

3.11 Anti-Inflammatory Effect of Nicotine
on Other Inflammatory Diseases
The diseases listed in this part have not been studied very much,
and mostly, the anti-inflammatory effects of nicotine have been
shown. However, it has guiding significance for future research.

Systemic lupus erythematosus is an autoimmune disease
characterized by aberrant immune function, increased renal
inflammation, and hypertension. The cholinergic anti-
inflammatory pathway is impaired in systemic lupus
Frontiers in Immunology | www.frontiersin.org 13
erythematosus because of autonomic neuropathy. However,
nicotine stimulation (2 mg/kg, mini-osmotic pumps) could
lower the blood pressure and proteinuria in female NZBWF1/J
mice with systemic lupus erythematosus, a novel and appropriate
disease model to study the link between chronic inflammation
and the pathogenesis of hypertension. Additionally, chronic
nicotine exposure inhibited splenic TNF-a and renal cortical
MCP-1 and increased medullary IL-10. Thus, nicotine also
regulated chronic renal inflammation through the immune and
nervous systems acting together (155).

Uveitis frequently leads to severe vision loss and blindness by
disrupting the blood–ocular barrier and neighboring tissues
associated with intraocular proliferation. In LPS-induced
Wistar rats of uveitis models, nicotine (1 and 2 mg/kg, i.p.)
significantly reduced the protein, but not mRNA, levels of IL-6,
CINC-1, and MCP-1, in serum and the levels of IL-6, IL-1b,
CINC-1, TNFa, and MCP-1 in aqueous humor through a7
nAChR, suggesting the potential clinical translation of nicotine
and other cholinergic agonists in uveitis (156).

Cholinergic signaling also suppressed inflammation in
skeletal muscles under toxicant exposure, injuries, and diseases.
In male mdx dystrophic mice with necrotic fibers and dense
inflammatory infiltrates, nicotine treatment (400 mg/kg, i.p.)
downregulated the activity of pro-inflammatory mediators
MMP9, NFkB, and TNFa through acetylcholine secretion and
F4/80+nAChRa7+ macrophage activation in mdx skeletal
muscles, reduced the inflammatory infiltrates, and increased
myofiber regeneration without increasing collagen deposition
or fibrosis (157). In addition to regulating muscle inflammation,
nicotine stimulated acetylcholine and activated muscle function
and cell survival. In muscles and C2C12 myotubes of male FVB/
N mice injected with paraoxon and/or purified recombinant
AChE-R, nicotine (400 mg/kg, i.p.) reduced pro-inflammatory
transcripts such as IL-6, CXCL1 (KC), CCL2 (MCP-1), and the
transcriptional activity of NF-ĸB and AP-1 and increased anti-
apoptotic protein Mcl-1 levels through tristetraprolin, which
suppressed inflammation by destabilizing the mRNAs of pro-
inflammatory cytokines (158). HO-1 and its downstream STAT3
are necessary to induce tristetraprolin by nicotine in LPS-treated
mouse RAW 264.7 macrophages. The HO-1/STAT3/
tristetraprolin/TNFa signaling pathway provides new
possibilities for treating muscular inflammatory diseases (159).

Infectious or immunologic inflammation are important
contributors to fetal growth restriction. Nicotine suppressed
placental inflammation to protect the fetus in studies by the Liu
group (160–162). In LPS-induced pregnant Sprague–Dawley
rats, nicotine pretreatment (1 mg/kg, s.c.) suppressed the
release of IL-1, IL-2, IL-6, TNF-a, and IFN-g, but not IL-10
and IL-17, in maternal blood or placental tissues as well as the
infiltration of leukocytes into the placenta through the
cholinergic anti-inflammatory pathway by increasing a7
nAChR protein expression, which increased fetal survival and
restored pup weight. Nicotine also reversed LPS-induced
low levels of placental VEGF and placental pathological
damage, possibly as an alternative therapeutic strategy for
placental inflammation.
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4 CONCLUSION

Nicotine is a well-known parasympathomimetic alkaloid, typically
detected at a high level in tobacco leaves. The experimental studies
reviewed here have suggested that the effect of pure nicotine
monomer is not detrimental as cigarette smoke. Unlike pure
nicotine, tobacco smoke contains toxic and carcinogenic
substances. Although cigarette smoking has been defined as a
global public health threat responsible for several diseases that can
be partially prevented by quitting, smokers are less prone to some
chronic inflammatory diseases. As yet, the dose and duration of
nicotine treatment for these conditions is unclear. The discrepancy
between the effects of nicotine onmany inflammatory diseasesmight
be attributed to the different pathophysiologicalmechanisms in these
different models, the determined tissue, the treatment duration, or
animal species (Supplementary Table S1).

Through the data analysis in vivo in mice (after uniform dose
conversion in rats), the beneficial concentration range of nicotine in
water is 6–200 mg/ml. The water intake of adult mice (~20 g) is
generally 4–7 ml/day; after adjustment, the concentration is
approximately 1–200 mg/kg. The concentration ranges of
intraperitoneal injection, subcutaneous injection, and mini-pump
infusion are 0.04–60, 0.3–48, and 1.2–24 mg/kg, respectively. After
the conversion of effective utilization between different treatment
methods, if all is injected intraperitoneally, the concentration range
of nicotine is 0.04–600 mg/kg/day. Notably, the animal data on
intraperitoneal injection are more comprehensive, and the effective
dose is concentrated at 400 mg/kg/day (15 reports). A high dose is
generally appropriate for acute and severe inflammation, such as
sepsis (Figure 2). In fact, the concentration is calculated based on
the nicotine ditartrate formula. The range of nicotine itself should
be adjusted to 14 mg/kg/day to 210 mg/kg/day. It has also been
suggested that nicotine may play a significant regulatory role in
different diseases, especially acute and chronic inflammation as
discussedhere. Since there is notmuchdata fromanimal studies,we
did not find an approximate range of nicotine concentrations for
Frontiers in Immunology | www.frontiersin.org 14
pro-inflammatory effects. As the research progresses, it is also
possible to use magic nicotine in clinical anti-inflammatory
applications. In addition, we must consider an obvious problem
because nicotine is closely associated with cancer progression,
invasion, and metastasis (163). Therefore, nicotine’s application
for anti-inflammatory purposes should be avoided in cancer
patients. Since there is no evidence that nicotine itself provokes
cancers, nicotine may be an alternative therapy for treating
inflammation in non-cancer patients. The analyzed effective and
safe dose range in this review may be meaningful to provide
some references.

Of all the diseases summarized here concerning systemic
inflammation, especially in sepsis and endotoxemia, nicotine
exerted the most pharmaceutical effect and significantly improved
the survival. Next, nicotine is also a potential candidate for treating
ulcerative colitis, rheumatoid arthritis, osteoarthritis, multiple
sclerosis, and myocarditis; the in vivo data provided a much
better foundation. For local inflammation, the nicotine
administration route may be more important to avoid its
accumulation in other healthy organs—for example, the effect of
nicotine on arthritis will be more pronounced when nicotine is
directly injected into the focus of infection. Perhaps that is why, in
the early years, tobacco was used to treat enteritis as enemas (4). It is
evident that nicotine has a significant pro-inflammatory effect on
periodontitis. However, the latest research also found that nicotine
positively affects periodontitis at a lower dosage. In this regard, we
consider that the effect of nicotine on periodontitis is mainly due to
the influence of inevitable and original oral microbes. At present,
most studies focus on the cellular level, and in vivo studies may be
limited due to the difficulty of model construction. Therefore, we
recommend that individuals with poor oral hygiene avoid excessive
direct exposure to nicotine for oral diseases.

On the whole, nicotine can have an important anti-inflammatory
function. The signaling network of nicotine’s regulation on
inflammation is complex and involves several factors, including the
vagus nerve, T cells , mononuclear phagocytes, and
FIGURE 2 | The dosage of nicotine salt used for in vivo animal experiments (i.p., intraperitoneal; s.c., subcutaneous).
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polymorphonuclear leukocytes, and neutrophil-mediated pro- (or
anti-) inflammatory cytokine production through signaling
pathways, such as STAT3/NF-kB, in many tissues. Nicotine not
onlyacts on thevagusnervebut alsoon itshepaticor splenicbranches
to regulate acetylcholine receptors. Recent studies showed that, in
addition to regulating the circulatory, respiratory, and digestive
systems, the vagus nerve also regulates the immune system. On this
basis, nicotine regulated immune cells, including CD25+Foxp3+

Tregs, CD4+IL-17+ Th17 Tregs, Th2 cells, CD4+CD25+ Tregs, F4/
80+ macrophages, PD-1-IL-7R+CD8+ T cells, and so on, to balance
the roles of immune cells. Furthermore, nicotine regulated the
cytokine levels mediated by immune cells. To date, immune factors
regulated by nicotinemainly includeTNF-a, IL-6, IL-1b, PGE2,NO,
LTB4, IFN-g, IL-17, IL-8, IL-10, IL-12, IL-4, IL-1, IL-5, IL-13, IL-23,
IL-25, IL-1a, CXCL2, GM-CSF cytokines, CCR2, and b-defensin.
Nicotine plays a role in regulating inflammationmainly through the
following pathways: (1) regulating oxidative stress balance through
HO-1/MPO, SOD, and DAO/MDA, (2) regulating metal matrix
enzymepathwaysMMP1,MMP2,MMP3,MMP8,MMP9,MMP13,
MMP14, andMMP28 and TIMP-1 and TIMP-2, and (3) regulating
cell phosphorylation signaling pathways AMPK/mTOR/p70S6K/
LC3II/LC3I, p62, beclin-1, IL-6/Stat3/miR-21, TLR2/MyDD88/IL-
8, JAK2-STAT3-IL-6/MCP1, PI3K/Akt/ikB/NF-kB, p38/Erk/JNK/
NF-kB, PI3K/MAPK (P38, JNK, ERK)/NF-kB, AP-1, NF-kB/c-Fos/
NFATc1, HO-1/STAT3/tristetraprolin/TNFa, and HSP70/TNFa/
iNOS. There are also specific target studies, including pro-
inflammatory neuropeptide (substance P), occludin, ZO-1, RORgt,
GATA3, SOCS3, anti-cyclic citrullinated peptide (anti-CCP)
antibodies, survivin, ECM molecules (collagen I, elastin, and
fibronectin), PIN1, NEP, PU.1, cytokine-induced neutrophil
chemoattractant (CINC)-3, and thrombin–antithrombin
complexes, ARG1, NOD2, and VEGF. These factors form the
signaling network of nicotine regulating inflammation (Figure 3).

Notably, many nicotine-induced effects in humans and animals
are mediated through nicotinic acetylcholine receptors. nAChR a7
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and other subtypes, such as nAChRa3,a4,a5,a6,a4b2, anda3b4,
are generally activated by nicotine and expressed by numerous non-
neuronal cell types, including distinct populations of astrocytes,
epithelial cells, adipocytes, lymphocytes, macrophages, and
keratinocytes, supporting the extensive anti-inflammatory effects of
nicotine in many inflammatory diseases, even in the absence of
parasympathetic innervation (100,164).AmongthenAChRs in these
reviewed inflammatory diseases, it is not difficult to find that
homomeric a7-containing nAChRs are the main ones with anti-
inflammatory effects; heteromeric a4b2 and a3b4 also played
mediating roles through regulating survivin or the apoptotic
signaling pathway. Here a3, a4, and a6 subunits have no anti-
inflammatory effects; pro-inflammatory effects were found only in
oral diseases. In addition, it is noteworthy that thenAChRa7 subunit
is the main regulator of macrophage/monocyte activation for the
release of the molecules (TNF-a, IL-1b, and HMGB1) involved in
inflammatory responses, reflecting the pro-inflammatory effect of
nicotine in inflammatory diseases, especially oral inflammation.

The potential therapeutic use of nicotine is influenced by its
complex pharmacology, diverse biological effects, adverse event
profile, and the issues of tolerance, addiction, and safety. In
particular, nAChRs have different effects under different
conditions. Nicotine and partial agonists of nAChRs have the
unique ability to regulate the network properties of groups of
neurons and the immune system through the differential
activation and desensitization of nAChRs on excitatory and
inhibitory neuronal cell bodies and terminals (165). In
inflammatory diseases, this is probably a similar-effect model as
most other drugs concerning sensitivity or resistance. Therefore,
future research about nicotine application and validation of the
same disease is particularly important under different conditions,
whether acute or chronic, short term or long term. However, an
increasing understanding of the mechanisms by which nicotine
interacts with the inflammatory system may soon open up further
avenues for the therapeutic use of nicotine and other cholinergic
FIGURE 3 | Schematic diagram of nicotine-mediated inflammation signaling pathways. Created with BioRender.
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agonists to combat several inflammatory disease processes. More
importantly, further research is necessary to better balance anti-
inflammatory and pro-inflammatory responses in inflammation-
related and other diseases.
AUTHOR CONTRIBUTIONS

WenjiZ contributed to writing—original draft preparation. HL
contributed to writing—reviewing and editing. MZ contributed
to investigation. QY contributed to data curation. ZH
contributed to investigation. XP and WenjuZ contributed to
project administration and supervision. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China (grant number 81903319), Natural
Frontiers in Immunology | www.frontiersin.org 16
Science Foundation of Guangdong Province of China (grant
number 2021A1515011220), Administration of Traditional
Chinese Medicine of Guangdong Province of China (grant
number 20211008), Special Fund for Young Core Scientists of
Agriculture Science (grant number R2019YJ-QG001), Special
Fund for Scientific Innovation Strategy—Construction of High-
Level Academy of Agriculture Science (grant number R2018YJ-
YB3002), Top Young Talents of Guangdong Hundreds of
Millions of Projects of China (grant number 87316004), the
foundation of director of Crops Research Institute, Guangdong
Academy of Agricultural Sciences (grant number 202205) and
Outstanding Young Scholar of Double Hundred Talents of Jinan
University of China.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.826889/
full#supplementary-material
REFERENCES
1. Fowler CD, Turner JR, Imad Damaj M. Molecular Mechanisms Associated

With Nicotine Pharmacology and Dependence. Handb Exp Pharmacol
(2020) 258:373–93. doi: 10.1007/164_2019_252

2. van Duijn CM, Hofman A. Relation Between Nicotine Intake and Alzheimer’s
Disease. BMJ (1991) 302:1491–4. doi: 10.1136/bmj.302.6791.1491

3. Quik M, O’Leary K, Tanner CM. Nicotine and Parkinson’s Disease:
Implications for Therapy. Mov Disord (2008) 23:1641–52. doi: 10.1002/
mds.21900

4. Sanchez-Ramos JR. The Rise and Fall of Tobacco as a Botanical Medicine.
J Herb Med (2020) 22:100374. doi: 10.1016/j.hermed.2020.100374

5. West R. Tobacco Smoking: Health Impact, Prevalence, Correlates and
Interventions. Psychol Health (2017) 32:1018–36. doi: 10.1080/
08870446.2017.1325890

6. Charlton A. Medicinal Uses of Tobacco in History. J R Soc Med (2004)
97:292–6. doi: 10.1177/014107680409700614

7. Ganeshpurkar A, Saluja AK. The Pharmacological Potential of Rutin. Saudi
Pharm J (2017) 25:149–64. doi: 10.1016/j.jsps.2016.04.025

8. Naveed M, Hejazi V, Abbas M, Kamboh AA, Khan GJ, Shumzaid M, et al.
Chlorogenic Acid (CGA): A Pharmacological Review and Call for Further
Research. BioMed Pharmacother (2018) 97:67–74. doi: 10.1016/
j.biopha.2017.10.064

9. Yan N, Liu Y, Liu L, Du Y, Liu X, Zhang H, et al. Bioactivities and Medicinal
Value of Solanesol and Its Accumulation, Extraction Technology, and
Determination Methods. Biomolecules (2019) 9(8):334. doi: 10.3390/
biom9080334

10. Drug and Therapeutics Bulletin. Republished: Nicotine and Health. BMJ
(2014) 349:2014 7 0264rep. doi: 10.1136/bmj.2014.7.0264rep

11. Bengalli R, Ferri E, Labra M, Mantecca P. Lung Toxicity of Condensed
Aerosol From E-CIG Liquids: Influence of the Flavor and the In VitroModel
Used. Int J Environ Res Public Health (2017) 14(10):1254. doi: 10.3390/
ijerph14101254

12. Madison MC, Landers CT, Gu BH, Chang CY, Tung HY, You R, et al.
Electronic Cigarettes Disrupt Lung Lipid Homeostasis and Innate Immunity
Independent of Nicotine. J Clin Invest (2019) 129:4290–304. doi: 10.1172/
JCI128531

13. Varela ML, Mogildea M, Moreno I, Lopes A. Acute Inflammation and
Metabolism. Inflammation (2018) 41:1115–27. doi: 10.1007/s10753-018-
0739-1

14. Weiss U. Inflammation. Nature (2008) 454:427. doi: 10.1038/454427a
15. Rosas-Ballina M, Ochani M, Parrish WR, Ochani K, Harris YT, Huston JM,
et al. Splenic Nerve Is Required for Cholinergic Antiinflammatory Pathway
Control of TNF in Endotoxemia. Proc Natl Acad Sci USA (2008) 105:11008–
13. doi: 10.1073/ pnas.0803237105

16. Yang Y, Yang Y, Yang J, Xie R, Ren Y, Fan H. Regulatory Effect of Nicotine
on Collagen-Induced Arthritis and on the Induction and Function of In
Vitro-Cultured Th17 Cells. Mod Rheumatol (2014) 24:781–7. doi: 10.3109/
14397595.2013.862352

17. Lu B, Kwan K, Levine YA, Olofsson PS, Yang H, Li J, et al. Alpha7 Nicotinic
Acetylcholine Receptor Signaling Inhibits Inflammasome Activation by
Preventing Mitochondrial DNA Release. Mol Med (2014) 20:350–8. doi:
10.2119/molmed.2013.00117

18. Hurst R, Rollema H, Bertrand D. Nicotinic Acetylcholine Receptors: From
Basic Science to Therapeutics. Pharmacol Ther (2013) 137:22–54. doi:
10.1016/j.pharmthera.2012.08.012

19. Prasher P, Sharma M, Dua K. Chapter 4 - Emerging Need of Advanced Drug
Delivery Systems in Cancer. In: K Dua, M Mehta, T de Jesus Andreoli Pinto,
LG Pont, KA Williams, MJ Rathbone, editors. Advanced Drug Delivery
Systems in the Management of Cancer. Academic Press (2021). p. 27–36.

20. Malinska D, Wieckowski MR, Michalska B, Drabik K, Prill M, Patalas-
Krawczyk P, et al. Mitochondria as a Possible Target for Nicotine Action.
J Bioenerg Biomembr (2019) 51:259–76. doi: 10.1007/s10863-019-09800-z

21. Kloc M, Ghobrial RM, Kubiak JZ. How Nicotine can Inhibit Cytokine Storm
in the Lungs and Prevent or Lessen the Severity of COVID-19 Infection?
Immunol Lett (2020) 224:28–9. doi: 10.1016/j.imlet.2020.06.002

22. Tizabi Y, Getachew B, Copeland RL, Aschner M. Nicotine and the Nicotinic
Cholinergic System in COVID-19. FEBS J (2020) 287:3656–63. doi: 10.1111/
febs.15521

23. Piao WH, Campagnolo D, Dayao C, Lukas RJ, Wu J, Shi FD. Nicotine and
Inflammatory Neurological Disorders. Acta Pharmacol Sin (2009) 30:715–
22. doi: 10.1038/aps.2009.67

24. Rosen MJ, Dhawan A, Saeed SA. Inflammatory Bowel Disease in Children
and Adolescents. JAMA Pediatr (2015) 169:1053–60. doi: 10.1001/
jamapediatrics.2015.1982

25. Ko JK, Cho CH. The Diverse Actions of Nicotine and Different Extracted
Fractions From Tobacco Smoke Against Hapten-Induced Colitis in Rats.
Toxicol Sci (2005) 87:285–95. doi: 10.1093/toxsci/kfi238

26. AlQasrawi D, Abdelli LS, Naser SA. Mystery Solved: Why Smoke Extract
Worsens Disease in Smokers With Crohn’s Disease and Not Ulcerative
Colitis? Gut MAP! Microorganisms (2020) 8(5):666. doi: 10.3390/
microorganisms8050666
February 2022 | Volume 13 | Article 826889

https://www.frontiersin.org/articles/10.3389/fimmu.2022.826889/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.826889/full#supplementary-material
https://doi.org/10.1007/164_2019_252
https://doi.org/10.1136/bmj.302.6791.1491
https://doi.org/10.1002/mds.21900
https://doi.org/10.1002/mds.21900
https://doi.org/10.1016/j.hermed.2020.100374
https://doi.org/10.1080/08870446.2017.1325890
https://doi.org/10.1080/08870446.2017.1325890
https://doi.org/10.1177/014107680409700614
https://doi.org/10.1016/j.jsps.2016.04.025
https://doi.org/10.1016/j.biopha.2017.10.064
https://doi.org/10.1016/j.biopha.2017.10.064
https://doi.org/10.3390/biom9080334
https://doi.org/10.3390/biom9080334
https://doi.org/10.1136/bmj.2014.7.0264rep
https://doi.org/10.3390/ijerph14101254
https://doi.org/10.3390/ijerph14101254
https://doi.org/10.1172/JCI128531
https://doi.org/10.1172/JCI128531
https://doi.org/10.1007/s10753-018-0739-1
https://doi.org/10.1007/s10753-018-0739-1
https://doi.org/10.1038/454427a
https://doi.org/10.1073/ pnas.0803237105
https://doi.org/10.3109/14397595.2013.862352
https://doi.org/10.3109/14397595.2013.862352
https://doi.org/10.2119/molmed.2013.00117
https://doi.org/10.1016/j.pharmthera.2012.08.012
https://doi.org/10.1007/s10863-019-09800-z
https://doi.org/10.1016/j.imlet.2020.06.002
https://doi.org/10.1111/febs.15521
https://doi.org/10.1111/febs.15521
https://doi.org/10.1038/aps.2009.67
https://doi.org/10.1001/jamapediatrics.2015.1982
https://doi.org/10.1001/jamapediatrics.2015.1982
https://doi.org/10.1093/toxsci/kfi238
https://doi.org/10.3390/microorganisms8050666
https://doi.org/10.3390/microorganisms8050666
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Nicotine in Inflammatory Diseases
27. Lakhan SE, Kirchgessner A. Anti-Inflammatory Effects of Nicotine in
Obesity and Ulcerative Colitis. J Transl Med (2011) 9:129. doi: 10.1186/
1479-5876-9-129

28. Abdrakhmanova GR, AlSharari S, Kang M, Damaj MI, Akbarali HI. {Alpha}
7-Nachr-Mediated Suppression of Hyperexcitability of Colonic Dorsal Root
Ganglia Neurons in Experimental Colitis. Am J Physiol Gastrointest Liver
Physiol (2010) 299:G761–8. doi: 10.1152/ajpgi.00175.2010

29. Ingram JR, Routledge P, Rhodes J, Marshall RW, Buss DC, Evans BK, et al.
Nicotine Enemas for Treatment of Ulcerative Colitis: A Study of the
Pharmacokinetics and Adverse Events Associated With Three Doses of
Nicotine. Aliment Pharmacol Ther (2004) 20:859–65. doi: 10.1111/j.1365-
2036.2004.02199.x

30. Maruta K, Watanabe C, Hozumi H, Kurihara C, Furuhashi H, Takajo T,
et al. Nicotine Treatment Ameliorates DSS-Induced Colitis by Suppressing
MAdCAM-1 Expression and Leukocyte Recruitment. J Leukoc Biol (2018)
104:1013–22. doi: 10.1002/JLB.3A0717-304R

31. AlSharari SD, Akbarali HI, Abdullah RA, Shahab O, Auttachoat W, Ferreira
GA, et al. Novel Insights on the Effect of Nicotine in a Murine Colitis Model.
J Pharmacol Exp Ther (2013) 344:207–17. doi: 10.1124/jpet.112.198796

32. Gao Q, Bi P, Luo D, Guan Y, Zeng W, Xiang H, et al. Nicotine-Induced
Autophagy via AMPK/mTOR Pathway Exerts Protective Effect in Colitis
Mouse Model. Chem Biol Interact (2020) 317:108943. doi: 10.1016/
j.cbi.2020.108943

33. Abdrakhmanova GR, Kang M, Imad Damaj M, Akbarali HI. Nicotine
Suppresses Hyperexcitability of Colonic Sensory Neurons and Visceral
Hypersensivity in Mouse Model of Colonic Inflammation. Am J Physiol
Gastrointest Liver Physiol (2012) 302:G740–7. doi: 10.1152/ajpgi.00411.2011

34. Snoek SA, Verstege MI, van der Zanden EP, Deeks N, Bulmer DC, Skynner
M, et al. Selective Alpha7 Nicotinic Acetylcholine Receptor Agonists Worsen
Disease in Experimental Colitis. Br J Pharmacol (2010) 160:322–33. doi:
10.1111/j.1476-5381.2010.00699.x

35. Costa R, Motta EM, Manjavachi MN, Cola M, Calixto JB. Activation of the
Alpha-7 Nicotinic Acetylcholine Receptor (Alpha7 Nachr) Reverses
Referred Mechanical Hyperalgesia Induced by Colonic Inflammation in
Mice . Neuropharmacology (2012) 63:798–805. doi : 10 .1016/
j.neuropharm.2012.06.004

36. Hayashi S, Hamada T, Zaidi SF, Oshiro M, Lee J, Yamamoto T, et al.
Nicotine Suppresses Acute Colitis and Colonic Tumorigenesis Associated
With Chronic Colitis in Mice. Am J Physiol Gastrointest Liver Physiol (2014)
307:G968–78. doi: 10.1152/ajpgi.00346.2013

37. Orr-Urtreger A, Kedmi M, Rosner S, Karmeli F, Rachmilewitz D. Increased
Severity of Experimental Colitis in Alpha 5 Nicotinic Acetylcholine Receptor
Subunit-Deficient Mice. Neuroreport (2005) 16:1123–7. doi: 10.1097/
00001756-200507130-00018

38. Kolgazi M, Uslu U, Yuksel M, Velioglu-Ogunc A, Ercan F, Alican I. The Role
of Cholinergic Anti-Inflammatory Pathway in Acetic Acid-Induced Colonic
Inflammation in the Rat. Chem Biol Interact (2013) 205:72–80. doi: 10.1016/
j.cbi.2013.06.009

39. Vigna SR. Nicotine Inhibits Clostridium Difficile Toxin A-Induced Colitis
But Not Ileitis in Rats. Int J Inflam (2016) 2016:4705065. doi: 10.1155/2016/
4705065

40. Galitovskiy V, Qian J, Chernyavsky AI, Marchenko S, Gindi V, Edwards RA,
et al. Cytokine-Induced Alterations of Alpha7 Nicotinic Receptor in Colonic
CD4 T Cells Mediate Dichotomous Response to Nicotine in Murine Models
of Th1/Th17- Versus Th2-Mediated Colitis. J Immunol (2011) 187:2677–87.
doi: 10.4049/jimmunol.1002711

41. Costantini TW, Krzyzaniak M, Cheadle GA, Putnam JG, Hageny AM, Lopez
N, et al. Targeting Alpha-7 Nicotinic Acetylcholine Receptor in the Enteric
Nervous System: A Cholinergic Agonist Prevents Gut Barrier Failure After
Severe Burn Injury. Am J Pathol (2012) 181:478–86. doi: 10.1016/
j.ajpath.2012.04.005

42. Marescotti D, Lo Sasso G, Guerrera D, Renggli K, Ruiz Castro PA, Piault R,
et al. Development of an Advanced Multicellular Intestinal Model for
Assessing Immunomodulatory Properties of Anti-Inflammatory
Compounds. Front Pharmacol (2021) 12:639716. doi: 10.3389/fphar.
2021.639716

43. Kawahara R, Yasuda M, Hashimura H, Amagase K, Kato S, Takeuchi K.
Activation of Alpha7 Nicotinic Acetylcholine Receptors Ameliorates
Frontiers in Immunology | www.frontiersin.org 17
Indomethacin-Induced Small Intestinal Ulceration in Mice. Eur J
Pharmacol (2011) 650:411–7. doi: 10.1016/j.ejphar.2010.10.031

44. Mihara T, Otsubo W, Horiguchi K, Mikawa S, Kaji N, Iino S, et al. The Anti-
Inflammatory Pathway Regulated via Nicotinic Acetylcholine Receptors in
Rat Intestinal Mesothelial Cells. J Vet Med Sci (2017) 79:1795–802. doi:
10.1292/jvms.17-0304

45. Sykes AP, Brampton C, Klee S, Chander CL, Whelan C, Parsons ME. An
Investigation Into the Effect and Mechanisms of Action of Nicotine in
Inflammatory Bowel Disease. Inflamm Res (2000) 49:311–9. doi: 10.1007/
s000110050597

46. Aldhous MC, Soo K, Stark LA, Ulanicka AA, Easterbrook JE, Dunlop MG,
et al. Cigarette Smoke Extract (CSE) Delays NOD2 Expression and Affects
NOD2/RIPK2 Interactions in Intestinal Epithelial Cells. PloS One (2011) 6:
e24715. doi: 10.1371/journal.pone.0024715

47. Guslandi M, Frego R, Viale E, Testoni PA. Distal Ulcerative Colitis
Refractory to Rectal Mesalamine: Role of Transdermal Nicotine Versus
Oral Mesalamine. Can J Gastroenterol (2002) 16:293–6. doi: 10.1155/2002/
307218

48. Wu Z, Boersema GS, Jeekel J, Lange JF. Nicotine Gum Chewing: A Novel
Strategy to Shorten Duration of Postoperative Ileus via Vagus Nerve
Activation. Med Hypotheses (2014) 83:352–4. doi: 10.1016/j.mehy.
2014.06.011

49. Eliakim R, Fan QX, Babyatsky MW. Chronic Nicotine Administration
Differentially Alters Jejunal and Colonic Inflammation in Interleukin-10
Deficient Mice. Eur J Gastroenterol Hepatol (2002) 14(6):607–14. doi:
10.1097/00042737-200206000-00005

50. AlQasrawi D, Naser SA. Nicotine Modulates MyD88-Dependent Signaling
Pathway in Macrophages During Mycobacterial Infection. Microorganisms
(2020) 8(11):1804. doi: 10.3390/microorganisms8111804

51. March L, Smith EU, Hoy DG, Cross MJ, Sanchez-Riera L, Blyth F, et al.
Burden of Disability Due to Musculoskeletal (MSK) Disorders. Best Pract
Res Clin Rheumatol (2014) 28:353–66. doi: 10.1016/j.berh.2014.08.002

52. Disease GBD, Injury I, Prevalence C. Global, Regional, and National
Incidence, Prevalence, and Years Lived With Disability for 310 Diseases
and Injuries, 1990-2015: A Systematic Analysis for the Global Burden of
Disease Study 2015. Lancet (2016) 388:1545–602. doi: 10.1016/S0140-6736
(16)31678-6

53. van Maanen MA, Lebre MC, van der Poll T, LaRosa GJ, Elbaum D,
Vervoordeldonk MJ, et al. Stimulation of Nicotinic Acetylcholine
Receptors Attenuates Collagen-Induced Arthritis in Mice. Arthritis Rheum
(2009) 60:114–22. doi: 10.1002/art.24177

54. Lindblad SS, Mydel P, Jonsson IM, Senior RM, Tarkowski A, Bokarewa M.
Smoking and Nicotine Exposure Delay Development of Collagen-Induced
Arthritis in Mice. Arthritis Res Ther (2009) 11:R88. doi: 10.1186/ar2728

55. Li S, Zhou B, Liu B, Zhou Y, Zhang H, Li T, et al. Activation of the
Cholinergic Anti-Inflammatory System by Nicotine Attenuates Arthritis via
Suppression of Macrophage Migration. Mol Med Rep (2016) 14:5057–64.
doi: 10.3892/mmr.2016.5904

56. Wu S, Luo H, Xiao X, Zhang H, Li T, Zuo X. Attenuation of Collagen
Induced Arthritis via Suppression on Th17 Response by Activating
Cholinergic Anti-Inflammatory Pathway With Nicotine. Eur J Pharmacol
(2014) 735:97–104. doi: 10.1016/j.ejphar.2014.04.019

57. Li T, Zuo X, Zhou Y, Wang Y, Zhuang H, Zhang L, et al. The Vagus Nerve
and Nicotinic Receptors Involve Inhibition of HMGB1 Release and Early
Pro-Inflammatory Cytokines Function in Collagen-Induced Arthritis. J Clin
Immunol (2010) 30:213–20. doi: 10.1007/s10875-009-9346-0

58. Zhou Y, Zuo X, Li Y, Wang Y, Zhao H, Xiao X. Nicotine Inhibits Tumor
Necrosis Factor-Alpha Induced IL-6 and IL-8 Secretion in Fibroblast-Like
Synoviocytes From Patients With Rheumatoid Arthritis. Rheumatol Int
(2012) 32:97–104. doi: 10.1007/s00296-010-1549-4

59. Li T, Wu S, Zhang H, Wang Y, Luo H, Zuo X, et al. Activation of Nicotinic
Receptors Inhibits TNF-Alpha-Induced Production of Pro-Inflammatory
Mediators Through the JAK2/STAT3 Signaling Pathway in Fibroblast-Like
Synoviocytes. Inflammation (2015) 38:1424–33. doi: 10.1007/s10753-015-
0117-1

60. Li T, Wu S, Li S, Bai X, Luo H, Zuo X. SOCS3 Participates in Cholinergic
Pathway Regulation of Synovitis in Rheumatoid Arthritis. Connect Tissue
Res (2018) 59:287–94. doi: 10.1080/03008207.2017.1380633
February 2022 | Volume 13 | Article 826889

https://doi.org/10.1186/1479-5876-9-129
https://doi.org/10.1186/1479-5876-9-129
https://doi.org/10.1152/ajpgi.00175.2010
https://doi.org/10.1111/j.1365-2036.2004.02199.x
https://doi.org/10.1111/j.1365-2036.2004.02199.x
https://doi.org/10.1002/JLB.3A0717-304R
https://doi.org/10.1124/jpet.112.198796
https://doi.org/10.1016/j.cbi.2020.108943
https://doi.org/10.1016/j.cbi.2020.108943
https://doi.org/10.1152/ajpgi.00411.2011
https://doi.org/10.1111/j.1476-5381.2010.00699.x
https://doi.org/10.1016/j.neuropharm.2012.06.004
https://doi.org/10.1016/j.neuropharm.2012.06.004
https://doi.org/10.1152/ajpgi.00346.2013
https://doi.org/10.1097/00001756-200507130-00018
https://doi.org/10.1097/00001756-200507130-00018
https://doi.org/10.1016/j.cbi.2013.06.009
https://doi.org/10.1016/j.cbi.2013.06.009
https://doi.org/10.1155/2016/4705065
https://doi.org/10.1155/2016/4705065
https://doi.org/10.4049/jimmunol.1002711
https://doi.org/10.1016/j.ajpath.2012.04.005
https://doi.org/10.1016/j.ajpath.2012.04.005
https://doi.org/10.3389/fphar.2021.639716
https://doi.org/10.3389/fphar.2021.639716
https://doi.org/10.1016/j.ejphar.2010.10.031
https://doi.org/10.1292/jvms.17-0304
https://doi.org/10.1007/s000110050597
https://doi.org/10.1007/s000110050597
https://doi.org/10.1371/journal.pone.0024715
https://doi.org/10.1155/2002/307218
https://doi.org/10.1155/2002/307218
https://doi.org/10.1016/j.mehy.2014.06.011
https://doi.org/10.1016/j.mehy.2014.06.011
https://doi.org/10.1097/00042737-200206000-00005
https://doi.org/10.3390/microorganisms8111804
https://doi.org/10.1016/j.berh.2014.08.002
https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1002/art.24177
https://doi.org/10.1186/ar2728
https://doi.org/10.3892/mmr.2016.5904
https://doi.org/10.1016/j.ejphar.2014.04.019
https://doi.org/10.1007/s10875-009-9346-0
https://doi.org/10.1007/s00296-010-1549-4
https://doi.org/10.1007/s10753-015-0117-1
https://doi.org/10.1007/s10753-015-0117-1
https://doi.org/10.1080/03008207.2017.1380633
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Nicotine in Inflammatory Diseases
61. Arshadi D, Shakiba Y, Rajabian A, Nikbin B, Mousavi SH, Boroushaki MT.
Cholinergic Agonists Inhibit Proliferation of Human Fibroblast-Like
Synoviocytes and Monocytic Cell Lines and Reduce VEGF and MMPs
Expression by These Cells. Immunopharmacol Immunotoxicol (2020)
42:246–54. doi: 10.1080/08923973.2020.1745830

62. Golbahari S, Abtahi Froushani SM. Synergistic Benefits of Nicotine and
Thymol in Alleviating Experimental Rheumatoid Arthritis. Life Sci (2019)
239:117037. doi: 10.1016/j.lfs.2019.117037

63. Bruchfeld A, Goldstein RS, Chavan S, Patel NB, Rosas-Ballina M, Kohn N,
et al. Whole Blood Cytokine Attenuation by Cholinergic Agonists Ex Vivo
and Relationship to Vagus Nerve Activity in Rheumatoid Arthritis. J Intern
Med (2010) 268:94–101. doi: 10.1111/j.1365-2796.2010.02226.x

64. Teng P, Liu Y, Dai Y, Zhang H, Liu WT, Hu J. Nicotine Attenuates
Osteoarthritis Pain and Matrix Metalloproteinase-9 Expression via the
Alpha7 Nicotinic Acetylcholine Receptor. J Immunol (2019) 203:485–92.
doi: 10.4049/jimmunol.1801513

65. Liu Y, Wu D, Song F, Zhu C, Hui Y, Zhu Q, et al. Activation of Alpha7
Nicotinic Acetylcholine Receptors Prevents Monosodium Iodoacetate-
Induced Osteoarthritis in Rats. Cell Physiol Biochem (2015) 35:627–38.
doi: 10.1159/000369724

66. Bock K, Plaass C, Coger V, Peck CT, Reimers K, Stukenborg-Colsman C,
et al. What is the Effect of Nicotinic Acetylcholine Receptor Stimulation on
Osteoarthritis in a Rodent Animal Model? SAGE Open Med (2016)
4:2050312116637529. doi: 10.1177/2050312116637529

67. Courties A, Do A, Leite S, Legris M, Sudre L, Pigenet A, et al. The Role of the
Non-Neuronal Cholinergic System in Inflammation and Degradation
Processes in Osteoarthritis. Arthritis Rheumatol (2020) 72:2072–82. doi:
10.1002/art.41429

68. Gu Q, Li D, Wei B, Guo Y, Yan J, Mao F, et al. Effects of Nicotine on a Rat
Model of Early Stage Osteoarthritis. Int J Clin Exp Pathol (2015) 8:3602–12.

69. Yu H, Yang YH, Rajaiah R, Moudgil KD. Nicotine-Induced Differential
Modulation of Autoimmune Arthritis in the Lewis Rat Involves Changes in
Interleukin-17 and Anti-Cyclic Citrullinated Peptide Antibodies. Arthritis
Rheum (2011) 63:981–91. doi: 10.1002/art.30219

70. Wasen C, Turkkila M, Bossios A, Erlandsson M, Andersson KM, Ekerljung
L, et al. Smoking Activates Cytotoxic CD8(+) T Cells and Causes Survivin
Release in Rheumatoid Arthritis. J Autoimmun (2017) 78:101–10. doi:
10.1016/j.jaut.2016.12.009

71. Lourido L, Calamia V, Fernandez-Puente P, Mateos J, Oreiro N, Blanco FJ,
et al. Secretome Analysis of Human Articular Chondrocytes Unravels
Catabolic Effects of Nicotine on the Joint. Proteomics Clin Appl (2016)
10:671–80. doi: 10.1002/prca.201400186

72. Johnson GK, Guthmiller JM. The Impact of Cigarette Smoking on
Periodontal Disease and Treatment. Periodontol (2007) 2000 44:178–94.
doi: 10.1111/j.1600-0757.2007.00212.x

73. An N, Holl J, Wang X, Rausch MA, Andrukhov O, Rausch-Fan X. Potential
Suppressive Effect of Nicotine on the Inflammatory Response in Oral
Epithelial Cells: An In Vitro Study. Int J Environ Res Public Health 18
(2021) 18(2):483. doi: 10.3390/ijerph18020483

74. Garrison SW, Nichols FC. LPS-Elicited Secretory Responses in Monocytes:
Altered Release of PGE2 But Not IL-1 Beta in Patients With Adult
Periodontitis. J Periodontal Res (1989) 24:88–95. doi: 10.1111/j.1600-
0765.1989.tb00862.x

75. Li Y, Jin X, Mao L. Protective Effect of Catalpol on Nicotineinduced Injury of
Alveolar Bone and Associated Underlying Mechanisms.Mol Med Rep (2017)
16:8345–50. doi: 10.3892/mmr.2017.7604

76. Breivik T, Gundersen Y, Gjermo P, von Horsten S, Opstad PK. Nicotinic
Acetylcholine Receptor Activation Mediates Nicotine-Induced
Enhancement of Experimental Periodontitis. J Periodontal Res (2009)
44:297–304. doi: 10.1111/j.1600-0765.2009.01223.x

77. Hong JY, Bae WJ, Yi JK, Kim GT, Kim EC. Anti-Inflammatory and Anti-
Osteoclastogenic Effects of Zinc Finger Protein A20 Overexpression in
Human Periodontal Ligament Cells. J Periodontal Res (2016) 51:529–39.
doi: 10.1111/jre.12332

78. Kang SK, Park YD, Kang SI, Kim DK, Kang KL, Lee SY, et al. Role of Resistin
in the Inflammatory Response Induced by Nicotine Plus Lipopolysaccharide
in Human Periodontal Ligament Cells In Vitro. J Periodontal Res (2015)
50:602–13. doi: 10.1111/jre.12240
Frontiers in Immunology | www.frontiersin.org 18
79. Shin SY, Kim YS, Lee SY, Bae WJ, Park YD, Hyun YC, et al. Expression of
Phospholipase D in Periodontitis and Its Role in the Inflammatory and
Osteoclastic Response by Nicotine- and Lipopolysaccharide-Stimulated
Human Periodontal Ligament Cells. J Periodontol (2015) 86:1405–16. doi:
10.1902/jop.2015.150123

80. Ge X, Liu YF, Wong Y, Wu LZ, Tan L, Liu F, et al. Impact of Nicotine on the
Interplay Between Human Periodontal Ligament Cells and CD4+ T Cells.
Hum Exp Toxicol (2016) 35:983–90. doi: 10.1177/0960327115614383

81. Bae WJ, Shin MR, Kang SK, Zhang J, Kim JY, Lee SC, et al. HIF-2 Inhibition
Supresses Inflammatory Responses and Osteoclastic Differentiation in
Human Periodontal Ligament Cells. J Cell Biochem (2015) 116:1241–55.
doi: 10.1002/jcb.25078

82. Cho YA, Jue SS, Bae WJ, Heo SH, Shin SI, Kwon IK, et al. PIN1 Inhibition
Suppresses Osteoclast Differentiation and Inflammatory Responses. J Dent
Res (2015) 94:371–80. doi: 10.1177/0022034514563335

83. Pi SH, Jeong GS, Oh HW, Kim YS, Pae HO, Chung HT, et al. Heme
Oxygenase-1 Mediates Nicotine- and Lipopolysaccharide-Induced
Expression of Cyclooxygenase-2 and Inducible Nitric Oxide Synthase in
Human Periodontal Ligament Cells. J Periodontal Res (2010) 45:177–83. doi:
10.1111/j.1600-0765.2009.01215.x

84. Jeong GS, Lee SH, Jeong SN, Kim YC, Kim EC. Anti-Inflammatory Effects of
Apigenin on Nicotine- and Lipopolysaccharide-Stimulated Human
Periodontal Ligament Cells via Heme Oxygenase-1. Int Immunopharmacol
(2009) 9:1374–80. doi: 10.1016/j.intimp.2009.08.015

85. Song L, Li J, Yuan X, Liu W, Chen Z, Guo D, et al. Carbon Monoxide-
Releasing Molecule Suppresses Inflammatory and Osteoclastogenic
Cytokines in Nicotine- and Lipopolysaccharide-Stimulated Human
Periodontal Ligament Cells via the Heme Oxygenase-1 Pathway. Int J Mol
Med (2017) 40:1591–601. doi: 10.3892/ijmm.2017.3129

86. Zhou Z, Liu F, Wang L, Zhu B, Chen Y, Yu Y, et al. Inflammation has
Synergistic Effect With Nicotine in Periodontitis by Up-Regulating the
Expression of Alpha7 Nachr via Phosphorylated GSK-3beta. J Cell Mol
Med (2020) 24:2663–76. doi: 10.1111/jcmm.14986

87. Mariggio MA, Guida L, Laforgia A, Santacroce R, Curci E, Montemurro P,
et al. Nicotine Effects on Polymorphonuclear Cell Apoptosis and
Lipopolysaccharide-Induced Monocyte Functions. A Possible Role in
Periodontal Disease? J Periodontal Res (2001) 36:32–9. doi: 10.1034/
j.1600-0765.2001.00301.x

88. Johnson GK, Guthmiller JM, Joly S, Organ CC, Dawson DV. Interleukin-1
and Interleukin-8 in Nicotine- and Lipopolysaccharide-Exposed Gingival
Keratinocyte Cultures. J Periodontal Res (2010) 45:583–8. doi: 10.1111/
j.1600-0765.2009.01262.x

89. Chang YC, Tsai CH, Yang SH, Liu CM, Chou MY. Induction of
Cyclooxygenase-2 mRNA and Protein Expression in Human Gingival
Fibroblasts Stimulated With Nicotine. J Periodontal Res (2003) 38:496–
501. doi: 10.1034/j.1600-0765.2003.00681.x

90. Park GJ, Kim YS, Kang KL, Bae SJ, Baek HS, Auh QS, et al. Effects of Sirtuin
1 Activation on Nicotine and Lipopolysaccharide-Induced Cytotoxicity and
Inflammatory Cytokine Production in Human Gingival Fibroblasts.
J Periodontal Res (2013) 48:483–92. doi: 10.1111/jre.12030

91. Mahanonda R, Sa-Ard-Iam N, Eksomtramate M, Rerkyen P, Phairat B,
Schaecher KE, et al. Cigarette Smoke Extract Modulates Human Beta-
Defensin-2 and Interleukin-8 Expression in Human Gingival Epithelial Cells.
J Periodontal Res (2009) 44:557–64. doi: 10.1111/j.1600-0765.2008.01153.x

92. Nakata M, Awano S, Kinoshita N, Yoshida A, Ansai T. Neutral Endopeptidase
Regulates Neurogenic Inflammatory Responses Induced by Stimulation of
Human Oral Keratinocytes With Bacterial Lipopolysaccharide and Nicotine.
Eur J Oral Sci (2013) 121:434–42. doi: 10.1111/eos.12072

93. Dussor GO, Leong AS, Gracia NB, Kilo S, Price TJ, Hargreaves KM, et al.
Potentiation of Evoked Calcitonin Gene-Related Peptide Release From Oral
Mucosa: A Potential Basis for the Pro-Inflammatory Effects of Nicotine. Eur
J Neurosci (2003) 18:2515–26. doi: 10.1046/j.1460-9568.2003.02935.x

94. Sheikh MN, Hanif S, Zia M, Qayyum Z. Effects of Nicotine on an In Vitro
Reconstituted Model Oral Mucosa in Terms of Cytokine Production. J Ayub
Med Coll Abbottabad (2011) 23:80–4.

95. EratillaV,Uysal I,DeveciE,GunesRF,EratillaE,Yildiz I, et al. EffectsofNicotine
onRatTongueMucosa.Histopathologicaland ImmunohistochemicalAnalyses.
Anal Quant Cytopathol Histpathol (2016) 38:17–22.
February 2022 | Volume 13 | Article 826889

https://doi.org/10.1080/08923973.2020.1745830
https://doi.org/10.1016/j.lfs.2019.117037
https://doi.org/10.1111/j.1365-2796.2010.02226.x
https://doi.org/10.4049/jimmunol.1801513
https://doi.org/10.1159/000369724
https://doi.org/10.1177/2050312116637529
https://doi.org/10.1002/art.41429
https://doi.org/10.1002/art.30219
https://doi.org/10.1016/j.jaut.2016.12.009
https://doi.org/10.1002/prca.201400186
https://doi.org/10.1111/j.1600-0757.2007.00212.x
https://doi.org/10.3390/ijerph18020483
https://doi.org/10.1111/j.1600-0765.1989.tb00862.x
https://doi.org/10.1111/j.1600-0765.1989.tb00862.x
https://doi.org/10.3892/mmr.2017.7604
https://doi.org/10.1111/j.1600-0765.2009.01223.x
https://doi.org/10.1111/jre.12332
https://doi.org/10.1111/jre.12240
https://doi.org/10.1902/jop.2015.150123
https://doi.org/10.1177/0960327115614383
https://doi.org/10.1002/jcb.25078
https://doi.org/10.1177/0022034514563335
https://doi.org/10.1111/j.1600-0765.2009.01215.x
https://doi.org/10.1016/j.intimp.2009.08.015
https://doi.org/10.3892/ijmm.2017.3129
https://doi.org/10.1111/jcmm.14986
https://doi.org/10.1034/j.1600-0765.2001.00301.x
https://doi.org/10.1034/j.1600-0765.2001.00301.x
https://doi.org/10.1111/j.1600-0765.2009.01262.x
https://doi.org/10.1111/j.1600-0765.2009.01262.x
https://doi.org/10.1034/j.1600-0765.2003.00681.x
https://doi.org/10.1111/jre.12030
https://doi.org/10.1111/j.1600-0765.2008.01153.x
https://doi.org/10.1111/eos.12072
https://doi.org/10.1046/j.1460-9568.2003.02935.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Nicotine in Inflammatory Diseases
96. Ashkanane A, Gomez GF, Levon J, Windsor LJ, Eckert GJ, Gregory RL.
Nicotine Upregulates Coaggregation of Candida Albicans and Streptococcus
Mutans. J Prosthodont (2019) 28:790–6. doi: 10.1111/jopr.12643

97. Manuela R, Mario M, Vincenzo R, Filippo R. Nicotine Stimulation Increases
Proliferation and Matrix Metalloproteinases-2 and -28 Expression in
Human Dental Pulp Cells. Life Sci (2015) 135:49–54. doi: 10.1016/
j.lfs.2015.04.027

98. Benowitz NL. Drug Therapy. Pharmacologic Aspects of Cigarette Smoking
and Nicotine Addiction. N Engl J Med (1988) 319:1318–30. doi: 10.1056/
NEJM198811173192005

99. Mills CM, Hill SA, Marks R. Transdermal Nicotine Suppresses Cutaneous
Inflammation. Arch Dermatol (1997) 133:823–5. doi: 10.1001/archderm.
1997.03890430023004

100. Osborne-Hereford AV, Rogers SW, Gahring LC. Neuronal Nicotinic Alpha7
Receptors Modulate Inflammatory Cytokine Production in the Skin
Following Ultraviolet Radiation. J Neuroimmunol (2008) 193:130–9. doi:
10.1016/j.jneuroim.2007.10.029

101. Kalayciyan A, Orawa H, Fimmel S, Perschel FH, Gonzalez JB, Fitzner RG,
et al. Nicotine and Biochanin A, But Not Cigarette Smoke, Induce Anti-
Inflammatory Effects on Keratinocytes and Endothelial Cells in Patients
With Behcet’s Disease. J Invest Dermatol (2007) 127:81–9. doi: 10.1038/
sj.jid.5700492

102. Kubo K, Kita T, Tsujimura T, Nakashima T. Effect of Nicotine-Induced
Corticosterone Elevation on Nitric Oxide Production in the Passive Skin
Arthus Reaction in Rats. J Pharmacol Sci (2004) 94:31–8. doi: 10.1254/
jphs.94.31

103. Kubo K, Kita T, Narushima I, Tanaka T, Nakatani T, Nakashima T.
Nicotine-Induced Inflammatory Decreasing Effect on Passive Skin Arthus
Reaction in Paraventricular Nucleus-Lesioned Wistar Rats. Pharmacol
Toxicol (2003) 92:125–30. doi: 10.1034/j.1600-0773.2003.920304.x

104. Xanthoulea S, Deliaert A, Romano A, Rensen SS, Buurman WA, van der
Hulst RR. Nicotine Effect on Inflammatory and Growth Factor Responses in
Murine Cutaneous Wound Healing. Int Immunopharmacol (2013) 17:1155–
64. doi: 10.1016/j.intimp.2013.10.022

105. Gao Z, Nissen JC, Ji K, Tsirka SE. The Experimental Autoimmune
Encephalomyelitis Disease Course is Modulated by Nicotine and Other
Cigarette Smoke Components. PloS One (2014) 9:e107979. doi: 10.1371/
journal.pone.0107979

106. Hedstrom AK, Hillert J, Olsson T, Alfredsson L. Nicotine Might Have a
Protective Effect in the Etiology of Multiple Sclerosis. Mult Scler (2013)
19:1009–13. doi: 10.1177/1352458512471879

107. Reale M, Di Bari M, Di Nicola M, D’Angelo C, De Angelis F, Velluto L, et al.
Nicotinic Receptor Activation Negatively Modulates Pro-Inflammatory
Cytokine Production in Multiple Sclerosis Patients. Int Immunopharmacol
(2015) 29:152–7. doi: 10.1016/j.intimp.2015.06.034

108. Naddafi F, Reza Haidari M, Azizi G, Sedaghat R, Mirshafiey A. Novel
Therapeutic Approach by Nicotine in Experimental Model of Multiple
Sclerosis. Innov Clin Neurosci (2013) 10:20–5.

109. Gao Z, Nissen JC, Legakis L, Tsirka SE. Nicotine Modulates Neurogenesis in
the Central Canal During Experimental Autoimmune Encephalomyelitis.
Neuroscience (2015) 297:11–21. doi: 10.1016/j.neuroscience.2015.03.031

110. Khezri S, Abtahi Froushani SM, Shahmoradi M. Nicotine Augments the
Beneficial Effects of Mesenchymal Stem Cell-Based Therapy in Rat Model of
Multiple Sclerosis. Immunol Invest (2018) 47:113–24. doi: 10.1080/
08820139.2017.1391841

111. Simard AR, Gan Y, St-Pierre S, Kousari A, Patel V, Whiteaker P, et al.
Differential Modulation of EAE by Alpha9*- and Beta2*-Nicotinic
Acetylcholine Receptors. Immunol Cell Biol (2013) 91:195–200. doi:
10.1038/icb.2013.1

112. Liu Q, Whiteaker P, Morley BJ, Shi FD, Lukas RJ. Distinctive Roles for
Alpha7*- and Alpha9*-Nicotinic Acetylcholine Receptors in Inflammatory
and Autoimmune Responses in the Murine Experimental Autoimmune
Encephalomyelitis Model of Multiple Sclerosis. Front Cell Neurosci (2017)
11:287. doi: 10.3389/fncel.2017.00287

113. van Westerloo DJ, Giebelen IA, Florquin S, Daalhuisen J, Bruno MJ, de Vos
AF, et al. The Cholinergic Anti-Inflammatory Pathway Regulates the Host
Response During Septic Peritonitis. J Infect Dis (2005) 191:2138–48. doi:
10.1086/430323
Frontiers in Immunology | www.frontiersin.org 19
114. Zhou G, Hu S, Lv Y, Song Q, Zou X, Sheng Z. Carbachol Alleviates Rat
Cytokine Release and Organ Dysfunction Induced by Lipopolysaccharide.
J Trauma (2011) 71:157–62. doi: 10.1097/TA.0b013e3181e9732d

115. Hofer S, Eisenbach C, Lukic IK, Schneider L, Bode K, Brueckmann M, et al.
Pharmacologic Cholinesterase Inhibition Improves Survival in Experimental
Sepsis.Crit CareMed (2008) 36:404–8. doi: 10.1097/01.CCM.0B013E31816208B3

116. Wang H, Liao H, Ochani M, Justiniani M, Lin X, Yang L, et al. Cholinergic
Agonists Inhibit HMGB1 Release and Improve Survival in Experimental
Sepsis. Nat Med (2004) 10:1216–21. doi: 10.1038/nm1124

117. Tsoyi K, Jang HJ, Kim JW, Chang HK, Lee YS, Pae HO, et al. Stimulation of
Alpha7 Nicotinic Acetylcholine Receptor by Nicotine Attenuates
Inflammatory Response in Macrophages and Improves Survival in
Experimental Model of Sepsis Through Heme Oxygenase-1 Induction.
Antioxid Redox Signal (2011) 14:2057–70. doi: 10.1089/ars.2010.3555

118. Kim TH, Kim SJ, Lee SM. Stimulation of the Alpha7 Nicotinic Acetylcholine
Receptor Protects Against Sepsis by Inhibiting Toll-Like Receptor via
Phosphoinositide 3-Kinase Activation. J Infect Dis (2014) 209:1668–77.
doi: 10.1093/infdis/jit669

119. Maldifassi MC, Atienza G, Arnalich F, Lopez-Collazo E, Cedillo JL, Martin-
Sanchez C, et al. A New IRAK-M-Mediated Mechanism Implicated in the
Anti-Inflammatory Effect of Nicotine via Alpha7 Nicotinic Receptors in
Human Macrophages. PloS One (2014) 9:e108397. doi: 10.1371/
journal.pone.0108397

120. Huston JM, Ochani M, Rosas-Ballina M, Liao H, Ochani K, Pavlov VA, et al.
Splenectomy Inactivates the Cholinergic Antiinflammatory Pathway During
Lethal Endotoxemia and Polymicrobial Sepsis. J Exp Med (2006) 203:1623–8.
doi: 10.1084/jem.20052362

121. Revathikumar P, Estelius J, Karmakar U, Le Maitre E, Korotkova M,
Jakobsson PJ, et al. Microsomal Prostaglandin E Synthase-1 Gene Deletion
Impairs Neuro-Immune Circuitry of the Cholinergic Anti-Inflammatory
Pathway in Endotoxaemic Mouse Spleen. PloS One (2018) 13:e0193210. doi:
10.1371/journal.pone.0193210

122. Zabrodskii PF, Lim VG, Shekhter MS, Kuzmin AV. Role of Nicotinic and
Muscarinic Cholinoreceptors in the Realization of the Cholinergic Anti-
Inflammatory Pathway During the Early Phase of Sepsis. Bull Exp Biol Med
(2012) 153:700–3. doi: 10.1007/s10517-012-1803-8

123. Zabrodskii PF, Lim VG, Kuzmin AV. Effects of Reversible Inhibition of
Cholinesterase and Nicotine on Mouse Mortality and Blood Levels of
Proinflammatory Cytokines During the Early Phase of Sepsis. Bull Exp
Biol Med (2012) 152:600–2. doi: 10.1007/s10517-012-1585-z

124. Ozdemir-Kumral ZN, Ozbeyli D, Ozdemir AF, Karaaslan BM, Kaytaz K,
Kara MF, et al. Protective Effect of Nicotine on Sepsis-Induced Oxidative
Multiorgan Damage: Role of Neutrophils. Nicotine Tob Res (2017) 19:859–
64. doi: 10.1093/ntr/ntw198

125. Boland C, Collet V, Laterre E, Lecuivre C, Wittebole X, Laterre PF. Electrical
Vagus Nerve Stimulation and Nicotine Effects in Peritonitis-Induced Acute
Lung Injury in Rats. Inflammation (2011) 34:29–35. doi: 10.1007/s10753-
010-9204-5

126. SallamMY,El-Gowilly SM,El-GowelliHM,El-LakanyMA,El-MasMM.Additive
Counteraction by Alpha7 and Alpha4beta2-Nachrs of the Hypotension and
Cardiac Sympathovagal Imbalance Evoked by Endotoxemia in Male Rats. Eur J
Pharmacol (2018) 834:36–44. doi: 10.1016/j.ejphar.2018.07.008

127. Wedn AM, El-Gowilly SM, El-Mas MM. Nicotine Reverses the Enhanced
Renal Vasodilator Capacity in Endotoxic Rats: Role of Alpha7/Alpha4beta2
Nachrs and HSP70. Pharmacol Rep (2019) 71:782–93. doi: 10.1016/
j.pharep.2019.04.013

128. Amaral FA, Fagundes CT, Miranda AS, Costa VV, Resende L, Gloria de
Souza D, et al. Endogenous Acetylcholine Controls the Severity of
Polymicrobial Sepsisassociated Inflammatory Response in Mice. Curr
Neurovasc Res (2016) 13:4–9. doi: 10.2174/1567202612666151026105915

129. Schneider L, Jabrailova B, Soliman H, Hofer S, Strobel O, Hackert T, et al.
Pharmacological Cholinergic Stimulation as a Therapeutic Tool in
Experimental Necrotizing Pancreatitis. Pancreas (2014) 43:41–6. doi:
10.1097/MPA.0b013e3182a85c21

130. Zheng YS, Wu ZS, Zhang LY, Ke L, Li WQ, Li N, et al. Nicotine Ameliorates
Experimental Severe Acute Pancreatitis via Enhancing Immunoregulation of
CD4+ CD25+ Regulatory T Cells. Pancreas (2015) 44:500–6. doi: 10.1097/
MPA.0000000000000294
February 2022 | Volume 13 | Article 826889

https://doi.org/10.1111/jopr.12643
https://doi.org/10.1016/j.lfs.2015.04.027
https://doi.org/10.1016/j.lfs.2015.04.027
https://doi.org/10.1056/NEJM198811173192005
https://doi.org/10.1056/NEJM198811173192005
https://doi.org/10.1001/archderm.1997.03890430023004
https://doi.org/10.1001/archderm.1997.03890430023004
https://doi.org/10.1016/j.jneuroim.2007.10.029
https://doi.org/10.1038/sj.jid.5700492
https://doi.org/10.1038/sj.jid.5700492
https://doi.org/10.1254/jphs.94.31
https://doi.org/10.1254/jphs.94.31
https://doi.org/10.1034/j.1600-0773.2003.920304.x
https://doi.org/10.1016/j.intimp.2013.10.022
https://doi.org/10.1371/journal.pone.0107979
https://doi.org/10.1371/journal.pone.0107979
https://doi.org/10.1177/1352458512471879
https://doi.org/10.1016/j.intimp.2015.06.034
https://doi.org/10.1016/j.neuroscience.2015.03.031
https://doi.org/10.1080/08820139.2017.1391841
https://doi.org/10.1080/08820139.2017.1391841
https://doi.org/10.1038/icb.2013.1
https://doi.org/10.3389/fncel.2017.00287
https://doi.org/10.1086/430323
https://doi.org/10.1097/TA.0b013e3181e9732d
https://doi.org/10.1097/01.CCM.0B013E31816208B3
https://doi.org/10.1038/nm1124
https://doi.org/10.1089/ars.2010.3555
https://doi.org/10.1093/infdis/jit669
https://doi.org/10.1371/journal.pone.0108397
https://doi.org/10.1371/journal.pone.0108397
https://doi.org/10.1084/jem.20052362
https://doi.org/10.1371/journal.pone.0193210
https://doi.org/10.1007/s10517-012-1803-8
https://doi.org/10.1007/s10517-012-1585-z
https://doi.org/10.1093/ntr/ntw198
https://doi.org/10.1007/s10753-010-9204-5
https://doi.org/10.1007/s10753-010-9204-5
https://doi.org/10.1016/j.ejphar.2018.07.008
https://doi.org/10.1016/j.pharep.2019.04.013
https://doi.org/10.1016/j.pharep.2019.04.013
https://doi.org/10.2174/1567202612666151026105915
https://doi.org/10.1097/MPA.0b013e3182a85c21
https://doi.org/10.1097/MPA.0000000000000294
https://doi.org/10.1097/MPA.0000000000000294
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Nicotine in Inflammatory Diseases
131. Cooper LT Jr. Myocarditis. N Engl J Med (2009) 360:1526–38. doi: 10.1056/
NEJMra0800028

132. Cheng Z, Li-Sha G, Jing-Lin Z, Wen-Wu Z, Xue-Si C, Xing-Xing C, et al.
Protective Role of the Cholinergic Anti-Inflammatory Pathway in a Mouse
Model of Viral Myocarditis. PloS One (2014) 9:e112719. doi: 10.1371/
journal.pone.0112719

133. Li-ShaG, Jing-Lin Z,Guang-Yi C, Li L,De-PuZ, Yue-Chun L. Dose-Dependent
Protective Effect of Nicotine in aMurineModel of ViralMyocarditis Induced by
Coxsackievirus B3. Sci Rep (2015) 5:15895. doi: 10.1038/srep15895

134. Li-Sha G, Jing-Lin Z, Li L, Guang-Yi C, Xiao-Wei L, Yue-Chun L. Nicotine
Inhibits the Production of Proinflammatory Cytokines of Mice Infected With
Coxsackievirus B3. Life Sci (2016) 148:9–16. doi: 10.1016/j.lfs.2016.02.003

135. Li-Sha G, Xing-Xing C, Lian-Pin W, De-Pu Z, Xiao-Wei L, Jia-Feng L, et al.
Right Cervical Vagotomy Aggravates Viral Myocarditis in Mice Via the
Cholinergic Anti-Inflammatory Pathway. Front Pharmacol (2017) 8:25. doi:
10.3389/fphar.2017.00025

136. De-Pu Z, Li-Sha G, Guang-Yi C, Xiaohong G, Chao X, Cheng Z, et al. The
Cholinergic Anti-Inflammatory Pathway Ameliorates Acute Viral
Myocarditis in Mice by Regulating CD4(+) T Cell Differentiation.
Virulence (2018) 9:1364–76. doi: 10.1080/21505594.2018.1482179

137. Li P, Yan Y, Shi Y, Cheng B, Zhan Y, Wang Q, et al. Nicotinic Agonist
Inhibits Cardiomyocyte Apoptosis in CVB3-Induced Myocarditis via
Alpha3beta4-Nachr/PI3K/Akt-Dependent Survivin Upregulation. Oxid
Med Cell Longev (2019) 2019:9496419. doi: 10.1155/2019/9496419

138. Leib C, Goser S, Luthje D, Ottl R, Tretter T, Lasitschka F, et al. Role of the
Cholinergic Antiinflammatory Pathway in Murine Autoimmune Myocarditis.
Circ Res (2011) 109:130–40. doi: 10.1161/CIRCRESAHA.111.245563

139. Nishimura T, Kaminuma O, Saeki M, Kitamura N, Mori A, Hiroi T.
Suppressive Effect of Environmental Tobacco Smoke on Murine Th2 Cell-
Mediated Nasal Eosinophilic Inflammation. Asia Pac Allergy (2020) 10:e18.
doi: 10.5415/apallergy.2020.10.e18

140. ComerDM,Elborn JS,EnnisM. InflammatoryandCytotoxicEffectsofAcrolein,
Nicotine, Acetylaldehyde and Cigarette Smoke Extract on Human Nasal
Epithelial Cells. BMC Pulm Med (2014) 14:32. doi: 10.1186/1471-2466-14-32

141. Yamamoto T, Kodama T, Lee J, Utsunomiya N, Hayashi S, Sakamoto H,
et al. Anti-Allergic Role of Cholinergic Neuronal Pathway via Alpha7
Nicotinic ACh Receptors on Mucosal Mast Cells in a Murine Food Allergy
Model. PloS One (2014) 9:e85888. doi: 10.1371/journal.pone.0085888

142. Cohn L, Elias JA, Chupp GL. Asthma: Mechanisms of Disease Persistence
and Progression. Annu Rev Immunol (2004) 22:789–815. doi: 10.1146/
annurev.immunol.22.012703.104716

143. Mishra NC, Rir-Sima-Ah J, Langley RJ, Singh SP, Pena-Philippides JC, Koga
T, et al. Nicotine Primarily Suppresses Lung Th2 But Not Goblet Cell and
Muscle Cell Responses to Allergens. J Immunol (2008) 180:7655–63. doi:
10.4049/jimmunol.180.11.7655

144. Mazloomi E, Ilkhanizadeh B, Zare A, Mohammadzadeh A, Delirezh N,
Shahabi S. Evaluation of the Efficacy of Nicotine in Treatment of Allergic
Asthma in BALB/c Mice. Int Immunopharmacol (2018) 63:239–45. doi:
10.1016/j.intimp.2018.08.006

145. Mazloomi E, Ilkhanizadeh B, Zare A, Mohammadzadeh A, Delirezh N,
Shahabi S. Nicotine, as a Novel Tolerogenic Adjuvant, Enhances the Efficacy
of Immunotherapy in a Mouse Model of Allergic Asthma. Res Pharm Sci
(2019) 14:308–19. doi: 10.4103/1735-5362.263555

146. Seoane-Collazo P, Martinez de Morentin PB, Ferno J, Dieguez C, Nogueiras
R, Lopez M. Nicotine Improves Obesity and Hepatic Steatosis and ER Stress
in Diet-Induced Obese Male Rats. Endocrinology (2014) 155:1679–89. doi:
10.1210/en.2013-1839

147. Liu M, Chuang Key CC, Weckerle A, Boudyguina E, Sawyer JK, Gebre AK,
et al. Feeding of Tobacco Blend or Nicotine Induced Weight Loss Associated
With Decreased Adipocyte Size and Increased Physical Activity in Male
Mice. Food Chem Toxicol (2018) 113:287–95. doi: 10.1016/j.fct.2018.01.058

148. WangX, Yang Z, Xue B, Shi H. Activation of the Cholinergic Antiinflammatory
Pathway Ameliorates Obesity-Induced Inflammation and Insulin Resistance.
Endocrinology (2011) 152:836–46. doi: 10.1210/en.2010-0855

149. Jiao ZY, Wu J, Liu C, Wen B, Zhao WZ, Du XL. Nicotinic Alpha7 Receptor
Inhibits the Acylation Stimulating Proteininduced Production of Monocyte
Chemoattractant Protein1 and Keratinocytederived Chemokine in
Adipocytes by Modulating the P38 Kinase and Nuclear factorkappaB
Frontiers in Immunology | www.frontiersin.org 20
Signaling Pathways. Mol Med Rep (2016) 14:2959–66. doi: 10.3892/
mmr.2016.5630

150. Zhou Z, Chen X, Li F, Tang C. Effects and Mechanisms of the Inflammatory
Reaction Related to NASH and Induced by Activation of the Cholinergic
Anti-Inflammatory Pathway. Zhonghua Gan Zang Bing Za Zhi (2015) 23:64–
8. doi: 10.3760/cma.j.issn.1007-3418.2015.01.015

151. Li FQ, Wu XC, Xu LN, Chen XM, Lu S, Tang CL. Effect of Nicotinic
Acetylcholine Receptor Alpha7 Subunit Gene on Liver Inflammatory
Reaction in Mice With Nonalcoholic Steatohepatitis and Related
Mechanisms. Zhonghua Gan Zang Bing Za Zhi (2016) 24:767–71. doi:
10.3760/cma.j.issn.1007-3418.2016.10.010

152. Chen XM, Li FQ, Yan S, Wu XC, Tang CL. Nicotine Alleviates the Liver
Inflammation ofNon-Alcoholic Steatohepatitis Induced byHigh-Fat andHigh-
Fructose in Mice. Beijing Da Xue Xue Bao Yi Xue Ban (2016) 48:777–82.

153. Zhou Z, Liu YC, Chen XM, Li FQ, Tong XJ, Ding YP, et al. Treatment of
Experimental Non-Alcoholic Steatohepatitis by Targeting Alpha7 Nicotinic
Acetylcholine Receptor-Mediated Inflammatory Responses in Mice. Mol
Med Rep (2015) 12:6925–31. doi: 10.3892/mmr.2015.4318

154. Kanamori H, Nakade Y, Yamauchi T, Sakamoto K, Inoue T, Yamamoto T,
et al. Influence of Nicotine on Choline-Deficient, L-Amino Acid-Defined
Diet-Induced non-Alcoholic Steatohepatitis in Rats. PloS One (2017) 12:
e0180475. doi: 10.1371/journal.pone.0180475

155. Fairley AS, Mathis KW. Cholinergic Agonists Reduce Blood Pressure in a
Mouse Model of Systemic Lupus Erythematosus. Physiol Rep 5 (2017) 5(7):
e13213. doi: 10.14814/phy2.13213

156. Chi ZL, Hayasaka S, Zhang XY, Cui HS, Hayasaka Y. A Cholinergic Agonist
Attenuates Endotoxin-Induced Uveitis in Rats. Invest Ophthalmol Vis Sci
(2007) 48:2719–25. doi: 10.1167/iovs.06-0644

157. Leite PE, Lagrota-Candido J, Moraes L, D’Elia L, Pinheiro DF, da Silva RF,
et al. Nicotinic Acetylcholine Receptor Activation Reduces Skeletal Muscle
Inflammation of Mdx Mice. J Neuroimmunol (2010) 227:44–51. doi:
10.1016/j.jneuroim.2010.06.005

158. Geyer BC, Ben Ari S, Barbash S, Kilbourne J, Mor TS, Soreq H. Nicotinic
Stimulation Induces Tristetraprolin Over-Production and Attenuates
Inflammation in Muscle. Biochim Biophys Acta (2012) 1823:368–78. doi:
10.1016/j.bbamcr.2011.11.001

159. Jamal Uddin M, Joe Y, Zheng M, Blackshear PJ, Ryter SW, Park JW, et al. A
Functional Link Between Heme Oxygenase-1 and Tristetraprolin in the
Anti-Inflammatory Effects of Nicotine. Free Radic Biol Med (2013) 65:1331–
9. doi: 10.1016/j.freeradbiomed.2013.09.027

160. Bao J, Liu Y, Yang J, Gao Q, Shi SQ, Garfield RE, et al. Nicotine Inhibits LPS-
Induced Cytokine Production and Leukocyte Infiltration in Rat Placenta.
Placenta (2016) 39:77–83. doi: 10.1016/j.placenta.2016.01.015

161. Bao J, Zou Y, Liu Y, Yuan L, Garfield RE, Liu H. Nicotine Protects Fetus
Against LPS-Induced Fetal Growth Restriction Through Ameliorating
Placental Inflammation and Vascular Development in Late Pregnancy in
Rats. Biosci Rep (2019) 39(7):BSR20190386. doi: 10.1042/BSR20190386

162. Yang J, Shi SQ, Shi L, Fang D, Liu H, Garfield RE. Nicotine, an Alpha7 Nachr
Agonist, Reduces Lipopolysaccharide-Induced Inflammatory Responses and
Protects Fetuses in Pregnant Rats. Am J Obstet Gynecol (2014) 211:538.e1–7.
doi: 10.1016/j.ajog.2014.04.026

163. Hecht SS. Tobacco Carcinogens, Their Biomarkers and Tobacco-Induced
Cancer. Nat Rev Cancer (2003) 3:733–44. doi: 10.1038/nrc1190

164. Conti-tronconi BM, McLane KE, Raftery MA, Grando SA, Protti MP. The
Nicotinic Acetylcholine Receptor: Structure and Autoimmune Pathology. Crit
Rev BiochemMol Biol (1994) 29:69–123. doi: 10.3109/10409239409086798

165. Picciotto MR, Addy NA, Mineur YS, Brunzell DH. It is Not “Either/or”:
Activation and Desensitization of Nicotinic Acetylcholine Receptors Both
Contribute to Behaviors Related to Nicotine Addiction and Mood. Prog
Neurobiol (2008) 84:329–42. doi: 10.1016/j.pneurobio.2007.12.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
February 2022 | Volume 13 | Article 826889

https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1371/journal.pone.0112719
https://doi.org/10.1371/journal.pone.0112719
https://doi.org/10.1038/srep15895
https://doi.org/10.1016/j.lfs.2016.02.003
https://doi.org/10.3389/fphar.2017.00025
https://doi.org/10.1080/21505594.2018.1482179
https://doi.org/10.1155/2019/9496419
https://doi.org/10.1161/CIRCRESAHA.111.245563
https://doi.org/10.5415/apallergy.2020.10.e18
https://doi.org/10.1186/1471-2466-14-32
https://doi.org/10.1371/journal.pone.0085888
https://doi.org/10.1146/annurev.immunol.22.012703.104716
https://doi.org/10.1146/annurev.immunol.22.012703.104716
https://doi.org/10.4049/jimmunol.180.11.7655
https://doi.org/10.1016/j.intimp.2018.08.006
https://doi.org/10.4103/1735-5362.263555
https://doi.org/10.1210/en.2013-1839
https://doi.org/10.1016/j.fct.2018.01.058
https://doi.org/10.1210/en.2010-0855
https://doi.org/10.3892/mmr.2016.5630
https://doi.org/10.3892/mmr.2016.5630
https://doi.org/10.3760/cma.j.issn.1007-3418.2015.01.015
https://doi.org/10.3760/cma.j.issn.1007-3418.2016.10.010
https://doi.org/10.3892/mmr.2015.4318
https://doi.org/10.1371/journal.pone.0180475
https://doi.org/10.14814/phy2.13213
https://doi.org/10.1167/iovs.06-0644
https://doi.org/10.1016/j.jneuroim.2010.06.005
https://doi.org/10.1016/j.bbamcr.2011.11.001
https://doi.org/10.1016/j.freeradbiomed.2013.09.027
https://doi.org/10.1016/j.placenta.2016.01.015
https://doi.org/10.1042/BSR20190386
https://doi.org/10.1016/j.ajog.2014.04.026
https://doi.org/10.1038/nrc1190
https://doi.org/10.3109/10409239409086798
https://doi.org/10.1016/j.pneurobio.2007.12.005
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Nicotine in Inflammatory Diseases
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Lin, Zou, Yuan, Huang, Pan and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
Frontiers in Immunology | www.frontiersin.org 21
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
February 2022 | Volume 13 | Article 826889

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Nicotine in Inflammatory Diseases: Anti-Inflammatory and Pro-Inflammatory Effects
	1 Introduction: Nicotine in the Tobacco Plant
	2 Nicotine and Inflammation
	3 Nicotine-Related Inflammatory Diseases
	3.1 Inflammatory Bowel Disease
	3.1.1 Anti-Inflammatory Effect of Nicotine on IBD
	3.1.2 Pro-Inflammatory Effect of Nicotine on Inflammatory Bowel Disease

	3.2 Arthritis
	3.2.1 Anti-Inflammatory Effect of Nicotine on Arthritis
	3.2.2 Pro-Inflammatory Effect of Nicotine on Arthritis

	3.3 Oral Diseases
	3.3.1 Anti-Inflammatory Effect of Nicotine on Oral Diseases
	3.3.2 Pro-Inflammatory Effect of Nicotine on Oral Diseases

	3.4 Skin Diseases
	3.4.1 Anti-Inflammatory Effects of Nicotine on Skin Diseases
	3.4.2 Pro-Inflammatory Effect of Nicotine on Skin Diseases

	3.5 Multiple Sclerosis
	3.5.1 Anti-Inflammatory Effect of Nicotine on Multiple Sclerosis

	3.6 Sepsis and Endotoxemia
	3.6.1 Anti-Inflammatory Effect of Nicotine on Sepsis and Endotoxemia
	2.6.2 Pro-Inflammatory Effect of Nicotine on Sepsis and Endotoxemia

	3.7 Acute Pancreatitis
	3.7.1 Anti-Inflammatory Effect of Nicotine on Acute Pancreatitis

	3.8 Myocarditis
	3.8.1 Anti-Inflammatory Effect of Nicotine on Myocarditis

	3.9 Allergic Diseases
	3.9.1 Anti-Inflammatory Effect of Nicotine on Allergy

	3.10 Obesity and Adipose Tissue Inflammation
	3.10.1 Anti-Inflammatory Effect of Nicotine on Adipose Tissue Inflammation

	3.11 Anti-Inflammatory Effect of Nicotine on Other Inflammatory Diseases

	4 Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


