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Abstract In recent years the etiopathology of a number

of debilitating diseases such as type 2 diabetes, arthritis,

atherosclerosis, psoriasis, asthma, cystic fibrosis, sepsis,

and ulcerative colitis has increasingly been linked to run-

away cytokine-mediated inflammation. Cytokine-based

therapeutic agents play a major role in the treatment of

these diseases. However, the temporospatial changes in

various cytokines are still poorly understood and attempts

to date have focused on the inhibition of specific cytokines

such as TNF-a. As an alternative approach, a number of

preclinical studies have confirmed the therapeutic potential

of targeting alpha7 nicotinic acetylcholine receptor-medi-

ated anti-inflammatory effects through modulation of

proinflammatory cytokines. This ‘‘cholinergic anti-inflam-

matory pathway’’ modulates the immune system through

cholinergic mechanisms that act on alpha7 receptors

expressed on macrophages and immune cells. If the pre-

clinical findings translate into human efficacy this approach

could potentially provide new therapies for treating a broad

array of intractable diseases and conditions with inflam-

matory components.
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Role of cytokines in chronic inflammation and disease

Cytokines and inflammation

In recent years an explosion of research into the underlying

causes of inflammation and its effects on human health has

begun to yield a deeper understanding of how inflammation

works and how it is connected to many of the chronic

debilitating diseases of our time. Researchers are discover-

ing that inflammation may be at the root of diseases as

diverse as heart disease, diabetes, cancer, asthma, inflam-

matory bowel disease, and Alzheimer’s disease. Any organ

or tissue of the body can become inflamed, involving a

cascade of events starting with vasodilation and increased

vascular permeability induced in part by the release of his-

tamine from ruptured or activated mast cells, circulating

basophils and platelets, and by circulating vascular cell

adhesion molecule-1 (VCAM-1), endothelial-leukocyte

adhesion molecule-1 (E-selectin), and intercellular adhesion

molecule-1 (ICAM-1) [1]. Increased vascular permeability

leads to local edema, during which phagocytes and humoral

factors are released into the intravascular space, including

proteins of the complement system; eicosanoids, which are

products of arachidonic acid metabolism; kinins; cytokines;

and platelet-activating factor [2]. Cytokines include tumor

necrosis factor, interleukins, lymphokines, monokines,

interferons, colony stimulating factors, and transforming

growth factors produced by monocytes, T-cells, platelets,

and endothelial cells. Monocytes (macrophages and den-

dritic cells) and neutrophils are key components of the

innate immune system that, when activated, potentiate
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inflammation. Monocytes are recruited to sites of infection

in part by neutrophil degranulation products released in

response to invading organisms.

The ability of the immune system to recognize and

respond to bacteria and other insults is mediated to a large

extent by the innate immune system through a family of

transmembrane receptors, the Toll-like receptors (TLRs),

which signal the production of proinflammatory cytokines

when stimulated by their specific ligands [3]. For example,

activation of TLR4 on macrophages by lipopolysaccharide

(LPS), which is found in the outer membrane of Gram-

negative bacteria, triggers the synthesis of inflammatory

mediators such as tumor necrosis factor alpha (TNF-a) and

interleukin (IL)-1b and activates the production of the

immunoregulatory cytokine IL-12, which is required for

the adaptive immune response [4]. Once activated by

inflammatory mediators, macrophages are long-lived and

produce large quantities of proinflammatory cytokines,

including TNF-a, IL-1, IL-6, IL-12/IL-23, IL-18, and the

high mobility group box chromosomal protein 1 (HMGB1)

[5]. These cytokines amplify the inflammatory response

and trigger adaptive immune responses. Circulating cyto-

kines interact with specific receptors on various cell types

and activate Janus kinase/signal transduction and tran-

scription protein (JAK-STAT), nuclear factor kappaB

(NF-jB), and transforming growth factor beta (TGF-b)

signaling pathways leading to an inflammatory response

involving cell adhesion, permeability, and apoptosis, and

an increased production of reactive oxygen species [6].

While inflammatory responses have certain beneficial

effects, persistent inflammation has a degrading effect that

can lead to debility and death. In this regard, an imbalance

between the pro- and anti-inflammatory cytokines can play

a prominent role in a number of debilitating diseases,

several of which are summarized briefly below.

Obesity and diabetes

Obesity and type 2 diabetes are associated with a state of

abnormal inflammatory response [7]. It appears that

obesity is associated with a low-grade inflammation of

adipose tissue resulting from chronic activation of the

innate immune system which can subsequently lead to

insulin resistance, impaired glucose tolerance, and even

diabetes [8]. In obesity, there is an increased production

and secretion of a wide range of inflammatory molecules,

including TNF-a and IL-6, which have local effects on

adipose physiology and systemic effects on other organs

such as liver and muscle. When TNF-a activity is blocked

in obesity, either biochemically or genetically, the result

is improved insulin sensitivity [9]. Infiltration of adipose

tissue by macrophages may be the major source of locally

produced proinflammatory cytokines. In obesity, the

proinflammatory effects of cytokines primarily involve

the NF-jB and c-Jun N-terminal kinase (JNK) intracel-

lular signaling pathways [10]. Several other factors

derived from adipocytes and macrophages including lep-

tin and resistin are also overproduced during obesity and

probably contribute to the pathogenesis of insulin resis-

tance. Adipocyte-derived resistin is a circulating protein

implicated in insulin resistance in rodents and is produced

largely by macrophages [11]. Inflammation is a hyper-

resistinemic state in humans, and cytokine induction of

resistin may contribute to insulin resistance in obesity

[12]. Circulating adiponectin levels are also decreased in

subjects with obesity-related insulin resistance and type 2

diabetes. Adiponectin has been shown to counteract the

proinflammatory effects of TNF-a, inhibit liver neog-

lucogenesis, and promote fatty acid oxidation in skeletal

muscle [13]. Elevated C-reactive protein (CRP) levels

have consistently been demonstrated in overweight and

obese adults, both young and older, and studies have

shown that elevated levels of CRP and other inflammatory

markers such as ferritin, uric acid, white cell counts, and

fibrinogen are positively and independently associated

with insulin resistance [14].

Alzheimer’s disease

Oxidative damage and inflammation are important features

of the brain pathology of Alzheimer’s disease (AD). Oxi-

dative damage can be found in membranes (lipid

peroxidation), proteins (nitrosylation and other post-trans-

lational changes), and nucleic acids [15]. In AD there is

increased deposition of amyloid peptide A-beta as well as

an increased presence of monocytes and macrophages in

the vessel walls and activated microglial cells in the brain

that are found in close association with A-beta deposits

[16]. Histological examination of AD brains as well as cell

culture studies have shown that the interaction of microglia

with fibrillar A-beta leads to their phenotypic activation.

The conversion of these cells into a classically ‘‘activated’’

phenotype results in production of chemokines, neurotoxic

cytokines, and reactive oxygen and nitrogen species that

are deleterious to the central nervous system (CNS) [16].

Inflammatory changes from activation of microglia and

astrocytes manifest as increased levels of proinflammatory

cytokines in AD patients [17]. Middle-aged offspring in

families with a parental history of late-onset AD also show

increased production of proinflammatory cytokines in

lipopolysaccharide-stimulated whole blood samples [15].

A direct correlation has been established between the

A-beta-induced neurodegeneration and cytokine production

and its subsequent release. In effect, neuroinflammation is

responsible for an abnormal secretion of proinflammatory

cytokines that trigger signaling pathways that activate brain
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tau hyperphosphorylation in residues that are not modified

under normal physiological conditions [18].

Arthritis

Cytokines play a central role in joint inflammation and

destruction in rheumatoid arthritis (RA) [19]. In particular,

the proinflammatory cytokines IL-1, IL-6, and TNF-a are

reported to play important roles in cartilage and bone

degradation and in initiating and perpetuating inflamma-

tory and destructive processes in the rheumatoid joint. The

rationale for the use of anticytokine therapy in inflamma-

tory joint diseases is based largely on evidence from

studies in vitro and in vivo that implicate these major

cytokines in RA pathogenesis [20]. These cytokines regu-

late many NF-jB inducible genes that control expression

of other cytokines, cell adhesion molecules, immunoregu-

latory molecules, and proinflammatory mediators. The

importance and central role of cytokines in the disease

process is attested to by the significant improvements

achieved therapeutically with antibodies directed against

TNF-a [21]. TNF-a occupies a primary position in the

cytokine cascade through its ability to upregulate produc-

tion of other cytokines, including IL-1, GM-CSF

(granulocyte–macrophage colony stimulating factor), IL-6,

IL-8, and IL-10 [5]. The pathogenesis of RA is complex

and includes many cell types, including T cells, B cells,

mast cells, and synoviocytes. Among the T lymphocytes,

Th17 cells have been strongly implicated in RA. IL-17A

contributes to the pathogenesis of arthritis as has been

shown in several experimental arthritis models [22]. The

role of B cells in RA is also significant because not only

can they produce potentially pathologic autoantibodies and

proinflammatory cytokines, but they also can present

antigens to T cells and provide co-stimulatory signals

essential for T-cell activation, clonal expansion, and

effector function [23]. Increased numbers of mast cells are

found in the synovial tissues and fluids of patients with

rheumatoid arthritis and at sites of cartilage erosion [24].

Because the mast cell contains potent mediators, including

histamine, heparin, proteinases, leukotrienes, and multi-

functional cytokines, its potential contributions to the

processes of inflammation and matrix degradation have

become evident. Mast cells also contribute to initiation of

autoantibody-mediated arthritis via IL-1 [25]. Fibroblast-

like synoviocytes in the synovial intimal lining also play

a key role by producing cytokines that perpetuate

inflammation and proteases that contribute to cartilage

destruction [26]. More recently, antibodies specific for

citrullinated protein epitopes have been discovered, offer-

ing a hallmark for the diagnosis and prognosis of RA and a

useful tool for understanding the fundamental pathologic

processes. It has been proposed that inflammation in

RA may be directed to cartilaginous joints and be self-

perpetuating through recognition of post-translational

modifications (glycosylation and citrullination) on CII by T

and B cells that can have arthritogenic consequences [27].

Asthma

A primary risk factor for atopic asthma is sensitization to

perennial aeroallergens resulting from a failure to generate

protective immunologic tolerance. Dendritic cells are pro-

fessional antigen presenting cells that mediate the response

to inhaled allergens. In animal models, the induction and

maintenance of allergic airway inflammation is primarily a

function of myeloid dendritic cells, whereas tolerance to

inhaled allergens is likely a function of plasmacytoid

dendritic cells [28]. This tolerance process is orchestrated

by airway mucosal dendritic cells and normally results in

programming of regulatory T cells, which inhibit activation

of the Th2 memory cells that, among other activities, drive

IgE production and prime the effector populations

responsible for IgE-mediated tissue damage [29]. In addi-

tion, inflammatory cells such as activated eosinophils and

neutrophils are associated with increased levels of numer-

ous cytokines and other proinflammatory mediators [30].

Viruses, but also endotoxin or allergen exposure, are able

to recruit neutrophils via IL-8 production by activated

macrophages or epithelial cells [31]. Together, these

inflammatory mediators contribute to diffuse bronchial

inflammation. Bronchial provocation with allergens indu-

ces a subset of activated T-lymphocytes resulting in

production of interleukins IL-4, IL-5, and IL-13. IL-4 in

conjunction with IL-13 signals the switch from IgM to IgE

antibodies [32]. The cross-linkage of two IgE molecules by

allergen causes mast cells to degranulate, releasing hista-

mine, leukotrienes, and other mediators that perpetuate the

airway inflammation. IL-5 activates the recruitment and

activation of eosinophils. Since eosinophil development

from hematopoietic progenitor cells is regulated by IL-5,

which influences maturation, differentiation, mobilization,

activation, and survival, a fully humanized anti-IL-5

monoclonal IgG1 antibody (Mepolizumab) has been shown

to reduce airway and blood eosinophils and prevent asthma

exacerbations [33].

Atherosclerosis

The process of inflammation is now believed to be the

etiological event that precedes the development and the

continual process of atherosclerosis and appears to be

associated with a significant prothrombotic status and

endothelial dysfunction [34]. Most risk markers for car-

diovascular disease have a proinflammatory component

that stimulates the release of a number of active molecules
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such as inflammatory mediators, reactive oxygen species

(ROS), nitric oxide, and peroxynitrite from endothelial,

vascular smooth muscle, and immune cells in response to

injury [35]. The mediators of the inflammatory response,

such as TNF-a, the interleukins IL-1 and IL-6, GM-CSF,

and others, all increase the binding of LDL to the endo-

thelium and smooth muscle to further upregulate the

inflammatory response [36]. Cytokine-induced activation

of inflammatory pathways in endothelial cells modifies the

production/activity of vasodilatory mediators such as nitric

oxide, prostacyclin, endothelium-derived hyperpolarizing

factor, and bradykinin, as well as vasoconstrictive media-

tors such as endothelin and angiotensin II [6]. Cytokines

also interact with mitochondria to increase the production

of ROS [37], and unquenched intracellular ROS induce

monocytes to differentiate into macrophages. It is well

known that during the development of atherosclerosis,

macrophages interact with vascular endothelial cells,

medial smooth muscle cells and infiltrated inflammatory

cells, particularly T cells and dendritic cells [38]. These

cells then accumulate cholesterol esters in the cytoplasm,

which leads to foam cell formation in lesion development

[39]. Further recruitment of macrophages can occur by the

release of cytokines from the endothelium and vascular

smooth muscle as part of the inflammatory cycle.

Cancer

Inflammation can promote all stages of tumor development

through multiple mechanisms, which include enhanced

proliferation and resistance to apoptosis of initiated cells,

induction of DNA mutations, promotion of angiogenesis,

invasion and metastasis, and components of the tumor

microenvironment, including tumor cells themselves, may

promote an inflammatory state by producing inflammatory

mediators [40]. Inflammatory responses play decisive roles

at different stages of tumor development, including initia-

tion, promotion, malignant conversion, invasion, and

metastasis [41]. Inflammatory components are present in

the microenvironment of tumors, including leukocytes,

cytokines, and complement components, and are orches-

trated by transcription factors, such as NFjB and STAT3

[42]. Studies indicate the upregulation of TNF-a, CRP, and

tissue factor in patients with malignancy, further suggest-

ing that the pathogenesis associated with malignancy is

associated with an inflammatory component [43]. CD4(?)

regulatory (Treg) cells can restore immune homeosta-

sis during chronic inflammation and may function to

reduce cancer risk by efficiently downregulating inflamma-

tion through IL-10-dependent processes. However, under

proinflammatory conditions, Tregs may fail to provide

anti-inflammatory protection and instead contribute to

a Th-17-driven procarcinogenic process. Consequently,

individuals with a weakened IL-10 and Treg-mediated

inhibitory loop are highly susceptible to the carcinogenic

consequences of elevated IL-6 and IL-17 and show more

frequent inflammation-associated cancers [44]. During

chronic inflammatory processes, excess free radicals and

DNA-reactive aldehydes from lipid peroxidation are also

produced, which can deregulate cellular homeostasis and

drive normal cells to malignancy [45]. It has been suggested

that the conditions provided by a chronic inflammatory

environment are so essential for the progression of the

neoplastic process that therapeutic intervention aimed at

inhibiting inflammation, reducing angiogenesis, and stimu-

lating cell-mediated immune responses may have a major

role in reducing the incidence of common cancers.

Cystic fibrosis

Cystic fibrosis (CF) is caused by mutations in the gene

encoding the cystic fibrosis transmembrane conductance

regulator (CFTR), an anion channel whose dysfunction

results in altered epithelial salt and water transport leading

to impaired mucociliary clearance, chronic inflammation,

and tissue damage [46]. In CF, the damage to airway epi-

thelial cells is exacerbated by the activation of Toll-like

receptor 2 (TLR2) by airway pathogens [47]. The result is

the production of a cascade of proinflammatory cytokines

and chemokines, including IL-8, subsequent inflammatory

infiltration of epithelial cells by neutrophils in patients with

CF, and exacerbation of symptoms.

Inflammatory bowel diseases

Crohn’s disease and ulcerative colitis are chronic

inflammatory bowel diseases (IBDs) of unknown origin.

The development of inflammatory bowel disease is

associated with the interplay of genetic, bacterial, and

environmental factors and dysregulation of the intestinal

immune system [48]. The chronic immune stimulation of

these conditions is thought to be due to an imbalance of

proinflammatory and inhibitory cytokines [49]. It is well

known that immune responses in the intestine remain in a

state of controlled inflammation, suggesting that not only

active suppression by regulatory T cells plays an impor-

tant role in the normal intestinal homeostasis, but also its

dysregulation leads to the development of inflammatory

bowel diseases [50]. Abnormal signaling pathways,

including mitogen-activated protein kinases (MAPK),

JNK, phosphatidylinositol 3-kinase/serin-threonine kinase

(PI3K/Akt), and NF-jB, play an important role in the

inflammatory process, can lead to dysregulation of the

inflammatory response, and are crucial in the pathogene-

sis of IBDs. Disorders of these signaling pathways can

affect the intestinal barrier and cause uninhibited release
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of effector T cells and uncontrolled inflammation [50].

The latest research is focused on the key role of specific

cytokines in IBD. In patients with IBD, a number of

recruited monocytes and activated macrophages are the

source of cytokines in the inflamed alimentary tract

mucosa. The role of proinflammatory cytokines and che-

mokines such as IL-1a, IL-1b, IL-2, IL-6, IL-8, IL-12,

IL-17, IL-23, TNF-a, and interferons (IFNs) in IBD is

associated with the initiation and progression of ulcerative

colitis and Crohn’s disease [51].

Psoriatic arthritis and psoriasis

Psoriasis is one of the most common human inflammatory

skin diseases characterized by hyperproliferation and

aberrant differentiation of keratinocytes. One of the trig-

gers of the typical epidermal changes seen in psoriasis is

considered to be a dysregulated immune response with

Th-1/Tc1 cells playing a central role [52]. As in rheumatoid

arthritis, monocytes and macrophages also play a patho-

genic role in psoriatic arthritis. Activated inflammatory

cells and subsequent release of proinflammatory cytokines

such as TNF-a are at the heart of the production of psoriatic

lesions [53]. This pathogenic role of TNF-a is supported by

the efficacy of approved TNF-a inhibitors, such as inflix-

imab, etanercept, and adalimumab, in psoriatic arthritis and

psoriasis [54]. T helper (Th17) cells, a novel T-cell subset,

have also been implicated in the pathogenesis of psoriasis

and other autoimmune inflammatory diseases [55]. Specif-

ically, IL-23 stimulates survival and proliferation of Th17

cells and thus serves as a key master cytokine regulator for

these diseases. In psoriasis, IL-23 is overproduced by den-

dritic cells and keratinocytes, and this cytokine stimulates

Th17 cells within dermis to make IL-17A and IL-22. IL-22,

in particular, drives keratinocyte hyperproliferation in

psoriasis [55].

Role of alpha7 nicotinic receptors in inflammation

Structure and function of alpha7 nicotinic receptors

Acetylcholine (ACh) is one of the most widely distributed

intercellular signaling molecules in the body. The two

classes of receptors that mediate ACh signaling were

originally designated nicotinic and muscarinic, a nomen-

clature based on their differential responsiveness to

nicotine and the mushroom toxin muscarine, respectively.

Muscarinic receptors are members of the seven trans-

membrane domain G-protein-coupled receptor type and

mediate numerous biologic effects, including heart rate,

glandular secretions, and smooth muscle contractility

among others [56]. Nicotinic acetylcholine receptors are

members of the four transmembrane domain superfamily

of neurotransmitter-gated ion channels. These receptors

play a central role in modulating synaptic neurotransmis-

sion and fundamental intracellular signaling and are in

control of neuronal viability and synaptic architecture;

recent advances in nicotinic receptor biology have come

from an increased understanding of the diverse receptor

subtypes and their distinctive combinations of subunits

[57]. Neuronal nicotinic acetylcholine receptors are pen-

tameric complexes composed of alpha and beta subunits

that assemble like the staves in a barrel to form an ion

channel that is gated by the binding of acetylcholine or

other nicotinic cholinergic ligands. The diversity of dif-

ferent protein subunits that are available to co-assemble

(nine alpha and four beta subunits) provides considerable

variation in the possible receptor subtypes, all with dif-

ferent physiological function and ligand binding affinity.

The alpha7 subtype is a well-characterized member of the

ligand-gated ion channel superfamily [58]. In neurons,

alpha7 protein subunits assemble as a pentameric complex

composed of five alpha7 subunits. The alpha7 subunit is

approximately 56 kDa and is composed of 502 amino

acids, including a 22 amino acid N-terminal signal peptide,

followed by an extracellular 200 amino acid ligand-binding

domain. The assembled subunits form a central ion pore.

The binding of ligands at the junctions between subunits

initiates conformational changes in the receptor that can

lead to channel opening. The transmembrane domains (TM

1–4) of each of the five subunits are composed of four

a-helices that span the lipid bilayer and form the ion

channel (see Fig. 1). Although nicotinic receptors were

originally described as sodium channels, the alpha7 ho-

mopentamer is also highly permeable to calcium [59]. The

involvement of neuronal alpha7 nicotinic receptors in

cognitive processes and their potential as therapeutic targets

for schizophrenia, Alzheimer’s, and other cognitive dis-

eases and disorders has been extensively described [60].

More recently an appreciation of the properties and poten-

tial therapeutic value of non-neuronal alpha7 nicotinic

receptors, present on circulating monocytic and immuno-

regulatory cell types, has begun to emerge [61]. The

remainder of the present review will focus on the central

role played by non-neuronal alpha7 nicotinic receptors in

regulating a broad array of inflammatory processes that are

relevant to numerous diseases and disorders.

The cholinergic anti-inflammatory pathway

A growing body of evidence has emerged showing that the

CNS modulates the immune system through the reticulo-

endothelial system (RES) [62]. The so-called cholinergic

anti-inflammatory pathway and its role in immune

responses and inflammatory cascades have attracted
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substantial interest due to the obvious relevance to a variety

of debilitating human diseases [63]. The cholinergic anti-

inflammatory pathway inhibits inflammation by suppress-

ing cytokine synthesis via release of acetylcholine in

organs of the RES, including the lungs, spleen, liver, kid-

neys, and gastrointestinal tract. Acetylcholine can interact

with alpha7 nicotinic acetylcholine receptors expressed by

macrophages and other cytokine-producing cells, down-

regulate proinflammatory cytokine synthesis, and prevent

tissue damage [64]. This modulation is mediated through

the vagus nerve, utilizing the major vagal neurotransmitter

ACh, which acts on alpha7 nicotinic cholinergic receptors

on macrophages to suppress the release of TNF-a and other

proinflammatory cytokines [65] (also see Fig. 2). This

places the alpha7 nicotinic receptor subtype at the apex of

key CNS and peripheral cellular pathways that are involved

in anti-inflammatory processes as well as cell survival.

Consequently, it opens the door for treating a broad array

of intractable diseases and conditions with inflammatory

components, such as asthma, rheumatoid and osteoarthritis,

inflammatory bowel diseases, obesity, type 2 diabetes, and

sepsis.

The cholinergic vagal pathway appears to play an

important role in modulating inflammatory responses, as

evidenced by the observations that vagotomy increases

LPS-induced TNF-a serum levels and hepatic TNF-a
responses and that electrical stimulation of the vagus nerve

or treatment of vagotomized animals with ACh prevents

the increase in TNF-a release [66]. The primary cholinergic

target for these effects appears to be the alpha7 nicotinic

cholinergic receptor. The key role played by alpha7 nico-

tinic receptors in inflammatory processes is supported by

observations that nicotine exerts anti-inflammatory effects

on macrophages that can be counteracted by selective

alpha7 antagonists such as a-bungarotoxin (see Fig. 3)

[61, 66]. In addition, nicotine and alpha7 agonists such as

GTS-21 and CAP55 (see Fig. 4) are effective in models of

inflammation [67] and have been shown to inhibit local

leukocyte recruitment and decrease endothelial cell acti-

vation [68].

Acetylcholine and nicotine were shown to inhibit LPS-

induced TNF-a release in murine-derived microglial cells

[69] and to prevent the production of ROS in fibrillar

beta amyloid peptide (1-42)-stimulated microglia [70],

effects that were both attenuated by the alpha7 antagonist

a-bungarotoxin. The role of alpha7 nicotinic receptors in

cholinergic modulation of TNF-a in LPS-stimulated

macrophages has been confirmed using alpha7 knockout

models. For example, systemic reduction of TNF-a levels

by choline in endotoxin-treated mice was eliminated in

alpha7 knockout mice during endotoxemia [71]. Simi-

larly, vagus nerve stimulation does not inhibit TNF-a
release in alpha7 knockout mice [72]. Alpha7 agonists,

including nicotine and GTS-21, have also proven effec-

tive in reducing macrophage cytokine production and

inflammation in animal models of pancreatitis [73] and

peritonitis [74] and in experimentally induced ileus in

mice [75].

Fig. 1 Structure of alpha7

nicotinic receptors. Alpha7

nicotinic receptor subunit

proteins have an N-terminal

signal peptide and ligand-

binding domain, four

transmembrane domains

(TM1–4), and a regulatory

intracellular domain located

between TM3 and TM4 (left).
The alpha7 receptor subunits

assemble to form a

homopentameric structure with

a central ion pore that is

permeable to sodium and

calcium (right). Binding of ACh

or other nicotinic cholinergic

ligands to the interfaces

between adjacent subunit pairs

triggers conformational changes

that lead to channel opening and

ion flux
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Cytokines and alpha7-mediated anti-inflammatory

effects

Cells

A growing body of evidence indicates that cells other than

neurons throughout the body express nicotinic receptor

subtypes. These include lymphocytes, macrophages, den-

dritic cells, adipocytes, keratinocytes, endothelial cells, and

epithelial cells of the intestine and lung [76]. It has been

known for nearly 30 years that phagocytic cells express

nicotinic receptors [77], but this area has not been signif-

icantly explored until the last decade. Polymorphonuclear

leukocytes (PMN), which are comprised of neutrophils,

eosinophils, and basophils, have been shown to express

multiple nicotinic receptor subtypes, including a4b2 and

a3b4 [78]. Human lymphocytes contain functional alpha7

nicotinic receptors that modulate lymphocyte activation

[79], as do human macrophages [80]. Macrophages medi-

ate physiologic control of cytokine production by auto/

paracrine acetylcholine (ACh) through the nicotinic

receptors expressed in these cells. Stimulation of macro-

phages (U937 cell line) with LPS has been shown to

upregulate expression of a1, a4, a5, a7, a10, b1, and b3

subunits and downregulate a6 and b2 subunits [81].

However, these changes have not been confirmed for tissue

macrophages in vivo.

Distinct nicotinic receptor subtypes show differential

regulation of the production of pro- and anti-inflammatory

cytokines whereby inhibition of the expression of the

TNF-a gene is mediated predominantly by the a-bunga-

rotoxin-sensitive alpha7 receptors and that of the IL-6 and

IL-18 genes by other (mecamylamine-sensitive) receptor

subtypes [81]. Mecamylamine- and a-bungarotoxin-sensi-

tive receptors were found to regulate expression of the

IL-1b gene equally efficiently, but upregulation of IL-10

production by auto/paracrine ACh is mediated predomi-

nantly through alpha7 nicotinic receptors. Studies have also

shown that the alpha7 subtype is expressed on the surface

of CD4(?) T cells and that this expression is upregulated

upon immune activation [82]. Nicotine (2 mg kg-1 day-1),

administered by mini-pump for 9 days, was shown to

reduce T cell proliferation in response to an encephalito-

genic antigen as well as the production of Th1 (TNF-a and

IFN-c) and Th17 cytokines (IL-17, IL-17F, IL-21, and

IL-22), whereas cells from alpha7 knockout animals were

refractory to nicotine. Alpha7-selective compounds have

been shown to suppress the expression of a number of

different cytokines. For example, GTS-21 attenuates

TNF-a and IL-1b levels in human whole blood activated

by exposure to endotoxin and inhibits TNF-a production in

endotoxin-stimulated primary monocytes from human

blood in vitro at the transcriptional level [83]. Similarly,

activation of alpha7 receptors on cultured human mono-

cytes by nicotine’s main metabolite cotinine has been

shown to abrogate the production of cytokines that are

under the transcriptional control of the NF-jB system

(TNF-a, IL-1b, IL-6, IL-12/IL-23, p40) and shift the

response towards an IL-10-dominated anti-inflammatory

profile that is PI3K/GSK (glycogen synthase kinase)-3b-

dependent, but NF-jB -independent [84].

Tissues

Adipose

Based on a growing body of evidence it is now believed

that low-grade chronic inflammation is associated with the

onset of insulin resistance and type 2 diabetes [85]. This

chronic inflammation is in turn characterized by an

increased number of macrophages in adipose tissue toge-

ther with the production of inflammatory cytokines,

including TNF-a [86]. Increases in TNF-a and concomitant

insulin resistance of adipocytes can lead to a cascade of

Fig. 2 Alpha7 nicotinic receptors and the cholinergic anti-inflam-

matory pathway. Pathogens and other forms of injury activate

macrophages to produce proinflammatory cytokines. Activation of

cytokine production, which normally restores health, can cause

disease if the response is excessive. If necessary, balance can be

restored by efferent signals from the vagus nerve, which can inhibit

cytokine production by releasing acetylcholine (ACh), which can bind

to alpha7 nicotinic acetylcholine receptors on macrophages and

inhibit the production of proinflammatory cytokines
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Fig. 3 Structures of alpha7

nicotinic receptor antagonists.

Compounds considered to be

the most selective for the alpha7

nicotinic receptor subtype

include a-bungarotoxin and

methyllycaconitine (MLA).

Compounds considered to be

less selective for alpha7 versus

other nicotinic receptor

subtypes include

mecamylamine and

chlorisondamine

Fig. 4 Structures of alpha7

nicotinic receptor agonists that

demonstrate anti-inflammatory

effects. Compounds considered

to be the most selective for the

alpha7 nicotinic receptor

subtype include TC-7020, PNU-

282987, AR-R17779, CAP55,

GTS-21, DMAB, and PHA-

568487. Compounds considered

to be less selective for alpha7

versus other nicotinic receptor

subtypes include acetylcholine,

nicotine, cotinine, anabaseine,

and DMPP
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events including mitochondrial damage, increased lipoly-

sis, and redistribution of fatty acids to ectopic triglyceride

deposits [87, 88]. Previous studies suggest a direct link

between alpha7 nicotinic receptors and regulation of

TNF-a in adipocytes, whereby activation of alpha7 recep-

tors reduces TNF-a protein levels [89].

Brain

Regulation of cholinergic tone in the brain can influence

CNS inflammation. Acetylcholine receptors are expressed

by glial cells. In particular, microglial cells express the

alpha7 nicotinic receptor, and its activation attenuates the

proinflammatory response of microglial cultures, suggest-

ing that acetylcholine may control brain inflammation, in

analogy to what is demonstrated in peripheral tissues [90].

The acetylcholinesterase inhibitor rivastigmine has been

shown to reduce neuroinflammation in experimental auto-

immune encephalomyelitis (EAE) [91]. In these studies,

rivastigmine markedly ameliorated clinical symptoms of

EAE and reduced demyelination, microglia activation,

axonal damage, the reactivity of encephalitogenic T-cells,

and the production of proinflammatory cytokines (TNF-a,

IFN-c, and IL-17) without affecting IL-10 production.

These effects were abolished by alpha7 nicotinic acetyl-

choline receptor antagonists. Dietary supplementation with

the low-potency, but selective alpha7 nicotinic receptor

agonist choline following traumatic brain injury (TBI) in

rats resulted in improved spatial memory in the Morris

water maze test, significant cortical tissue sparing, reduced

brain inflammation, and normalization of some TBI-

induced deficits in receptor expression [92]. Nicotine has

been shown to block microglial activation and to reduce

TNF-a levels and dopaminergic cell loss following LPS-

induced inflammation, both in cell cultures (0.1–1.0 lM)

and in rat brain with chronic nicotine administration (5 mg

kg-1 day-1 i.p.; 4 weeks) [93]. These effects were blocked

by the alpha7-selective antagonist a-bungarotoxin. The

mechanism(s) of alpha7-mediated anti-inflammatory

effects in the brain are not entirely understood. However,

there is evidence that microglial alpha7 receptors drive a

signaling process involving the activation of phospholipase

C and calcium release from intracellular stores rather than

function as conventional ion channels, resulting in a shift

of microglial function from proinflammatory to neuropro-

tective [94].

Joints

Neuroimmune interactions are known to influence several

chronic inflammatory and rheumatic diseases, but the

underlying mechanisms have been insufficiently eluci-

dated. The expression and localization of alpha7 nicotinic

receptors in synovial biopsies from patients with rheuma-

toid arthritis (RA) and psoriatic arthritis have been

investigated [95]. Using alpha7-specific antibodies, alpha7-

positive cells were detected mainly in synovial lining cells

and vessels and were identified as primarily macrophages

and fibroblasts, with the majority of these cells expressing

the receptor. Alpha7 was also identified at both the mRNA

and protein level in cultured fibroblast-like synoviocytes,

and the alpha7 agonists nicotine and AR-R17779 reduced

TNF-a, IL-6, and IL-8 production by synoviocytes. In other

studies, acetylcholine significantly reduced the production

of IL-6, the chemokines IL-8, CCL2, CCL3, CCL5, and

GM-CSF by IL-1-stimulated synoviocytes, and these

effects were blocked by the alpha7 antagonist MLA

(methyllycaconitine) or by using alpha7 siRNA to knock

down receptor expression [96]. The selective alpha7 ago-

nist PNU-282987 also decreased the production of IL-6 by

IL-1-stimulated synoviocytes.

Lung

Expression of alpha7 nicotinic subunits by epithelial and

endothelial cells in the lung has been reported, including

primary cultures of human bronchial cultured epithelial

cells that have been shown to express alpha7 mRNA and

a-bungarotoxin binding that is indicative of receptor

expression [97]. Functional nicotinic receptors are also

expressed on eosinophils and the nicotinic agonist DMPP

(dimethylphenylpiperazinium) has been shown to down-

regulate eosinophil function in vitro [98]. Based on studies

using the alpha7 antagonists MLA and a-bungarotoxin or

alpha7 knockout mice, the alpha7 nicotinic receptor

appears to be a key regulator of the plasticity of the human

airway epithelium by controlling basal cell proliferation

and differentiation pathways and is involved in airway

remodeling during bronchopulmonary diseases [99]. In

studies of endotoxin- and live Escherichia coli-induced

acute lung injury (ALI) in mice, alpha7-containing alveolar

macrophages and neutrophils were present in bronchoal-

veolar lavage and injured lungs [100]. Administration of

the selective alpha7 agonists dimethylaminobenzaldehyde

(DMAB), PNU-282987, and PHA-568487 reduced bron-

choalveolar lavage macrophage inflammatory protein

(MIP-2) production and transalveolar neutrophil migration

and reduced mortality. In addition, alpha7 (-/-) mice

developed severe lung injury and had higher mortality

compared with alpha7 (?/?) mice. In similar studies, the

selective alpha7 receptor agonist GTS-21 was shown to

dose-dependently inhibit LPS-induced TNF-a release by

MH-S mouse alveolar macrophages in vitro [101]. Intra-

nasal administration of GTS-21 also dose-dependently

inhibited TNF-a release into the lung compartment after

intrapulmonary delivery of LPS.
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Placenta

Previous studies have demonstrated the production of

numerous cytokines by the placenta ex vivo following LPS

stimulation and anti-inflammatory effects of glucocorti-

coids on placental cell inflammatory responses from

cultured normal and preeclampsia placental explants [102].

Using this model system, it has been shown that cholin-

ergic agonists, including nicotine, exert anti-inflammatory

effects on placental inflammatory responses by signifi-

cantly suppressing placenta cytokine production following

stimulation [67]. Treatment of the placental explants with

nicotine (100 lM) and the alpha7-selective agonists GTS-

21 and CAP55 significantly reduced LPS-induced TNF-a
production over a wide range of LPS concentrations and

significantly reduced LPS-induced IL-6, IL-1b, and IL-8

production by placental cells. With the use of the nicotinic

antagonist mecamylamine, it was further demonstrated in

these studies that the anti-inflammatory effects of nicotine

and other cholinergic agonists are in part mediated through

a nicotinic receptor-mediated pathway. This is consistent

with previous studies reporting alpha7 nicotinic receptor

expression by the human placenta [103, 104]. It has also

been reported that alpha7 protein expression was signifi-

cantly increased in placentas obtained from severe

preeclampsia patients [103]. Thus, the modulation of

alpha7 expression within the placenta and the function of

this receptor with respect to acetylcholine suggest poten-

tially important placental signaling pathways underlying

the effects of nicotine and other cholinergic agonists in

placental inflammatory responses.

Skin

The cholinergic system is involved in basic functions of the

skin through autocrine, paracrine, and endocrine mecha-

nisms, such as keratinocyte proliferation, differentiation,

adhesion and migration; epidermal barrier formation; pig-

ment, sweat, and sebum production; blood circulation;

angiogenesis; and a variety of immune reactions [105].

ACh is produced in keratinocytes, endothelial cells, and

most notably in immune competent cells invading the skin

at sites of inflammation. Alpha7 receptor activity in skin

also appears to be under endogenous regulation by secreted

lymphocyte antigen-6/urokinase-type plasminogen activa-

tor receptor-related protein-1 (SLURP-1), a secreted

protein that shows structural similarity to the alpha7

receptor antagonist snake venom toxin a-bungarotoxin

[106]. It is localized to human skin, exocervix, gums,

stomach, and esophagus and has been implicated in

maintaining the physiological and structural integrity of the

keratinocyte layers of the skin. The SLURP-1 protein has

also been identified in several biological fluids such as

sweat, saliva, tears, and urine from normal volunteers

[107]. SLURP-1 significantly increases both ACh potency

and efficacy via the alpha7 nicotinic receptor, acts as a

positive allosteric modulator of alpha7, and is postulated to

be involved in regulating TNF-a release from keratinocytes

and macrophages via alpha7 nicotinic receptor-mediated

pathways [108]. This raises the intriguing possibility that,

in addition to acetylcholine, endogenous peptides may

actively modulate the alpha7 cholinergic cascade.

Alpha7 nicotinic receptors as therapeutic targets

in inflammation

Since the overproduction of TNF-a and other cytokines is

associated with the pathophysiology of numerous diseases,

controlling cytokine synthesis and release is critical for

preventing unrestrained inflammation and maintaining

health. In this regard, alpha7 nicotinic receptors appear to

play a major role and may thus represent potential thera-

peutic targets for many diseases that have a strong

inflammatory component.

Diabetes

A key factor that underlies the development of diabetes is a

characteristic systemic inflammation, marked by increases

in the venous blood concentrations of C-reactive protein,

IL-6, and TNF-a [109]. TNF-a has been shown not only to

evoke the production of other inflammatory cytokines but

also to increase the activities of signaling pathways that are

believed to lead to insulin resistance [110]. It has been

shown that a prototypical selective alpha7 agonist (TC-

7020) can reduce the proinflammatory cytokine TNF-a,

reduce elevated glucose levels, decrease glycated hemo-

globin, reduce triglycerides, and reduce food intake and

weight gain in a murine model of type 2 diabetes [111].

These effects were reversed by the alpha7 antagonist MLA.

Furthermore, the JAK2 kinase-specific inhibitor AG-490

also inhibited TC-7020-induced weight loss, decreased

food intake, and reduced glucose levels. These findings

suggest that alpha7-selective drugs could have broad

effects on food intake and weight gain as well as on

normalization of insulin resistance and decreased inflam-

matory effects, opening up the possibility to treat not only

diabetes but also metabolic syndrome.

Asthma

The nonneuronal cholinergic system is known to be present

in airway inflammatory cells, where acetylcholine is

predominantly proinflammatory for lymphocytes and epi-

thelial cells, anti-inflammatory for mast cells and
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macrophages, both pro- and anti-inflammatory for mono-

cytes, and variable in neutrophils and eosinophils [112].

The activity of this system in the lungs may underlie epi-

demiological evidence suggesting that smokers are less

likely to develop some inflammatory and allergic diseases

[113]. Alpha7 nicotinic receptors may be implicated since

the expression of alpha7 on T lymphocytes from children

with asthma is higher than that from normal controls [114].

Alpha7 activity appears to influence the balance of Th1/

Th2 cells and may thus play an important role in the

development of asthma.

In the rat mast/basophil cell line RBL-2H3, low nano-

molar concentrations of nicotine inhibit several parameters

of allergic asthma, including the production of Th2 cyto-

kines (TNF-a and IL-1) and the cysteinyl leukotriene LTC4

[115]. Cysteinyl leukotrienes are primarily produced by

mast cells, and these cells play a central role in allergic

asthma. The mechanism by which nicotine modulates mast

cell activation appears to be unrelated to the effects of

nicotine on intracellular free calcium concentration but is

causally associated with inhibition of cytosolic phospholi-

pase A2 activity and the PI3K/ERK/NF-jB pathway,

including phosphorylation of Akt and ERK and nuclear

translocation of NF-jB [115]. In these studies the sup-

pressive effect of nicotine on the late-phase response was

blocked by the alpha7 antagonists MLA and a-bungaro-

toxin, implicating the direct involvement of alpha7

receptors.

In studies with epithelial cells from cystic fibrosis lung

that show increased production of proinflammatory medi-

ators such as the neutrophil chemokine IL-8, nicotine

(10 lM) inhibited Toll-like receptor (TLR2 and TLR4)-

induced IL-8 production [116]. Based on studies using

alpha7 antagonists or alpha7 knockout mice, the alpha7

nicotinic receptor appears to be a key regulator of the

plasticity of the human airway epithelium by controlling

basal cell proliferation and differentiation pathways and is

involved in airway remodeling during bronchopulmonary

diseases [99]. Alpha7 knockout mice develop severe lung

injury and have higher mortality, and administration of

alpha7 agonists such as DMAB, PNU-282987, and PHA-

568487 reduces macrophage inflammatory protein pro-

duction and transalveolar neutrophil migration and reduces

mortality [100]. The selective alpha7 receptor agonist

GTS-21 was shown to dose-dependently inhibit LPS-

induced TNF-a release by mouse alveolar macrophages in

vitro and to inhibit TNF-a release into the lung compart-

ment after intrapulmonary delivery of LPS in mice [101].

Mouse tracheal smooth muscle and epithelium are positive

for alpha7 subunits and the nicotinic agonist DMPP indu-

ces a dose-dependent relaxation of tracheal smooth

muscles precontracted with methacholine [117]. These

results suggest that the smooth muscle-relaxing effect of

nicotinic agonists could have some utility in the treatment

of asthma. Modulation of key inflammatory pathways by

alpha7-selective agonists has the potential to further alle-

viate asthmatic symptoms.

Arthritis

The cholinergic anti-inflammatory pathway plays a central

role in the etiology of arthritis. This has been confirmed in

numerous animal models. An anti-inflammatory role in

arthritis was suggested by studies that showed an anti-

inflammatory effect of cholinergic stimulation, both by

vagal nerve stimulation and cholinergic agonists, on car-

rageenan-induced paw inflammation [68]. It has also been

shown that vagal nerve stimulation can suppress the

development of collagen-induced arthritis in rats [118].

The reduction of inflammation observed may be attribut-

able to downregulation of cytokine production by the

reticuloendothelial system. In mice that were subjected to

unilateral cervical vagotomy and induction of arthritis with

type II collagen, clinical arthritis was exacerbated by

vagotomy and ameliorated by nicotine administration

(0.4 mg/kg p.o.) [119]. Moreover, nicotine inhibited bone

degradation and reduced TNF-a expression in synovial

tissue, and the specific alpha7 agonist AR-R17779

ameliorated clinical arthritis and reduced synovial inflam-

mation. This was accompanied by a reduction of TNF-a
levels in both plasma and synovial tissue. The effect of

AR-R17779 was more potent compared with that of nico-

tine and was associated with delayed onset of the disease

as well as with protection against joint destruction.

AR-R17779 poorly crosses the blood–brain barrier, sug-

gesting that the anti-inflammatory effects of this agonist are

probably due to the stimulation of peripheral alpha7

receptors. In studies with alpha7 knockout mice, a signifi-

cant increase in the incidence and severity of collagen-

induced arthritis as well as increased synovial inflammation

and joint destruction were seen [120]. Exacerbation of

the arthritis was associated with elevated systemic proin-

flammatory cytokines and enhanced T-helper cell 1

(Th1)-cytokine and TNF-a production by spleen cells.

These kinds of data provide evidence for a role of the

cholinergic anti-inflammatory pathway in rheumatoid

arthritis and implicate specific alpha7 cholinergic modula-

tion as a potential anti-inflammatory therapeutic strategy in

joint inflammation.

Cystic fibrosis

Activation of TLR2 by airway pathogens and subsequent

infiltration of airway epithelial cells by neutrophils is one

part of the epithelial cell injury that occurs in cystic fibrosis

(CF) [47]. It has also been reported that a TLR2 ligand
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(PAM3), expressed by a diversity of bacteria that cause

infections in patients with CF, increases IL-8 production by

airway epithelial cells that harbor the mutation found in CF

[116]. This production of IL-8 by tracheal epithelial cells

(CFTE29o- line) was inhibited in a dose-dependent way by

exposure to nicotine (10 lM), and this effect was reversed

by the alpha7 nicotinic receptor antagonist, a-bungaro-

toxin. These findings suggest that an alpha7 nicotinic

receptor agonist could help prevent recurrent bacterial

infections that occur in patients with CF.

Parkinson’s disease

Numerous studies have provided evidence suggesting that

neuroinflammation plays an important role in the patho-

genesis of PD [121]. It has long been known that increased

levels of cytokines such as TNF-a, IL-1b, and interferon-c
are present in the substantia nigra of PD patients [122], and

PET studies using radiotracers for activated microglia have

confirmed that microglial activation occurs in patients with

early PD and is closely linked to the degree of dopaminergic

neuronal loss [123]. Other studies suggest that the detri-

mental effects of microglial activation may be compounded

by dysfunction of the blood–brain barrier, combined with

infiltration of peripheral immune cells, contributing further

to the degeneration of dopamine neurons [124]. More

recently, it has been proposed that neuromelanin may play a

role in propagating neuroinflammation in PD, based on

observations that human neuromelanin induced positive

chemotactic effects in microglial cell cultures, activated the

proinflammatory transcription factor nuclear factor NF-jB

via phosphorylation and degradation of the inhibitor protein

IjB, and led to an upregulation of TNF-a, IL-6, and NO

[125]. Neuromelanin has also been shown to induce neur-

oinflammation and neurodegeneration in the rat substantia

nigra in vivo [126]. Epidemiological studies have reported

that smoking is associated with a lower incidence of Par-

kinson’s disease (PD), leading to theories that smoking in

general and nicotine in particular might be neuroprotective

[127]. Consistent with these theories, it has been demon-

strated that nicotine has a neuroprotective effect on

dopaminergic neurons via an anti-inflammatory mechanism

mediated by the modulation of microglial activation [93]. In

these studies nicotine pretreatment (0.1–1.0 lM) decreased

microglial activation, with significant reduction of LPS-

induced TNF-a release, and significantly decreased the loss

of tyrosine hydroxylase immuno-positive cells in co-cul-

tures of microglia and mesencephalic neurons. Similar

effects were observed in rats chronically (4 weeks) pre-

treated with nicotine (5 mg kg-1 day-1 i.p.). All of these

effects were blocked by the alpha7 nicotinic receptor

antagonist a-bungarotoxin, confirming the important role

played by alpha7 receptors.

Psoriatic arthritis and psoriasis

In patients with psoriatic arthritis, synovial tissue was

studied using immunohistochemical analyses. Perivascular

expression of the alpha7 nicotinic receptor was detected in

the majority of patients, underscoring a potential role for

alpha7 receptors and the cholinergic inflammatory pathway

in proliferation of endothelial cells in the inflamed syno-

vium of these patients [128]. As in rheumatoid arthritis,

these findings suggest that alpha7 receptor modulation

could add to the armamentarium of biologic agents (e.g.,

etanercept) that are effective in controlling psoriatic lesions

[54].

Sepsis

Severe sepsis is a major cause of mortality in developed

nations. Drug discovery efforts for conditions associated

with sepsis have focused a great deal of energy on targeting

TNF-a. Vagal nerve stimulation can reduce excessive

inflammation and acute reaction to sepsis by inhibiting

TNF-a synthesis, attenuating peak serum TNF-a levels, and

preventing the development of shock. Conversely, vagot-

omy significantly increases the levels of serum TNF-a
[129]. However, since sepsis is characterized by the

widespread production of multiple proinflammatory cyto-

kines, including TNF-a, INF-c, IL-1b, HMGB1, and IL-12

[130], it has been hypothesized that inhibition of several or

all proinflammatory mediators may be required to treat the

condition successfully. For example, it is recognized that

HMGB1, a late mediator of sepsis in the disease process,

can be inhibited by nicotine [131]. Nicotine attenuates

HMGB1 release from stimulated RAW264.7 macrophages

in vitro (1 lM) and reduces serum HMGB1 levels in

experimental sepsis in vivo (0.4 mg/kg i.p.) [132]. The

reduced HMGB1 levels in sepsis correlate with increased

survival. Splenectomy also inactivates the cholinergic anti-

inflammatory pathway, demonstrating the involvement of

the RES [133].

Anti-inflammatory effects of various agonists for alpha7

nicotinic receptors in experimental sepsis have been widely

reported. Experimentally induced systemic inflammation

using endotoxin in healthy human volunteers can be

reduced by pretreatment with nicotine (7 mg patch), as

judged by a lowered febrile response and increased circu-

lating levels of IL-10 [134]. Pretreatment of cultured

human monocytes with cotinine, a stable metabolite of

nicotine, shifts the inflammatory response to LPS to an

IL-10-dominated anti-inflammatory profile that is initiated

by engagement of the monocytic alpha7 nicotinic receptors

[84]. GTS-21, a selective alpha7 agonist, significantly

inhibits serum HMGB1 levels in murine cecal ligation-and-

puncture (CLP) mice and improves survival. Also, GTS-21
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strongly inhibits LPS-induced TNF-a release into the per-

itoneal cavity and attenuates the influx of neutrophils into

peritoneal fluid upon administration of LPS, and it is

independent of its effect on TNF-a release. Choline is a

precursor in the biosynthesis of acetylcholine and a selec-

tive natural alpha7 nicotinic receptor agonist. In a murine

model of sepsis, choline suppressed TNF-a release from

LPS-activated macrophages through inhibition of NF-jB

activation, reduced systemic TNF-a levels during endo-

toxemia through an alpha7-mediated mechanism, and

suppressed HMGB1 release [71]. These effects were not

seen in alpha7 knockout mice.

The LPS-stimulated increase in systemic TNF-a pro-

duction is eliminated in splenectomized animals but,

interestingly, nicotine (0.4 mg/kg i.p.) decreases the sur-

vival of splenectomized animals with sepsis and bacterial

clearance in septic peritonitis [133]. Thus, alpha7 nicotinic

receptor activation may have a detrimental effect on host

defense against bacteria in septic animals. Pretreatment of

mice with nicotine (100 lg/mL p.o.) during septic perito-

nitis results in a reduction of local and systemic

inflammation, but increased lethality due to a decrease in

bacterial clearance [74]. Because it is likely that host

defense in septic peritonitis is a balance between proin-

flammatory pathways to eliminate bacteria and anti-

inflammatory pathways to prevent systemic inflammation,

any imbalance might be harmful. Consistent with this,

alpha7 knock-out mice display an accelerated bacterial

clearance, reduced numbers of infiltrating neutrophils, and

lower circulating cytokine levels as compared with wild-

type mice.

Studies have suggested that the inflammatory response

in sepsis can also be controlled by activation of the CNS

cholinergic system. For example, intravenously adminis-

tered oxytocin can reduce the neuroendocrine and

cytokine response to bacterial LPS by increasing the

excitability of central vagal neurons [135]. Similarly,

intravenous administration of the orexigenic hormone

ghrelin markedly reduces TNF-a and IL-6 levels in sepsis

through central activation of the vagus nerve [136].

Cholinesterase inhibitors can also control the inflamma-

tory response in experimental sepsis, presumably by

increasing and prolonging acetylcholine release through

an inhibitory effect on acetylcholinesterase. Choline-

sterase inhibition significantly improves survival if

administered immediately after induction of sepsis, but no

reduction in mortality is achieved when treatment is

delayed [137].

Ulcerative colitis

One of the earliest noted effects of nicotine on a peripheral

tissue was in inflammation of the intestine. Early reports

discussed patients with ulcerative colitis who upon cessa-

tion of smoking experienced more severe disease

progression, which was ameliorated by returning to

smoking [138]. The reduced incidence of ulcerative colitis

among smokers suggests that nicotine may modulate the

immune response that leads to this inflammatory bowel

disease and that nicotinic receptors may be therapeutic

targets for inflammatory diseases [139, 140]. However, the

cellular and molecular mechanisms involved in the effects

of nicotine are not well understood. In peripheral blood

mononuclear cells from ulcerative colitis patients who

were challenged with LPS or phytohemagglutinin (PHA),

nicotine (1–100 lg/mL) reduced LPS and PHA-stimulated

production of IL-1b, IL-10, TGF-b, and TNF-a [141],

suggesting direct effects on cytokine production and/or

release. Attempts to treat ulcerative colitis with nicotine or

other nicotinic ligands have produced conflicting results

[139, 140].

Ulcerative colitis is characterized by increases in pro-

inflammatory cytokines, tissue damage, and loss of neurons

in the inflamed mucosa. The vagus nerve has been shown

to produce a tonic efferent cholinergic anti-inflammatory

effect in acute experimental colitis and chronic colitis [142,

143]. Colitis induced by dextran sodium sulfate (DSS) is

more severe in vagotomized mice compared with sham-

operated mice [143]. Acetylcholinesterase inhibitors have

been shown to effectively modulate the acute colonic

inflammation associated with dinitrobenzene sulfonic

acid (DNBS)-induced colitis [144], presumably by

increasing cholinergic tone in the colon. The observation

that cholinergic agonists can inhibit colonic inflammatory

responses suggests that the cholinergic inflammatory

pathway may be compromised. For example, nicotine

(20 g/mL p.o.) decreases the levels of proinflammatory

mediators in colonic mucosa during experimental colitis

[142]. In a TNBS mouse model of colitis, animals treated

with anabaseine, an alpha7 nicotinic cholinergic agonist,

showed less tissue damage, less myeloperoxidase activity,

less TNF-a production in the colon, and inhibition of NF-

jB activation in mononuclear cells, compared to untreated

mice with colitis [145]. By comparison, mice with colitis

treated with the nicotinic antagonist chlorisondamine

showed the worst tissue damage, the highest myeloperox-

idase activity, the highest TNF-a levels, and increased

NF-jB activation in mononuclear cells.

Clinical and experimental evidence indicates that

intestinal inflammatory conditions can be exacerbated by

behavioral conditions such as depression. Experimental

conditions that induce depressive-like behaviors in mice

have been shown to increase susceptibility to intestinal

inflammation by interfering with the tonic vagal inhibition

of proinflammatory macrophages [146]. These effects of

depression can be attenuated by choline, a specific alpha7

Alpha7 nicotinic receptors and inflammation 943



agonist [146]. In other studies experimental colitis was

aggravated in nicotinic receptor a5 subunit deficient mice,

suggesting that not only alpha7 nicotinic receptors but also

other subunits may participate in the vagus modulation of

colitis [147].

Mechanisms of alpha7-mediated anti-inflammatory

effects

As our understanding of the tissues involved in the cho-

linergic anti-inflammatory pathway from the CNS to the

reticuloendothelial system has unfolded, advances have

also been made in understanding the molecular mecha-

nisms involved. For example, the neuroprotective effects

of nicotine and alpha7-selective ligands can be traced to

alpha7 activation and transduction of signals to PI-3-K

(phosphatidylinositol 3-kinase) and AKT (protein kinase

B) via JAK2 [148], all of which participate in a key cell

survival pathway (see Fig. 5). Immunoprecipitation

experiments indicate that the alpha7 receptor and JAK2

interact directly [148]. Additional studies have examined

the effects of nicotine on LPS-treated and control peri-

toneal macrophages and found that nicotine treatment

(100 nM) leads to phosphorylation of STAT3 [75],

another key component of the cellular antiapoptotic cas-

cade. This nicotine-mediated phosphorylation is inhibited

by the alpha7-selective antagonists, a-bungarotoxin and

MLA, as well as by AG490, a selective inhibitor of JAK2

phosphorylation. Immunoprecipitation studies support

previous findings showing that nicotine exposure recruits

JAK2 and leads to an increased association between the

kinase and alpha7 receptors [148]. Studies examining

mice whose macrophages are deficient in STAT3 (LysM-

Stat3fl/-) found that vagus nerve stimulation does not

reduce peritoneal cytokine levels or intestinal inflamma-

tion as it does in control animals [75]. These data support

the interaction of JAK2 and alpha7 and the critical role of

STAT3 in the cholinergic anti-inflammatory pathway.

LPS-stimulated release of TNF-a and the neutrophil

chemoattractant macrophage inflammatory proteins MIP-

1a and MIP-1b from human macrophages are inhibited by

low concentrations of nicotine (10 nM) and the mRNA

levels of these inflammatory mediators are also modulated

[149]. Therefore, cholinergic anti-inflammatory regulation

occurs upstream of transcription. Nicotine also inhibits

LPS-stimulated IjB phosphorylation, thereby preventing

NF-jB activation, which is necessary for gene transcrip-

tion of proinflammatory mediators [149].

A role of a4b2 nicotinic receptors in inflammatory

processes is also emerging. For example, the a4b2-selec-

tive ligand (E)-metanicotine inhibits IL-8 and TNF-a
production in human macrophages and in cells of the

inflamed mucosa [150]. Conversely, proinflammatory

cytokines can shift the subunit assembly of neuronal nic-

otinic receptors, as evidenced by the impact of IL-1b and

TNF-a on assembly of receptors from subunit mixtures of

a4, b2, and b4 transiently transfected into HEK-293 cells

[151]. In control transfections, approximately 55% of a4

associated preferentially with b4, but less than 15% com-

plexed with b2 and the remainder was associated with both

beta subunits. These relative ratios were modified by

IL-1b, which strongly enhanced a4/b2 association and

decreased a4/b4 association, and by TNF-a, which pro-

moted mixed a4/b2/b4 interactions. These results show

that the emerging rules governing assembly of nicotinic

receptors are subject to modification by the proinflamma-

tory cytokine environment, suggesting bidirectional

regulation of cytokines and nicotinic receptor expres-

sion. In addition, recent studies have implicated distinct

participation of a4b2 and alpha7 in the regulation of

B-lymphocyte development and activation and have sug-

gested that the CD40 pathway contributes to these effects

[152]. These studies support a potential role for both a4b2

and alpha7 nicotinic receptors in the regulation of inflam-

matory/immune processes.

Fig. 5 Relationship of alpha7 nicotinic receptors and anti-inflamma-

tory pathways. Schematic showing alpha7 nicotinic receptor-

mediated activation of JAK2 and cross-talk mechanisms between

alpha7 receptors and b-amyloid-activated pathways. Alpha7-medi-

ated neuroprotection via the JAK2 pathway intersects with the

anti-inflammatory pathway mediated through STAT3/NF-jB. ACh
Acetylcholine, Akt protein kinase B, Bcl-2 B cell lymphoma 2 protein,

GSK-3b glycogen synthase kinase 3 beta, IjB inhibitor kappa B,

JAK2 Janus kinase 2, mTOR mammalian target of rapamycin, NF-jB
nuclear factor kappa B and transcription factor complex, STAT signal

transducer and activator of transcription, PARP poly (ADP-ribose)

polymerase, Thy thymocyte
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Future directions

Our understanding of the cholinergic anti-inflammatory

pathway and its role in mitigating inflammation and disease

continues to grow, and it is clear that alpha7 and other

nicotinic receptor subtypes play a prominent role. How-

ever, disparate and sometimes conflicting reports as to the

mechanisms of nicotinic cholinergic mediation of anti-

inflammatory effects need to be reconciled before a com-

plete understanding can be achieved. For example,

exposure to nicotine has been reported to activate the

nuclear factor of activated T cells transcription factor in

lymphocytes and endothelial cells, resulting in alterations

in cell growth and vascular endothelial growth factor pro-

duction [153]. Additional studies suggest that nicotine

stimulates COX-2 expression via the activation of NF-jB

and subsequent release of proinflammatory mediators, such

as prostaglandin E2 (PGE2), IL-1b, IL-6, nitric oxide, and

TNF-a in human gingival fibroblasts [154, 155]. On the

other hand, there are numerous reports that nicotine inhibits

LPS-stimulated phosphorylation of the cytoplasmic inhib-

itory protein I-jB, thereby preventing NF-jB activation,

which is necessary for gene transcription of proinflamma-

tory mediators. For example, low-dose nicotine causes

inhibition of TNF-a, PGE2, and MIP-1alpha production in

lipopolysaccharide (LPS)-activated cultured human

monocytes, and these suppressive effects appear to occur at

the transcriptional level through alpha7 nicotinic receptor-

mediated suppression of the phosphorylation of I-jB, and

inhibition of the transcriptional activity of NF-jB [149].

Furthermore, anti-inflammatory effects mediated by alpha7

nicotinic receptors can be synergistic with other signaling

systems such as steroids and are mediated through reduc-

tion of nuclear translocation of p65 to suppress cytokine

expression [156]. Nicotine has also been shown to have

paradoxical effects that might alternatively enforce sur-

vival or trigger apoptosis, suggesting that depending on

timing and context, nicotine might act either as a survival

factor or as an inducer of apoptosis in normal or trans-

formed lymphocytes, and possibly other nonneuronal cells

[153]. Similar paradoxical effects have been reported for

other targets involved in inflammation. Extracellular sig-

nal-regulated kinase 1/2 (ERK1/2), one of the most

characterized members of the MAPK family, mediates a

range of activities from inflammation to cell death and

survival. It has been argued that ERK1/2 activity generated

by endogenous inflammatory factors may have detrimental

effects, whereas ERK1/2 activity produced by exogenous

signals (e.g., growth factors) favors neuroprotection [157].

Many of the apparently discordant findings noted above

appear to have in common the use of nicotine as a probe of

the cholinergic anti-inflammatory pathway. Because nico-

tine possesses relatively low selectivity for various

nicotinic receptor subtypes, most if not all of the conflict-

ing results may simply be due to nicotine’s interactions

with multiple receptor subtypes, thus confounding the

contribution of alpha7. To resolve the mechanistic com-

plexity surrounding this area of research, it will therefore

be necessary to expand the development of new ligands

that are more selective than nicotine for the alpha7 target.

Indeed, for those novel alpha7-selective ligands that have

been tested to date, there appear to be consistent anti-

inflammatory effects [73, 83, 96, 101, 111]. It will also be

necessary to conduct in-depth mechanistic studies in vivo

in order to account for the cross-talk that naturally occurs

among the many cells and pathways involved. Unfortu-

nately, this presents a formidable challenge that will

require a concerted effort using both the established

armamentarium of methods as well as new techniques and

approaches. As a starting point it might be reasonable to

develop cytokine ‘‘fingerprints’’ for the inflammatory sig-

natures of the pathological conditions of interest. By also

including temporal information it might be possible to

distinguish early (innate immune) versus late (adaptive

immune) responses in the inflammatory cascade and how

they differentially interact with nicotinic receptor-mediated

effects on cellular pathways. Additional layers of infor-

mation that will need to be taken into account include

species, host, and cell-specific differences in the initiation

and propagation of the cytokine storm. All of this infor-

mation should further refine and enhance the development

of highly targeted therapeutic approaches for a variety of

inflammatory diseases and disorders.
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