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Nicotine drives neutrophil extracellular traps
formation and accelerates collagen-induced arthritis

Jaejoon Lee1,2,3,4,*, Ayala Luria1,3,4,*, Christopher Rhodes1,3,4, Harini Raghu1,3,4,
Nithya Lingampalli1,3,4, Orr Sharpe1,3,4, Balazs Rada5, Dong Hyun Sohn6,
William H. Robinson1,3,4 and Jeremy Sokolove1,3,4

Abstract

Objectives. The aim was to investigate the effects of nicotine on neutrophil extracellular traps (NETs)

formation in current and non-smokers and on a murine model of RA.

Methods. We compared spontaneous and phorbol 12-myristate 13-acetate-induced NETosis between

current and non-smokers by DNA release binding. Nicotine-induced NETosis from non-smokers was as-

sessed by DNA release binding, NET-specific (myeloperoxidase (MPO)�DNA complex) ELISA and real-

time fluorescence microscopy. We also used immunofluorescent staining to detect nicotinic acetylcholine

receptors (nAChRs) on neutrophils and performed a functional analysis to assess the role of nAChRs in

nicotine-induced NETosis. Finally, we investigated the effects of systemic nicotine exposure on arthritis

severity and NETosis in the CIA mouse model.

Results. Neutrophils derived from current smokers displayed elevated levels of spontaneous and phorbol

12-myristate 13-acetate-induced NETosis. Nicotine induced dose-dependent NETosis in ex vivo neutro-

phils from healthy non-smokers, and co-incubation with ACPA-immune complexes or TNF-a facilitated a

synergistic effect on NETosis. Real-time fluorescence microscopy revealed robust formation of NET-like

structures in nicotine-exposed neutrophils. Immunofluorescent staining demonstrated the presence of the

a7 subunit of the nAChR on neutrophils. Stimulation of neutrophils with an a7-specific nAChR agonist

induced NETosis, whereas pretreatment with an nAChR antagonist attenuated nicotine-induced NETosis.

Nicotine administration to mice with CIA exacerbated inflammatory arthritis, with higher plasma levels of

NET-associated MPO�DNA complex.

Conclusion. We demonstrate that nicotine is a potent inducer of NETosis, which may play an important

role in accelerating arthritis in the CIA model. This study generates awareness of and the mechanisms by

which nicotine-containing products, including e-cigarettes, may have deleterious effects on patients

with RA.
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Rheumatology key messages

. Current smokers have elevated levels of NETosis, and nicotine induces NETosis in healthy non-smokers.

. Nicotine exacerbates arthritis in a CIA model with elevated markers of NETosis.

. Use of nicotine-containing e-cigarettes can be harmful in individuals with or at risk for RA.
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Introduction

RA is often characterized by the development of highly

specific autoantibodies known as ACPAs [1]. Cigarette

smoking predisposes the HLA-DRB1-positive population

to develop ACPA-positive RA [2] and is also associated

with increased RA disease activity in the seropositive form

of RA [3�6]. Smoking may predispose to the generation of

citrullinated antigens by activating the peptidylarginine

deiminase enzyme in the lungs, gums or other sites of

inflammation, with subsequent development of ACPA

[7]. However, ACPAs may be detected up to a decade

before signs or symptoms of RA develop, and thus the

mechanism(s) mediating the transition from the asymp-

tomatic ACPA positivity to the development of clinical

RA remains incompletely understood [8, 9]. Furthermore,

although previous studies have demonstrated increased

titres of RA-associated autoantibodies among smokers

[10, 11], our recent report showed that disease activity

among former smokers is reduced compared with current

smokers, whereas ACPA titres in these two groups of in-

dividuals are comparable [12]. Thus, both lines of evi-

dence suggest that in addition to the production of

ACPAs, there may be other mechanisms by which smok-

ing initiates and drives RA disease activity.

Our recent report suggested that it is not the production

of ACPA itself, but rather the generation of local citrulli-

nated antigens (in the presence of circulating ACPA) that

initiates inflammatory arthritis [5]. Others have demon-

strated that neutrophil extracellular traps (NETs) formation

can produce citrullinated proteins that may serve as anti-

genic targets of the ACPA immune response [13�16].

Indeed, NETosis has been implicated in the pathogenesis

of RA, because accelerated NET formation [14] and

enhanced signalling elements associated with NETosis

have been observed in patients with RA compared with

healthy controls [17]. Based on these observations, we

hypothesized that nicotine, the most ubiquitous and pri-

mary addictive component of cigarette smoke, may con-

tribute to RA by inducing NETosis. The activation of

NETosis in the joints results in the generation of local

citrullinated antigens and, in the presence of circulating

ACPA, may trigger an inflammatory cascade, thus driving

the initiation and propagation of RA. In the present study,

we investigated the potential role of nicotine as an inducer

of NETosis and in accelerating inflammation in an animal

model of RA.

Methods

Sample collection and neutrophil isolation

Blood samples were obtained from otherwise healthy cur-

rent smokers (currently smoking 0.5�2 packs/day, with a

history of 8�40 pack-years) and non-smokers. The study,

including the protocol, was approved by the Institutional

Review Board at Stanford University. A signed consent

form was obtained from each patient (both smokers and

non-smokers). Neutrophils were isolated from fresh whole

blood or buffy coats using the dextran�Ficoll method as

previously described [18] or using the EasySep direct

human neutrophil isolation kit according to the manufac-

turer’s instructions (Stemcell Technologies, Vancouver,

Canada). Identical isolation methodology was used

within each experimental study to assure intra-assay

consistency.

Neutrophil activation and measurement of NETosis

Neutrophils isolated from current and non-smokers were

immediately resuspended in Roswell Park Memorial

Institute medium without phenol red, seeded into black,

flat-bottomed, 96-well plates (8� 104 cells/well), and incu-

bated with PBS or phorbol 12-myristate 13-acetate (PMA)

for 4�8 h in the presence 2 mM of SYTOX green (Invitrogen,

Carlsbad, CA, USA), a non-cell-permeant DNA-binding

dye, to measure spontaneous and PMA-induced

NETosis. The plates were analysed in a fluorescence

microplate reader at 485 nm (excitation)/520 nm (emis-

sion). Separately, neutrophils from healthy non-smokers

were incubated in multiple concentrations ranging from

1 to 20 mM of nicotine, and NETosis was measured as

described above. In parallel, supernatants were collected

from each well, and the levels of MPO�DNA complexes

were measured using a novel NET-specific ELISA [19].

Citrullinated H2B immune complexes were generated

in flat-bottomed, 96-well plates as previously described

[5]. Neutrophils in the presence of SYTOX green were

added to wells coated with citrullinated H2B immune

complexes or containing recombinant human TNF-a
(5 ng/ml; Peprotech, Rocky Hill, NJ, USA) for 30 min

before exposure to nicotine. All in vitro cell stimulations

were performed in triplicate and in at least two separate

experiments. For measurement of MPO�DNA complexes

in mouse plasma, a modified capture ELISA was performed.

Briefly, NET-associated MPO was captured on coated 96-

well plates from the mouse MPO ELISA kit (Abcam,

Cambridge, UK), after which the NET-associated DNA

backbone was labelled with the detection antibody of the

Cell Death Detection ELISAPLUS (Roche, Basel, Switzerland).

Immunofluorescence analysis of NETosis and
nicotinic acetylcholine receptors

To visualize the induction of NETosis in response to nico-

tine stimulation, we coated glass coverslips with human

neutrophils and simulated these neutrophils for 2�4 h with

PBS, nicotine (2.5 mM) or PMA (100 nM) in the presence of

SYTOX green, during which time-lapse images and videos

were recorded. For nicotinic acetylcholine receptor

(nAChR) staining, neutrophils were placed on chamber

slides and fixed with 4% paraformaldehyde in 1�PBS.

Blocking was performed with 1% BSA and 1% normal

goat serum. Slides were incubated with a-bungarotoxin

conjugated with Alexa Fluor 647� (Thermo Fisher

Scientific, Waltham, MA, USA) and a rabbit polyclonal

antibody against a7 nAChR (Abcam). All slides were

mounted with anti-fade gold containing 40,6-diamidino-2-

phenylindole (Promega, Madison, WI, USA) for visualiza-

tion of the nuclei. Slides were imaged with a Keyence BZ-

X700 digital microscope (Osaka, Japan).
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Functional analysis of nAChRs, which mediate
nicotine-induced NETosis

Neutrophils were simulated with the a7 nicotinic agonist

GTS-21 (0.8 mM; Sigma, St. Louis, MO, USA). In a separ-

ate set of experiments, neutrophils were pretreated for

30 min with a non-specific nAChR antagonist, mecamyla-

mine (MCA, 50 mM; Tocris, Bristol, UK), or an a-7 nAChR

antagonist, a-bungarotoxin (10mM; Sigma, St.Louis, MO,

USA), before stimulation with nicotine (5 mM).

Mice with CIA

All animal studies were performed in adherence to the

Guide for the Care and Use of Laboratory Animals and

under protocols approved by the Veterans Affairs Palo

Alto Institutional Animal Care and Use Committee.

Briefly, male DBA/1J mice (Jackson Laboratory, Bar

Harbor, ME, USA) were immunized intradermally in the

proximal tail with 100mg of bovine type II collagen emul-

sified in Freund’s complete adjuvant. Twenty-one days

after immunization, a booster injection was given. Each

limb was assigned a score of 0�4, with a maximal possible

score of 16 for each mouse. Paw thickness was deter-

mined by measuring the thickness of both hindpaws

with callipers and calculating the sum of the two meas-

urements. At the termination of the experiment, hindlimbs

from mice with autoimmune arthritis were fixed and dec-

alcified for 3 days before being paraffin embedded.

Histological assessment of arthritis severity was made

by two investigators who were blinded to treatment

status, based on a previously described scoring system,

as follows: 0 = normal; 1 = mild inflammation, mild hyper-

plasia of the synovial lining layer and mild cartilage de-

struction without bone erosion; 2�4 = increasing degrees

of inflammatory cell infiltrates, synovial lining hyperplasia

and pannus formation, and cartilage and bone destruction

[20]. The titre of anti-type II collagen antibodies was

measured as previously described [5].

Nicotine pump placement in mice

Under isoflurane anaesthesia and using sterile technique,

a small incision was made on the back, between and

slightly posterior to the scapulae, and an ALZET mini-os-

motic pump model 2006 (DURECT Corporation) was im-

planted s.c. Animals were monitored daily until the wound

clips were removed 10 days post-procedure. Nicotine

(15 mg/kg/day) was delivered to mice continuously at

0.15 ml/h from post-immunization day 19 for 42 days.

Vehicle control mice received identical pump implantation

and PBS infusion at 0.15ml/h for the same duration. In

order to estimate the nicotine exposure accurately in the

nicotine-treated mice, the concentration of cotinine, a

principal metabolite of nicotine with a substantially

longer half-life and the most widely used biomarker of

tobacco exposure, was measured at the termination of

the experiment using a Mouse/Rat Cotinine ELISA

kit (Calbiotech, El Cajon, CA, USA) according to the

manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using GraphPad

Prism (version 6.04; GraphPad, La Jolla, CA, USA).

Statistical comparisons between the groups were

analysed using a two-way analysis of variance test fol-

lowed by Bonferroni’s or Tukey’s post hoc test, or

Student’s unpaired t-test. A value of P< 0.05 was con-

sidered statistically significant.

Results

Analysis of NETosis in smokers vs non-smokers

Given the role of smoking in both the initiation and the

propagation of RA, we investigated the role of smoking

as a contributor to NETosis. To evaluate the effect of

smoking on NETosis in humans, we isolated neutrophils

from otherwise healthy smokers and non-smokers and

measured DNA fluorescence by SYTOX green. As

shown in Fig. 1, increased levels of DNA fluorescence

were detected in neutrophils derived from current smo-

kers, with or without PMA treatment, indicating an

enhanced level of spontaneous NETosis (Fig. 1A) as well

as agonist-induced NETosis (Fig. 1B).

Nicotine induces dose-dependent NETosis in ex vivo
human neutrophils

Given that the most ubiquitous and primary addictive com-

ponent of cigarette smoke is nicotine, we evaluated the

effect of nicotine as a stimulant of NETosis. Treatment of

neutrophils from healthy non-smokers with nicotine resulted

in an increase in SYTOX green staining against DNA in a

dose-dependent manner (Fig. 2A). To confirm that the in-

crease in SYTOX green (DNA) staining was attributable to

NETosis, we measured levels of NET-associated

MPO�DNA complexes using a novel NET-specific ELISA

[17, 19]. We observed an increase in MPO�DNA complexes

(Fig. 2B) that closely paralleled the increase in SYTOX green

florescence, confirming the ongoing NETosis. Moreover,

co-incubation of citrullinated H2B immune complexes with

nicotine facilitated a synergistic effect on NETosis (Fig. 2C).

Likewise, TNF-a exposure exerted a similar synergistic

effect on NETosis and significantly lowered the threshold

of nicotine concentration for induction of NETosis (Fig. 2D).

Immunofluorescent visualization and microscopic
kinetic analysis of NETosis

To validate and visualize the induction of NETosis in neu-

trophils from healthy non-smokers in response to nicotine

stimulation, real-time fluorescence video microscopy was

recorded during 4 h stimulation with nicotine in the pres-

ence of SYTOX green (see supplementary Video, available

at Rheumatology Online). We observed robust release of

DNA as well as formation of NET-like structures in both the

nicotine- and PMA-treated cells (Fig. 3A). Microscopic

time-course analysis revealed the characteristic pattern

of NET progression, starting at �60 min and lasting for a

duration of 60�120 min (Fig. 3B), including the following

stages: intact neutrophil; loss of nuclear permeability;

change in nuclear morphology; chromatin decondensation;
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nuclear expansion into cytoplasm, mixing nuclear, cyto-

plasmic and granular components; initial loss of plasma

membrane/NET release; and extrusion of DNA and nuclear

contents from cells. These findings indicate that the pro-

cess we observed differs from apoptosis, which is asso-

ciated with condensed nuclear DNA as opposed to

decondensed DNA, that we observed in these neutrophils

or necrosis, which is associated with a lack of programmed

nuclear decondensation and an early loss of plasma mem-

brane integrity. Notably, induction of necrosis by treatment

with 0.01% Triton X-100 resulted in rapid unprogrammed

cell death of a pattern characteristically distinct from that

observed in response to nicotine or PMA (data not shown).

Localization of nAChRs and functional analysis

We next examined whether nAChRs are present on neu-

trophils in healthy non-smokers by immunofluorescent

staining using Alexa Fluor-conjugated a-bungarotoxin.

Fig. 4A demonstrates a pattern of surface staining on

neutrophils, indicating the presence of nAChRs. In add-

ition, we validated the presence of nAChRs by staining

neutrophils with an anti-a7-specfic nAChR antibody.

Magnified images at higher resolutions confirmed the

co-localization of a-bungarotoxin and anti-a7-specfic

nAChR antibody staining on the plasma membrane of

these neutrophils (Fig. 4B). Notably, we did not detect

staining with anti-a3- or a4-nAChR antibodies (data not

shown).

To confirm that the nAChR pathway is engaged in nico-

tine-mediated NETosis, we performed functional studies

that involved pharmacological modulation of nicotinic

acetylcholine receptors. When neutrophils were

stimulated GTS-21, an a7-nAChR agonist, nicotine-

induced NETosis was observed (Fig. 4C). Alternatively,

pretreatment of neutrophils with MCA, a non-specific

nAChR antagonist, or a-bungarotoxin, an a-7 nAChR an-

tagonist, resulted in attenuation of nicotine-induced

NETosis (Fig. 4D). Interestingly, MCA was not able to at-

tenuate NETosis fully to the level of the unstimulated

group, suggesting that other pathways in addition to

nAChR may be engaged in the process of nicotine-

induced NETosis.

Effect of nicotine on CIA

The observation that nicotine can drive and/or prime

NETosis led us to study the systemic effect of nicotine

in the CIA mouse model of RA. CIA mice treated with

nicotine exhibited more severe arthritis, as measured by

clinical score and paw thickness, than mice treated with

vehicle (Fig. 5A and B). Histopathological examination re-

vealed more pronounced infiltration of inflammatory cells,

cartilage destruction, pannus formation and bony erosions

in the nicotine-treated mice (Fig. 5C and D). We observed

no significant difference in levels of anti-type II collagen

antibodies between treatment groups. However, the

levels of NET-associated MPO�DNA complexes were sig-

nificantly higher in the plasma of nicotine-treated mice

compared with vehicle-treated mice (Fig. 5E). Serum coti-

nine concentrations measured at the end of the experi-

ment were consistent with those observed in the blood of

light-to-moderate smokers [67.3 (17.9) and 3.61 (0.8)

ng/ml in nicotine- and vehicle-treated groups, respect-

ively; Fig. 5F). The measured concentration of cotinine in

the vehicle-treated mice is likely to be lower than the de-

tection limit of the assay. However, we cannot exclude a

possibility of low systemic exposure in this group as a

result of cohabitation with nicotine-treated mice.

FIG. 1 Effects of cigarette smoking on NETosis
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(A) Neutrophils derived from current smokers displayed an enhanced level of spontaneous NETosis compared with those

from non-smokers (n = 4 each). (B) Neutrophils derived from current smokers (n = 4) displayed an enhanced level of PMA-

induced NETosis compared with those from non-smokers (n = 5, *P < 0.05). Bars represent the mean (S.E.M.). PMA:

phorbol 12-myristate 13-acetate.
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Discussion

In this study, we demonstrate that neutrophils isolated

from current smokers display enhanced spontaneous

and induced NETosis compared with non-smokers, and

that nicotine induces dose-dependent NETosis in isolated

human neutrophils. The effect of nicotine on NETosis was

primed by ACPA ICs and TNF-a. Moreover, systemic

nicotine exposure exacerbated the severity of arthritis in

a murine model of RA. These observations, together with

findings from our previous studies [5], suggest that auto-

antigen generation in the setting of circulating autoanti-

body is crucial to facilitate joint inflammation and that

exposure to tobacco, and specifically to nicotine, may fa-

cilitate such antigen generation.

Our data provide evidence that nicotine may play a sig-

nificant role in propagating the production of autoantigens

by induction of NETosis and thus generating a robust

profile of citrullinated antigens. Indeed, NETosis requires

histone citrullination by the peptidylarginine deiminase 4

enzyme [21], and histone citrullination is ubiquitous to

sites of neutrophil influx and activation, including the syn-

ovial space in RA patients. Consistent with these obser-

vations, recent reports have suggested that citrullinated

products of NETosis may serve as antigenic targets of the

ACPA immune response [13�16]. Furthermore, we have

recently demonstrated that immunization with citrullinated

H2B immune complexes (a known product of NETosis)

can initiate inflammatory arthritis in a murine model of

RA, but only in the setting of low-grade joint inflammation

[5]. Additionally, it is possible that nicotine-induced

NETosis and protein citrullination may provide a nidus

not only for disease activity, but also for conversion of

preclinical autoimmunity to disease onset. Thus, abroga-

tion of these processes could ameliorate or even prevent

FIG. 2 Nicotine induces NETosis in neutrophils from healthy non-smokers
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(A) and (B) Nicotine induced NETosis in neutrophils in a dose-dependent manner as measured by the fluorescent intensity

of SYTOX green (A; **P < 0.0001 vs 1 mM nicotine) as well as by NET-specific MPO�DNA complex ELISA (B; **P <

0.0001 vs 0 mM nicotine). (C) Cit-H2B IC and nicotine have a synergistic effect on neutrophil NETosis (**P < 0.001 vs cit-

H2B IC or 1 mM nicotine). (D) TNF-a primes neutrophils to undergo NETosis at a lower concentration of nicotine (1 mM;

**P < 0.005 vs TNF-a or nicotine). Bars represent the mean (S.E.M.). Cit-H2B IC: citrullinated H2B immune complexes;

MPO-DNA: MPO�DNA complexes.

648 www.rheumatology.oxfordjournals.org

Jaejoon Lee et al.

Downloaded from https://academic.oup.com/rheumatology/article-abstract/56/4/644/2966326
by Stanford University Libraries user
on 14 February 2018

Deleted Text: -
Deleted Text: critical 
Deleted Text: PAD
Deleted Text: C
Deleted Text: cit-H2B
Deleted Text: low 


the onset of clinical arthritis in the serologically at-risk

population [22].

Notably, previous studies reported immunosuppressive

effects of nicotine on the immune system. For instance, T

cells carry nicotinic and muscarinic acetylcholine recep-

tors, through which nicotine may induce T cell anergy [23].

The nicotinic acetylcholine receptor is thought to be

involved in suppressing the inflammatory cytokine re-

sponse of alveolar macrophages [24], and acetylcholine

significantly attenuated the release of inflammatory cyto-

kines, including TNF-a, IL-1 and IL-6, but not anti-inflam-

matory IL-10 [25]. These immunosuppressive effects of

nicotine may be viewed as beneficial or may even be con-

sidered as a treatment opportunity for RA patients.

However, cautious interpretation is warranted because

the present study suggests that nicotine may contribute

to neutrophilic inflammation and, through the same im-

munosuppressive mechanisms described above, may

elevate the risk of RA by exposing predisposed popula-

tions to an increased risk of chronic infections, including

periodontitis and pulmonary inflammation [7].

Furthermore, nicotine has been shown to stimulate IL-8

production by neutrophils via nAChRs by generating per-

oxynitrite and subsequent NF-kB activation [26].

Cotinine, the major proximate metabolite of nicotine,

has been widely used as a biomarker of exposure to to-

bacco in both active and secondhand tobacco smoke

[27]. The serum cotinine concentration of an average US

smoker is 211 ng/ml [28]. The serum concentration of coti-

nine in nicotine-treated mice in our study was less than a

third of this value but was enough to potentiate the sever-

ity of arthritis, underscoring the importance of abstinence

from smoking. Furthermore, a longitudinal study of coti-

nine in long-term daily users of e-cigarettes showed that

cotinine concentrations were similar to those observed in

cigarette smokers [29]. Therefore, the results of the pre-

sent study raise public health safety concerns with regard

to the growing use of e-cigarettes, especially among

those with or at risk for RA.

Our observation that nicotine exacerbates CIA differs

from those reported in previous studies [30�33]. This dis-

crepancy may be explained by a markedly lower dosage

of nicotine administered to mice in the previous studies

and by the different methods of nicotine administration.

FIG. 3 Visualization of nicotine-induced NETosis using SYTOX green DNA staining
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Moreover, none of the previous studies measured serum

cotinine concentrations and compared these concentra-

tions with those found in average smokers. It is possible

that while nicotine may attenuate CIA through stimulating

nAChRs at lower concentrations, our data clearly suggest

that nicotine exerts deleterious effects on CIA within the

concentrations detected in current smokers. In accord-

ance with our results, cigarette smoke condensate,

FIG. 4 Identification of nicotinic acetylcholine receptors on neutrophils
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(A) Staining of human neutrophils with Alexa Fluor 647-labelled a-bungarotoxin and anti-a7-specfic nAchR antibody,

merged with nuclear stain DAPI(4’,6-diamidino-2-phenylindole)), shows a pattern of surface staining (scale bar: 50 mm).

(B) Magnified view of neutrophil stained with a-bungarotoxin and an anti-a7-specfic nAchR antibody, demonstrating co-

localization on the plasma membrane (scale bar: 10 mm). (C) Stimulation of neutrophils with an a7-nAChR agonist, GTS-

21 (0.8 mM), results in nicotine-induced NETosis (*P < 0.05, **P < 0.01). (D) Nicotine-induced NETosis is attenuated by

pretreating neutrophils with a non-specific nAChR antagonist (50mM) or an a7-specfic nAChR antagonist (10 mM) before

exposure to nicotine (*P < 0.05). Bars represent the mean (S.E.M.). nAChR: nicotinic acetylcholine receptor.
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which may have higher nicotine concentrations, has been

shown to augment CIA [34, 35].

The present study has several limitations. First, given

the fact that ACPA-negative RA patients are likely to

have a disease of divergent pathophysiology from those

with ACPA-positive RA, the effect of nicotine cannot be

applied to the ACPA-negative population. Second, we

examined NETosis primarily in healthy neutrophils, rather

FIG. 5 Nicotine administration exacerbates arthritis in the CIA mouse model (n = 12 mice per group)
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(A) and (B) Significantly increased severity of arthritis is observed in CIA mice treated with nicotine compared with

vehicle-treated controls (*P < 0.05, **P < 0.01 and ***P < 0.001). (C) Representative images of haematoxylin- and eosin-

stained sections of ankle joints from mice treated with nicotine vs vehicle (scale bar: 500 mm). (D) Histological scores for

inflammation, pannus formation and bone or cartilage erosion of ankle joints from mice treated with nicotine vs vehicle

(***P < 0.0001). (E) Plasma levels of NET-associated MPO�DNA complexes from nicotine-treated mice are significantly

higher than those from vehicle-treated mice (**P < 0.01). (F) Serum concentrations of cotinine from nicotine-treated mice

are significantly higher than those from vehicle-treated mice (**P < 0.01). Bars represent the mean (S.E.M.). MPO-DNA:

MPO�DNA complexes.
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than in those from patients with RA. However, given pre-

vious reports demonstrating exaggerated NETosis among

patients with RA [14, 17], use of the RA population would

be likely to underestimate the effect of nicotine in the

pathogenesis of RA. Additionally, use of neutrophils from

established RA patients would not fully mimic a preclinical

state, in which nicotine could contribute to disease initi-

ation and perpetuation. Lastly, the nicotine concentration

used in ex vivo stimulation of neutrophils may be higher

than the physiological nicotine concentration in smokers.

Nonetheless, the priming effect on neutrophils by TNF-a
and ACPA ICs indicates that much lower concentrations

of nicotine may be sufficient to drive NETosis in the patho-

logical synovial microenvironment. Despite these limita-

tions, the present study demonstrates that smoking and

nicotine, in addition to being a predisposing factor to

asymptomatic autoimmunity, may contribute to RA dis-

ease activity and, potentially, the transition of an at-risk

population to clinical RA.

In conclusion, our data indicate that nicotine is an in-

ducer of NETosis and may play an important role in RA-

associated inflammation. Furthermore, our study provides

molecular evidence for public awareness of and potential

rationale against the use of nicotine-containing products,

including e-cigarettes, in individuals with RA or at risk for

the development of RA.
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