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Abstract
Objective—Rheumatoid arthritis (RA) is a debilitating autoimmune disease. Smoking is an
important environmental factor in a subset of RA patients. Furthermore, the role of the cholinergic
anti-inflammatory pathway in autoimmune inflammation is increasingly being realized. Nicotine
is a major component of cigarette smoke and it also stimulates the α7-nicotinic acetylcholine
receptors. Therefore, defining the mechanisms underlying the immunomodulatory effects of
nicotine on arthritis is of high relevance. We have addressed this using the rat adjuvant-induced
arthritis model of human RA.

Methods—Lewis rats were immunized s.c. with heat-killed M. tuberculosis H37Ra (Mtb) for
disease induction. Rats were treated with nicotine i.p. either before (pretreatment) or after
(posttreatment) the onset of AA. Control rats received the vehicle (buffer) in place of nicotine. The
severity of arthritis was assessed and graded. The draining lymph node cells (LNC) were tested for
T cell proliferative and cytokine responses against the disease-related antigen, mycobacterial heat-
shock protein 65 (Bhsp65). The sera were tested for anti-cyclic citrullinated peptide antibodies (a-
CCP) and anti-Bhsp65 antibodies.

Results—Nicotine-pretreatment aggravated arthritis, whereas nicotine posttreatment suppressed
the disease. This altered severity of AA directly correlated with the levels of the aCCP antibodies,
of the Th1/Th17 cytokines, and of the corresponding dendritic cell-derived cytokines. The
majority of these effects on cellular responses could be replicated in vitro.

Conclusion—Nicotine-induced modulation of AA involves specific alterations in the disease-
related cellular and humoral immune responses in AA. These results are of significance in
advancing our understanding of the pathogenesis of RA.

Introduction
Rheumatoid arthritis (RA) is characterized by synovial inflammation, joint destruction, and
disability (1–3). It is a multifactorial disease involving an interplay between genetic and
environmental factors (1,4,5). Among the environmental factors, cigarette smoking shows a
strong association with RA in a subset of patients (1,4,6,7). The pro-inflammatory cytokines
such as tumor necrosis factor- (TNF-α), interleukin-1β (IL-1β), IL-17 and interferon- (IFN-
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γ) play a critical role in RA pathogenesis. Over the past decade, the role of the vagus nerve
and the cholinergic anti-inflammatory pathway in modulating inflammation induced by
microbial components (e.g., lipopolysaccharide (LPS)) and immune-mediated events has
increasingly been realized (8–12). The experimental approaches employed in these studies
included vagotomy and stimulation of the α7-nicotinic acetylcholine receptors (α7nAChRs)
by nicotine.

Nicotine is a major component of cigarette smoke and therefore, study of the cholinergic
anti-inflammatory pathway in RA is of relevance. The α7nAChR receptors are expressed on
a variety of immune cells including monocytes, macrophages, T and B lymphocytes,
dendritic cells (DCs) and fibroblasts, which are found in the inflamed synovial tissue of RA
patients (9,13–15). However, the effects of nicotine on immune cells are incompletely
characterized with conflicting conclusions. One set of studies has provided evidence that
nicotine promotes inflammation (16–20). For example, nicotine induced the expression of
costimulatory molecules, adhesion molecules and major histocompatibility complex (MHC)
class II molecules on DCs; enhanced the ability of DCs to activate T cells; increased the
secretion of proinflammatory cytokine IL-12 by DCs (16); upregulated LPS-stimulated IL-6
production by gingival fibroblasts (19); and facilitated the release of cyclooxygenase-2
(COX-2) and prostaglandin E2 (PGE2) from maturing DCs (20). On the contrary, another
set of studies has shown that nicotine is a key mediator of the cholinergic anti-inflammatory
pathway (10–12,21), and that nicotine suppresses the activity of immune cells (22–24). In
fact, animals treated with nicotine showed a significant reduction not only in the antibody
response, but also in T-cell proliferation (25) and secretion of pro-inflammatory cytokines
such as TNF-α, IL-1β, IL-6, IL-8, and IL-12 (9,26–28). Similarly, nicotine treatment
prevented the relapse of ulcerative colitis in patients (29). Thus, both pro-inflammatory and
anti-inflammatory activities have been attributed to nicotine. However, the precise
immunological changes induced by nicotine have not been fully defined. A couple of reports
on nicotine-induced suppression of experimental arthritis are focused mostly on TNF-α
(30,31). Considering the emerging significance of IL-17 in RA, it is imperative to examine
the mechanistic association between nicotine-induced modulation of arthritis and IL-17.

We have addressed the above-mentioned issues using the rat adjuvant-induced arthritis (AA)
model of human RA by employing a nicotine-pretreatment and a nicotine-posttreatment
regimen. We demonstrate for the first time in an experimental model of RA that nicotine
pretreatment can exacerbate arthritis (AA); a couple of studies have reported only
suppressive effect of nicotine (30,31), which was also observed by us but only when using
the post-treatment regimen. Our study also is the first one in the AA model to show the
presence of anti-cyclic citrullinated peptide (aCCP) antibodies during the course of the
natural disease, as well as the modulation of their levels by nicotine treatment. Our results
also unravel the precise immunological changes in IL-17 and other cytokines underlying the
dual role of nicotine in AA. These results are of significance in advancing our understanding
of the pathogenesis of RA.

Materials and Methods
Animals

Male Lewis (LEW/SsNHsd) (RT-11) rats, 5 to 6-wk-old, were obtained from Harlan
Sprague Dawley (Indianapolis, IN) and then maintained in the animal care facility of the
University of Maryland School of Medicine Baltimore, MD. All experimental procedures
performed on these rats were in accordance with the guidelines of the Institutional Animal
Care and Use Committee.
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Induction and evaluation of adjuvant arthritis (AA)
AA was induced in Lewis rats by injecting them s.c. at the base of the tail with 200 µl of
heat-killed M. tuberculosis H37Ra (Mtb) (Difco, Detroit, Michigan) (2 mg/rat) in mineral
oil. All animals were examined regularly for signs of arthritis, and the severity of the disease
was graded on a scale of 0 to 4 for each paw based on the level of erythema, swelling, and
induration (32). Total arthritic score per rat was derived from the sum of individual scores of
4 paws. Histopathological sections of hind paws were examined for hyperplasia of synovial
membrane, infiltration by mononuclear cells, and cartilage and bone damage (33). The
disease course of AA consists of the following phases: incubation (Inc), onset (Ons), peak
(Pk), and recovery (Rec) phase.

Treatment of Lewis rats with nicotine
Nicotine [(−)-nicotine hydrogen tartrate salt, minimum 98% TLC] was obtained from
Sigma-Aldrich (St. Louis, MO). Pretreatment regimen: a daily i.p. injection of nicotine
(0.625, 1.25, or 2.5 mg/kg·day, 200 µl/rat) was started on d -7 prior to Mtb challenge, and
then continued for another 7 d. Posttreatment regimen: injection (i.p.) of the indicated
amounts of nicotine was initiated at the onset of AA. In both the regimen, control rats were
injected i.p. with PBS on the days corresponding to those of nicotine injection in
experimental rats. The dose and timing of nicotine administration used in this study did not
produce any significant adverse effects in rats.

Determining the effect of nicotine on T cell proliferation
a) Proliferation of splenic T cells (non-adherent cells) of naïve rats—In nicotine-
posttreatment in vitro group, the cells were cultured (5×105 cells/well) in HL-1 serum-free
medium (Lonza, Walkersville, MD) with or without nicotine (10−7 to 10−4 mol/L),
concanavalin A (Con A) (Sigma) (2.5 µg/ml), or Con A plus nicotine for 48 hr before
adding 3[H]-thymidine (1 uCi/well, ICN Biomedicals, Irvine, CA) for another 18 hr. In
nicotine-pretreatment in vitro group, the cells were treated with nicotine for 12 hr followed
by Con A stimulation. The level of radioactivity was detected and results presented as a
stimulation index (SI) (34).

b) Proliferation of lymph node cells (LNC) of nicotine-treated rats—The draining
lymph nodes were harvested from nicotine-treated rats with AA on d 19 (Pk phase) after
Mtb injection and cultured in HL-1 medium in a 96-well plate (5×105 cells/well) for 48 hr at
37°C with or without endotoxin-free mycobacterial hsp65 (Bhsp65) (5 µg/ml) (32). PPD-
and Con A- were used as positive controls, whereas ovalbumin (Ova; Sigma) served as a
negative control. The results were presented as SI.

Cytokine assays
a) Measurement of cytokines produced by naïve splenic DCs treated with
nicotine and Mtb sonicate in vitro—Splenic adherent cells containing DC (34) were
seeded in a 6-well tissue culture plate (5×106 cells/well). For nicotine posttreatment in vitro,
aliquots of cells were cultured for 6 hr at 37°C with medium alone, with sonicated Mtb (10
µg/ml) alone in medium, or with Mtb sonicate plus nicotine (10−7 to 10−5 mol/L) in
medium. [Mtb sonicate contained the whole lysate after ultrasonic treatment by Sonic
Dismembrator Model 100 (Fisher Scientific, Pittsburgh, PA) with 3 pulse.] For nicotine
pretreatment in vitro, the adherent cells were cultured in the presence of nicotine for 12 hr
before stimulation with Mtb for 6 hr. Thereafter, in both regimen, the cells were suspended
in Trizol and the total RNA was analyzed for cytokine expression by qPCR (35).
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b) Assays for cytokine secretion by splenic DC and LNC of nicotine-treated
rats—Spleen and LNC were harvested from rats on d 19 after Mtb injection. Splenic DCs
were cultured for 6 hr with or without sonicated Mtb, whereas the LNC were cultured with
Bhsp65 or medium alone for 24 hr prior to cytokine testing by qPCR.

c. Assays for cytokines produced by synovium-infiltrating cells (SIC)—SIC
were harvested from the inflamed joints on d 19 after Mtb injection and then lysed. The
supernate was tested for total protein content using DC protein assay kit II (Bio-Rad,
Hercules, CA) and for IL-1β and TNF-α using ELISA (eBioscience, San Diego, CA).

Measurement of serum nitric oxide (NO) levels
Serum was collected from nicotine-pretreated, Mtb-immunized rats at the following time
points: before nicotine treatment (d −7), just before Mtb injection (d 0), and d 7 (Inc), d 14
(Ons), d 21 (Pk) and d 28 (Rec) after Mtb injection. For nicotine-posttreated, Mtb-
immunized rats, serum was collected on d 0, 7, 14, 21, and 28. These serum samples were
diluted (1:3) and 85 µl of the diluted samples were assayed using a nitric oxide colorimetric
assay kit (BioVision, Mountain View, CA). Absorbance was measured at 540 nm using a
microplate ELISA reader (Molecular Devices, Sunnyvale, CA).

Determination of the levels of total antibodies and their isotypes in serum
Serum samples were collected as described above for the nitric oxide assay. These sera were
tested for the levels of total antibodies against cyclic citrullinated peptide (CCP) and
Bhsp65, as well as isotypes of antibodies against Bhsp65. The levels of aCCP in diluted
(1:75) sera were measured using plates coated with CCP (CCP3 IgG ELISA kit, INOVA
Diagnostics, San Diego, CA) and labeled anti-rat Ig secondary antibody. The results were
expressed in relative units (RU) after correction for serum dilution and 26.67 RU (= 20 U)
was set as the cut-off value. Assay for antibodies against Bhsp65 was performed as
described elsewhere (32). Horseradish peroxidase (HRP)-conjugated mouse anti-rat total Ig,
anti-IgG1, or anti-IgG2a (1:1500) (Zymed, San Francisco, CA) was used as a secondary
antibody. The results were expressed as OD450 nm.

Statistical analysis
The results were expressed as mean ± standard error of the mean (SEM). Group differences
were analyzed by a two-tailed Student’s t test for two groups, or by one-way ANOVA with
Bonferroni adjustment for several groups. A p value of less than 0.05 was considered
significant.

Results
Administration of nicotine before induction of AA exacerbates the disease, whereas
nicotine injection after onset of AA attenuates the disease in Lewis rats

We first tested whether the administration of nicotine alone to naïve Lewis rats without Mtb
challenge had any arthritic activity or adverse effects. No signs of systemic toxicity or
clinical arthritis were observed following the i.p. injection of nicotine (0.625–2.5 mg/
kg·day) to rats for 21 days, and these rats exhibited normal joint histology (data not shown).

In subsequent experiments, we injected nicotine to Mtb-immunized Lewis rats following the
pretreatment and posttreatment regimen (Figure 1). We observed that treatment of Lewis
rats with nicotine starting as soon as the signs of AA were evident alleviated the disease,
whereas nicotine administration before the onset of AA exaggerated the severity of arthritis.
The results representing the aggravating/ suppressive effect of nicotine at 1.25 mg/kg·day
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are shown (Figure 2A, 2B). The optimal test dose of 1.25 mg/kg·day was selected after a
series of preliminary experiments using 3 doses of nicotine (0.625, 1.25, 2.5 mg/kg·day)
(data not shown).

The effect of nicotine on the severity of arthritis was further validated by histopathological
examination of arthritic paws (Figure 2C). The control groups of rats revealed characteristic
synovial cell lining hyperplasia, mononuclear cell infiltration, and focal destruction of
cartilage and bone (Figure 2C-a, b). In comparison, the paw sections of nicotine-pretreated
arthritic rats showed significantly increased severity of arthritis (Figure 2C-c). However, the
paws of nicotine-posttreated arthritic rats exhibited markedly reduced signs of inflammation
and joint damage (Figure 2C-d).

We also tested the levels of pro-inflammatory cytokines (TNF-α and IL-1β) in the inflamed
synovial tissue and of another mediator of inflammation, NO in the serum of nicotine-
treated arthritic rats. The levels of TNF-α and IL-1β were reduced in nicotine-posttreated
rats, but enhanced in nicotine-pretreated rats (Figure 2D). A similar trend was observed for
NO when tested at different time points post Mtb injection, but the difference was
significant in nicotine-posttreatment group at d 21 and d 28 but not in nicotine-pretreatment
group (data not shown).

Effects of nicotine on T cell proliferative and cytokine responses of Lewis rats with AA
We determined the Bhsp65-specific T cell proliferative response of the draining LNC of
Mtb-immunized Lewis rats treated with nicotine/ PBS using the pretreatment or
posttreatment regimen. Increased T cell proliferation was observed in nicotine-pretreated
rats, while reduced proliferation was evident in nicotine-posttreated rats (Figure 3A). To
confirm the in vivo effects of nicotine under controlled in vitro conditions, we tested the
effect of nicotine in vitro using splenic lymphocytes of naive rats stimulated with the
mitogen, Con A. Nicotine pretreatment had no effect on T cell proliferation, whereas
nicotine posttreatment suppressed T cell proliferation (Figure 3B).

We further examined the effect of nicotine treatment of rats with AA on the expression of
IFN-γ and IL-17 in their draining LNC. The expression of IFN-γ and IL-17 in Bhsp65-
primed LNC of nicotine-pretreated arthritic rats was increased by 70% and 50%,
respectively on d 19 compared to that of controls (Figure 3C). In contrast, a reduction in the
expression of IFN-γ and IL-17 by 40% and 20%, respectively was observed in nicotine-
posttreated rats. However, no significant change in the expression of anti-inflammatory
cytokine IL-10 was observed in either group of rats.

Nicotine influences the production of cytokines by splenic DCs of arthritic Lewis rats
In view of the nicotine-induced changes on Th1/Th17 response (Figure 3C), we tested the
effects of nicotine on DCs for the expression of specific cytokines that control the
differentiation of these T cell subsets, namely IL-12p35 for Th1, and IL-6, IL-23 and TGF-β
for Th17. Arthritic rats subjected to nicotine pre- or post-treatment were sacrificed on d 19,
and their splenic DCs were cultured with Mtb sonicate (10 µg/ml) in vitro. DCs of nicotine-
pretreated rats showed a significant increase in IL-6, IL-12p35 and IL-23 expression but a
decrease in IL-27 (Figure 4A). On the contrary, DCs of nicotine-posttreated rats revealed
reduced expression of IL-6, IL-12p35 and IL-23 (Figure 4B), without any change in IL-27.

We further confirmed the in vivo effects of nicotine under controlled in vitro conditions by
testing the cytokine expression in DCs exposed to both nicotine and Mtb components (Mtb
sonicate) in vitro. We treated DCs of naïve Lewis rats with nicotine in vitro (10−7 to 10−5

mol/L) for 12 hr before stimulating them with Mtb sonicate (10 µg/ml) to mimic the in vivo
condition of nicotine-pretreated rats with AA. Similarly, we treated DCs with nicotine after
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stimulating them with Mtb sonicate in vitro to simulate the in vivo condition of nicotine-
posttreated arthritic rats. DCs subjected to nicotine pretreatment showed increased
expression of IL-6, and IL-12p35, but decreased expression of IL-27 (Figure 5A). In
comparison, DCs exposed to nicotine-posttreatment revealed reduced expression of IL-6,
IL-12p35, and IL-23 (Figure 5B). The levels of other cytokines tested (IL-12p40 and TGF-
β) did not change significantly (data not shown).

Taken together, the results of the in vivo and in vitro experiments revealed that the
production of pro-inflammatory cytokines by DCs was enhanced by nicotine pretreatment
but inhibited by nicotine posttreatment.

Arthritic rats develop anti-CCP- (aCCP-) and anti-Bhsp65 antibodies, and the levels of
these antibodies are significantly modulated by nicotine treatment

Taking into consideration the role of antibodies in the pathophysiology of arthritis, we next
determined whether nicotine treatment influenced the antibody response in rats with AA.
We monitored the levels of serum antibodies to CCP as well as Bhsp65, the disease-related
antigen, at the indicated time points during the course of AA. All the arthritic rats had
detectable aCCP total Ig beginning d 7 after Mtb injection. The levels of aCCP antibodies
increased gradually and reached the highest level at peak phase of AA, followed by a
decline at recovery phase of the disease (Figure 6A). Intriguingly, the direction of change
(increase/decrease) in the aCCP antibody levels matched well with the severity of the
disease (Figure 6B), with R2 values of 0.5358 (p < 0.0001).

Compared with controls, the level of total Ig against Bhsp65 was significantly higher in
nicotine-pretreated rats beginning d 7 after Mtb injection (Figure 6C). In nicotine-
posttreated rats with AA, significant difference was observed only on d 28, with decreased
level of anti-Bhsp65. In nicotine-pretreated rats, levels of both Bhsp65-specific IgG1 and
IgG2a were elevated, particularly the former, resulting in increased IgG2a/IgG1 ratio on d 7
and d 14 compared with controls (data not shown). However, nicotine-posttreated AA rats
developed lower levels of IgG2a but similar level of IgG1 compared with controls, which
resulted in a significantly lower IgG2a/IgG1 ratio on d 21 and d 28. The changes in IgG2a
(data not shown) matched with the changes in IFN-γ response (Figure 3C) in nicotine-
treated rats.

As the baseline control, we also determined the level of above-mentioned antibodies in rats
(n= 3) treated for 21 d with PBS or nicotine alone. There was no detectable aCCP or anti-
Bhsp65 antibody response (data not shown) in these rats. This also matched with the
absence of any signs of arthritis in nicotine treated naïve rats (data not shown).

Discussion
The objective of this study was to determine how nicotine, one of the key substances in
cigarette smoke, affected the course of arthritis in Lewis rats, and to delineate the
immunological mechanisms underlying these effects. Our results showed that nicotine had a
profound effect on the severity of AA. A difference in the timing of nicotine injection in
reference to disease induction yielded opposite outcomes. Nicotine-induced modulation of
AA involved specific effects on Th1 and Th17 responses, changes in aCCP and anti-Bhsp65
antibodies, and alteration in the levels of NO, a biochemical mediator of inflammation.
Nicotine binds to α7nAChRs, which are expressed on multiple subsets of leukocytes and
fibroblasts. These cells are known to play an important role in the initiation and
development of RA (1–3). It is noteworthy that naive rats treated with nicotine alone for 21
d showed no signs of arthritis. Thus, the observed change in disease severity in nicotine-
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treated arthritic rats apparently was owing to the interplay between nicotine and the disease-
related immune events.

To the best of our knowledge, this study offers the first report in the AA model on the
nicotine-induced modulation of the disease, as well as on the aggravation of arthritis in any
experimental model of RA. The enhanced severity of AA in our study was observed
following a pretreatment regimen using nicotine i.p. This contrasts with the reports of
suppression of arthritis in the CIA following administration of nicotine either via drinking
water (30,31) or via i.p. injection (31). However, the suppression of arthritis by nicotine
posttreatment in AA in our study was also observed in the CIA model (31). In regard to the
relationship between smoking and RA, most epidemiological studies suggest smoking as a
strong environmental risk factor for RA (5). It is not clear why exposure to smoke or
nicotine led to suppression of arthritis in most of the above-mentioned animal model-based
studies, whereas the opposite is observed in a majority of RA patient-based studies. One
explanation could be that nicotine only represents one component of cigarette smoke. Also,
the route of intake of nicotine (as a chemical or in smoke) might influence the disease
process differentially.

To define the immunologic basis of nicotine-induced modulation of AA, we tested the
antigen (Bhsp65)-specific cell-mediated- as well as antibody-based immune responses in
nicotine-treated rats. We observed enhanced T cell proliferation in nicotine-pretreated rats,
but reduced response in nicotine-posttreated rats. Furthermore, nicotine-pretreated arthritic
rats displayed upregulation of IFN-γ as well as IL-17, whereas nicotine-posttreated rats
revealed downregulation of both these cytokines. Notably, the level of the anti-inflammatory
cytokine IL-10 was unaffected. Furthermore, DCs of nicotine-treated arthritic rats showed
altered levels of IL-6, IL-12p35, IL-23, which are critical for the differentiation of Th1
(IL-12p35) and Th17 (IL-6 and IL-23) cells. Moreover, IL-27 level was significantly lower
in rats with more severe AA, but its level was unaffected in rats with reduced AA. The effect
of nicotine on DCs has also been examined by other investigators, who reported a
suppression (21), enhancement (16), or no effect (36) on pro-inflammatory cytokine
production. Our results suggest that the differential effect of nicotine on cytokine production
by DCs was the result of the timing of nicotine treatment (pretreatment vs. posttreatment) in
relation to the onset of arthritis. The role of IL-27 in autoimmune diseases is not fully clear
as both pathogenic (directly or indirectly) (37,38) and protective (39,40) roles have been
assigned to this cytokine. Our results associate a lower level of IL-27 to the increased
severity of AA by nicotine-pretreatment, assigning a regulatory role to this cytokine in AA.
In regard to the target organ, the joints, nicotine treatment of rats also induced changes in the
cytokines (TNF-α and IL-1β) produced by the synovium-infiltrating cells in the joints, and
these alterations correlate well with the severity of arthritis in nicotine pre-treated as well as
nicotine-posttreated arthritic rats. A similar correlation was found for NO.

Antibodies play an important role in the pathogenesis of arthritis and other rheumatic
diseases (1,2,41). The presence of anti-citrullinated protein/peptide antibodies (ACPA) is
associated with increased radiological progression and structural damage in RA (42), and
they serve as a reliable diagnostic marker for RA (42,43). We measured the temporal
kinetics of anti-cyclic citrullinated peptide (aCCP) antibody during the course of AA. The
levels of aCCP paralleled that of the disease severity in untreated arthritic rats. Furthermore,
nicotine-posttreated rats with attenuated disease had reduced aCCP, whereas nicotine-
pretreated rats with aggravated disease had increased level of aCCP. This is the first report
demonstrating the presence of aCCP during the natural course of AA in Lewis rats, as well
as the alteration of aCCP levels by nicotine treatment. However, our results of aCCP in AA
differ from that of aCCP in the CIA model (30). Either a low frequency (13%) of aCCP
(IgG) (30) or no aCCP at all (44) was reported in mice with CIA. In comparison, in our
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study, all rats (100%) with established AA had detectable aCCP (total Ig), and 79% of rats
were positive for aCCP even before the appearance of signs of arthritis. This discrepancy
might be attributable to the different species (mice/ rat) used in the two animal models, to
the detection of total Ig versus IgG against CCP, and to the timing of blood collection (aCCP
level dropped after acute phase of AA in our study). Furthermore, aCCP have been shown to
be pathogenic in CIA (45,46), but a similar characterization of aCCP in AA remains to be
done. As the level of aCCP correlates with the severity of AA in our study, we suggest that
aCCP might serve as a biomarker for AA.

Nicotine treatment of rats with AA not only affected aCCP but it also had a significant effect
on antibodies specific to the disease-related antigen, Bhsp65 (32,47). Rats with AA
subjected to a therapeutic (posttreatment) regimen of nicotine showed reduced level of anti-
Bhsp65 as well as IgG2a: IgG1 ratio largely because of decreased IgG2a. In contrast, rats
that received a disease-aggravating (pretreatment) regimen of nicotine had higher level of
both the anti-Bhsp65 antibodies as well as the IgG2a: IgG1. This altered ratio was primarily
due to increase in IgG2a, and it correlated with the change in IFN-γ expression.

The timing of nicotine administration was a critical variable in the opposite outcomes
regarding disease severity observed in this study. We suggest that the differential outcome
of nicotine pre- versus post-treatment might be owing to differences/changes in one or more
of the following: a) the number and/or sensitivity of the α7nAChRs and other nicotine-
binding receptors expressed on different cell types (9,13–15,48) in the peripheral lymphoid
tissues and the joints; b) the levels and/or activity of various molecular mediators of
inflammation (e.g., NF-kB, COX-2, PGE2, LTB4, etc.) (20,28); c) the levels of pro- versus
anti-inflammatory cytokines, and anti-Bhsp65 and anti-CCP antibodies; d) the molecules
directing cell migration into the joints (e.g., adhesion molecules, chemokines and their
receptors); and e) the mediators of angiogenesis. Taken together, the cells/tissues exposed to
various inflammatory stimuli (as after the onset of AA) might respond differently to nicotine
than those not yet exposed to that microenvironment (as during the incubation phase of AA).
Nicotine might be perceived as an agonist (or stimulatory) for certain reactions or events at
one stage of AA but as an antagonist (or regulatory) at another stage of AA. This is
reminiscent of certain cytokines (e.g., IFN-γ and TNF-α) that have been shown to exhibit
both pro- and anti-inflammatory effects in AA and other models of autoimmunity (49).

We used male Lewis rats to be consistent with our previous studies in the AA model (32–
35,49). Studies in different animal (rodent) models of autoimmunity have revealed that
disease susceptibility and immune responses of females may differ from that of the males.
Also reported are strain- and gender-related differences in the stress response (50). The
cholinergic system is a part of the organism’s stress response, and nicotine stimulates
nicotinic acetylcholine receptors. Therefore, it is conceivable that the effects of nicotine on
female Lewis rats might differ quantitatively and/or qualitatively from that of male rats.
However, this aspect of nicotine action remains to be tested experimentally.
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Figure 1. Pre- and post-treatment regimen of nicotine administration to rats in vivo and sample
collection
Lewis rats were treated with nicotine (1.25 mg/kg·day) i.p. either beginning before Mtb
injection and then continued for another week after the injection (Pretreatment), or
beginning after the onset of arthritis in Mtb-immunized rats (Posttreatment). Blood samples
and tissues were harvested for testing at the indicated time points during the course of AA.
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Figure 2. Nicotine-pretreatment exaggerates, whereas nicotine-posttreatment attenuates AA in
Lewis rats
(A) Arthritis scores of nicotine-pretreated (left) and nicotine-posttreated (right) rats during
the course of AA. (B) Photographs and (C) histological sections of hind paws of nicotine-
pretreated (c) and nicotine-posttreated (d) arthritic rats and the corresponding controls (a, b).
(D) The level of IL-1β and TNF-α in synovium-infiltrating cells (SIC) from the joints of
nicotine-pretreated (left) and nicotine-posttreated (right) rats with AA. Statistical data are
mean ± SEM, n= 3–4, *p<0.05. The results of one of 2–4 reproducible experiments are
shown.
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Figure 3. Nicotine modulates T cell proliferation and cytokine response
(A) The effect of nicotine treatment on LNC proliferative response against Bhsp65 in
nicotine pre-/post-treated rats with AA. (B) The effect of nicotine on Con A-induced splenic
T cell proliferative response of naïve rats. (C) The effect of nicotine treatment on cytokines
produced by Bhsp65-stimulated LNC of rats with AA. The results of a representative
experiment from 2–3 separate experiments with similar results are shown. Statistical data are
mean ± SEM (n= 3). * p<0.05, ** p<0.01 (vs. cells cultured with Con A in Figure 3B); #
<0.05, ## p<0.01 (vs. cells cultured in medium). Figure 3A and 3C have a common legend.
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Figure 4. Nicotine differentially regulated the proinflammatory and anti-inflammatory cytokine
expression in splenic DCs from arthritic rats
(A) Nicotine-induced changes in the expression of different cytokines by DCs of nicotine-
pretreated arthritic rats. (B) Changes in cytokine production by DCs of nicotine-posttreated
rats with AA. Representative data (n= 3) from one of 3–4 separate experiments with similar
results are shown. *p<0.05.
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Figure 5. Nicotine-induced changes in cytokine production by splenic DCs of naïve rats
Dose-dependent change in the expression of different cytokines in DCs subjected to 12 hr-
nicotine pretreatment in vitro (A) or nicotine-posttreatment in vitro (B). DCs were
stimulated in vitro with Mtb sonicate where indicated. The results of a representative
experiment (n= 3) out of two are shown. Statistical data are mean ± SEM, * p<0.05, **
p<0.01 (vs. cell cultured with Mtb stimulation), and # p<0.05 (vs. cell cultured in medium
alone).
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Figure 6. Nicotine treatment modulates aCCP- and anti-Bhsp65 antibody responses in arthritic
rats
(A) Serum levels of aCCP total Ig (RU) in nicotine-pretreated and nicotine-posttreated
arthritic rats. The collective results of 2–3 different experiments (n= 3–4 for each group) are
shown. (B) Linear regression analysis of anti-CCP total Ig (RU) levels on d 21 versus the
corresponding arthritic scores, using data from both the pretreatment and the posttreatment
groups of rats; R2 values of 0.5358 (p < 0.0001). (C) The levels of total Ig against Bhsp65
(OD450 nm); representative data (n= 4) from one of 3 repeat experiments are shown. In
sections A and C, the mean values of each group are indicated by horizontal lines. (*p<0.05,
** p<0.01, and *** <0.001)
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