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The aim of the current study was to investigate the effect of nicotine in an experimental mouse model of cutane-
ous injury and healing responses, during the inflammatory phase of repair. Nicotine injection in full-thickness
excisional skin wounds minimally affected inflammatory mediators like TNF, IL-6 and IL-12 while it induced
a down-regulation in the expression of growth factors like VEGF, PDGF, TGF-β1 and TGF-β2, and the anti-
inflammatory cytokine IL-10. Analysis of wound closure rate indicated no significant differences between nico-
tine and saline injected controls. In-vitro studies using bone marrow derived macrophages, resident peritoneal
macrophages and RAW 264.7 macrophages, indicated that nicotine down-regulates TNF production. Moreover,
nicotine was shown to down-regulate VEGF, PDGF and TGF-β1 in both bone marrow derived macrophages
and RAW 264.7 cells. Using an NF-κB luciferase reporter RAW 264.7 cell line, we show that nicotine effects are
minimally dependent on NF-κB inhibition. Moreover, nicotinic acetylcholine receptor (nAChR) subunit expres-
sion analyses indicated that while β2 nAChR subunit is expressed in mouse macrophages, α7 nAChR is not.
In conclusion, while skin inflammatory parameters were not significantly affected by nicotine, a down-regulation
of growth factor expression in bothmouse skin andmacrophageswas observed. Reduced growth factor expression
by nicotinemight contribute, at least in part, to the overall detrimental effects of tobacco use inwound healing and
skin diseases.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cutaneouswound healing after an injury is a complex andhighly dy-
namic process that involves interaction of different players like resident
cells of the skin, inflammatory leukocytes, extracellular matrix compo-
nents and soluble mediators. The healing process can be divided in
three consecutive and partially overlapping phases i.e. inflammatory
phase, proliferative phase and remodelling phase. The repair process
finally results in the formation of a mass of fibrotic tissue known as
scar [1,2].

Numerous experimental and clinical studies have determined that
inflammation plays a crucial although still not completely clear role dur-
ing cutaneous wound healing and influences the quality of the resulting
scar. Inflammatory cells and particularly macrophages appear to be
essential for proper healing by, among other mechanisms, stimulating
leukin 6; IL-12, interleukin 12;
derived growth factor; TGF-β1,
growth factor beta 2.
ical Centre, Universiteitssingel
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growth factor and anti-inflammatory cytokine production that are
necessary for repair [3]. Moreover, pathological functioning of macro-
phages and excessive inflammation in the wound healing process can
result in derailed healing, like the formation of ulcers, chronic wounds,
hypertrophic scars and keloids [4].

Nicotine, a major constituent of tobacco smoke, has been shown to
exert anti-inflammatory effects on different cell types and to be benefi-
cial in disorders where inflammation-related mechanisms are involved
like in ulcerative colitis and obesity [5]. Nicotine actions are mediated
through binding to cholinergic receptors termed nicotinic acetylcholine
receptors (nAChR) that are expressed inmany different tissues and cells
in the body, including immune cells. In both human and mouse macro-
phages, nicotine was shown to inhibit the release of pro-inflammatory
cytokines through a specific “nicotinic anti-inflammatory pathway”
that involves signalling through the α7 nAChR and prevents activation
of the NF-κB pathway [6–9]. In human microvascular endothelial cells,
nicotinewas found to inhibit TNF-inducedNF-κB activation, to suppress
adhesion molecule and chemokine expression and to reduce adhesion
of leukocytes to activated endothelium and consequent inflammation
[10]. Moreover, nicotine was shown to have angiogenic effects and to
increase endothelial cell proliferation and vascular growth in different
in-vitro and in-vivo models [11,12].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2013.10.022&domain=pdf
http://dx.doi.org/10.1016/j.intimp.2013.10.022
mailto:sofia.xanthoulea@maastrichtuniversity.nl
http://dx.doi.org/10.1016/j.intimp.2013.10.022
http://www.sciencedirect.com/science/journal/15675769
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In the skin, effects of nicotine are ambivalent and often unclear, but
they generally appear more negative than positive. Although cigarette
smoking has been reported to negatively affect cutaneous wound
healing [13], the angiogenic action of nicotine prompted for studies
for a potential beneficial role of nicotine in this process. It was reported
that in either normal C57BL/6 [14] or genetically diabetic mice [15],
nicotine promotes wound healing due to increased angiogenesis. Yet
the effect of nicotine administration onwound inflammatory responses
was not evaluated in these studies. Moreover, we have observed that
scar formation, a process largely dependent on the extent of the preced-
ing inflammatory process [16], appears to be improved in smokers,
which tend to have faster and less erythemateous scar healing com-
pared to non-smokers [17].

In the present study, we aimed to evaluate the effect of nicotine
during the inflammatory phase of cutaneous wound healing responses
in mice. Quantification of wound closure rate indicated that nicotine
did not significantly affect the wound healing process. However,
nicotine administration in wounds was found to negatively regulate
the production of growth factors like VEGF, PDGF, TGF-β1 and TGF-β2
but to only minimally affect wound inflammatory parameters. In-vitro,
in both primary mouse macrophages and in the macrophage cell line
RAW 264.7, nicotine was also found to induce a down-regulation of
growth factor expression and to decrease TNF production. Nicotine
mediated effects were found to be independent of NF-κB inhibition
and the expression of the α7 nAChR.

2. Materials and methods

2.1. Animals and wound model

Ten to twelve weeks old C57BL/6 female mice (n = 3–4 mice/
group) were used for experiments. To generate wounds, mice were
anesthetized by isofluorane inhalation and the dorsal surface was
shaved and cleaned with 70% ethanol. Full-thickness excisional skin
wounds were generated on either side of the dorsal midline using a
3 mm biopsy punch (Kai medical). Mice were housed individually in
special paper beddingmaterial (7089 Harlan Teklad Diamond Soft Bed-
ding), to avoid bedding particles interfering with the healing wounds.
Two wounds were generated on the same animal and mice were divid-
ed in groups. Mice in each group received only one treatment in both
wounds (i.e. saline or nicotine solutions). Solutions were injected with
3 injections of 20 μl (total 60 μl) around the wounds once daily for
3 days. Wounds were photographed daily and wound area was quanti-
fied using Image J. The percentage of wound closure was calculated
using the following formula: Wound closure (%) = [(wound area on
day 0 − wound area on indicated day)/wound area on day 0] × 100.
At sacrifice, wounds were excised and snap frozen in liquid N2.
Table 1
Primer sequences used in this study.

Primer name Forward sequence

CD-68 5′-TGACCTGCTCTCTCTAAGGCTACA-3′
TNF 5′-CATCTTCTCAAAATTCGAGTGACAA-3
IL-6 5′-TTCAACCAAGAGGTAAAAGATTTACA
IL-12 5′-TGAGAACTACAGCACCAGCTTCTT-3′
IL-10 5′-GCTCTTACTGACTGGCATGAG-3′
VEGF 5′-GCTTTACTGCTGTACCTCCACCA-3′
PDGF 5′-CGCCTGCAAGTGTGAGACAG-3′
TGF-β1 5′-GCCCTTCCTGCTCCTCATG-3′
TGF-β2 5′-GACTTAACATCTCCCACCCA-3′
α7 nAchR-1 5′-CACATTCCACACCAACGTCTT-3′
α7 nAchR-2 5′-TGCTGGTATTCTTGCTGCCTGC-3′
α7 nAchR-3 5′-GCCTAAGTGGACCAGGATCA-3′
β2 nAchR 5′-GGGCAGGCACACTATTCTTC-3′
cyclophilin 5′-TTCCTCCTTTCACAGAATTATTCCA-3′
GAPDH 5′-TTCACCACCATGGAGAAGGC-3′
β-actin 5′-GACAGGATGCAGAAGGAGATTACTG
Experiments were performed twice. Mice weremaintained under stan-
dard pathogen-free conditions and all experiments were approved by
the Committee for Animal Welfare of Maastricht University. The inves-
tigation conforms to theGuide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996).

2.2. Reagents

Nicotine (N3876) and LPS (L2630) were from Sigma–Aldrich
Chemie BV (Zwijndrecht, The Netherlands). Nicotine solutions were
prepared in culture medium or PBS and were made fresh prior to each
experiment. ELISA kits for murine IL-6, IL-10 and IL-12 were purchased
from Invitrogen Life Technologies, Inc. (Carlsbad, CA, USA) and per-
formed according to manufacturer's protocol. For murine TNF ELISA a
hamster anti-murine TNF monoclonal (TN3) was used as capture anti-
body and a polyclonal rabbit anti-murine TNF (Genzyme Corporation,
Cambridge, MA, USA) was used as a second antibody. The ELISA had a
lower detection limit of 50 pg/ml. Quantikine TGF-β1 and PDGF-AB
ELISA kits (R&D systems) and VEGF ELISA kit (Life Technologies) were
performed according to manufacturer's protocol.

2.3. Primary cell isolation and cell lines

For generation of bone marrow derived macrophages (BMDM),
bone marrow was isolated from femur and tibia bones of C57BL/6
mice and cultured in 15-cm bacteriologic plastic petri dishes in RPMI
1640 supplemented with 10% heat inactivated fetal bovine serum, 100
U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 10 mM
Hepes and 15% L-929 cell conditioned medium (LCM) for 8 days.
Resident peritoneal macrophages (RPM) were collected from C57BL/6
mice by flushing the peritoneal cavity with 5 ml of ice cold medium.
Peritoneal cells were plated in RPMI medium supplemented with anti-
biotics, L-glutamine and 10% FCS and macrophages were left to adhere
for 4 h. Cells were washed and the remaining macrophages were cul-
tured overnight and stimulated the next day with nicotine and/or LPS
for the indicated times. RAW264.7 cells (American Type Culture Collec-
tion, number TIB-71) were cultured in RPMI medium supplemented
with antibiotics, L-glutamine and 10% FCS. 3 T3-L1 murine fibroblasts
(American Type Culture Collection, number CL-173) were cultured in
DMEM supplemented with antibiotics, L-glutamine and 10% FCS and
SVEC4-10 small-vessel murine endothelial cells (ATCC number CRL-
2181) were cultured in F12 medium supplemented with antibiotics
and 10% FCS. RAW 264.7 cells stably transfected with the 3x-κB-luc
plasmid [18] were a generous gift from Dr. M. de Winther (AMC,
Amsterdam).
Reverse sequence

5′-TCACGGTTGCAAGAGAAACATG-3′
′ 5′-TGGGAGTAGACAAGGTACAACCC-3′
TAA-3′ 5′-CACTCCTTCTGTGACTCCAGCTT-3′

5′-CTTCAAAGGCTTCATCTGCAAGT-3′
5′-CGCAGCTCTAGGAGCATGTG-3′
5′-GGGACTTCTGCTCTCCTTCTGTC-3′
5′-GAATGGTCACCCGAGCTTGA-3′
5′-CCGCACACAGCAGTTCTTCTC-3′
5′-CCATCAATACCTGCAAATCTCG-3′
5′-AAAAGGGAACCAGCGTACATC-3′
5′-GGTGCTGGCGAAGTACTGTGCTAT-3′
5′-CTCGGAAGCCAATGTAGAGC-3′
5′-TCCAATCCTCCCTCACACTC-3′
5′-CCGCCAGTGCCATTATGG-3′
5′-GGCATGGACTGTGGTCATGA-3′

-3′ 5′-CCACCGATCCACACAGAGTACTT-3′
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Fig. 1. Nicotine administration in wounds. (A) Macroscopic appearance of representative saline, 10−8 M and 10−4 M nicotine injected wounds. Day 0 pictures were taken immediately
after wounding. (B) Quantification of wound closure rate. At the indicated days, wound areas were determined using image analysis and expressed as percentage of wound area
immediately post-injury as described in methods (n = 6–8 wounds/group). (C) mRNA expression analysis by real-time PCR of CD-68, IL-12, TNF, IL-6, IL-10 and (D) VEGF, PDGF,
TGF-β1, TGF-β2 in either unwounded (NMS, normal mouse skin) or wounded skin, after three days from wounding. Unwounded skin expression levels for each gene were set to one
and for simplicity only one control is shown. n = 3 mice/group. (E) mRNA expression analysis by real-time PCR of CD-68, IL-12, TNF, IL-6, IL-10 and (F) VEGF, PDGF, TGF-β1, TGF-β2
in wounded skin after three days from wounding, injected with either saline or nicotine solutions (10−4 M or 10−8 M). Expression levels for each gene in unwounded (NMS, normal
mouse skin) were set to one. n = 3–4mice/group. Statistical significance was evaluated for each nicotine concentration compared to saline control or betweenwounded and nonwounded
skin, by t-test. *p b 0.05, **p b 0.01.
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2.4. RNA isolation and quantitative gene expression

RNA was isolated either with the RNeasy Fibrous Tissue kit (Qiagen
GmbH, Hilden, Germany) for mouse skin tissue or with Trizol (Sigma–
Aldrich Chemie BV) for cell monolayers. Residual DNA was digested
with the RQ1 RNase-free DNase (Promega GmbH, Mannheim,
Germany) and cDNA synthesis was performed using the iScriptTM

cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Quantitative PCR was
performed in 10 ng of cDNA, with 1 × Absolute qPCR SYBR Green Fluo-
rescein Mix (Westburg, Leusden, The Netherlands) and 150 nM of gene
specific forward and reverse primers. Cyclophilin A and β-actin were
used as housekeeping genes. Primer sequences are indicated in Table 1.

2.5. MTT assay, luciferase activity and ELISA

For MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide; Sigma–Aldrich Chemie BV) assay, 105 cells/well of BMDM,
RAW 264.7, PEC or 5 × 104 cells/well of SVEC4-10 or 104 cells/well of
3 T3-L1 cells were plated in 96-well plates overnight and stimulated
the following day with nicotine and/or LPS (100 ng/ml) for 24 h.
Nicotine was added to cell cultures 30 min before LPS. MTT assay was
performed after 24 h by addition of MTT solution to a final concentra-
tion of 0.5 mg/ml, for 2 h. Dye was solubilized with DMSO (Sigma–
Aldrich Chemie BV) and absorbance was measured at 570 nm. Data
represent mean ± SEM of 4 independent experiments performed in
triplicate.

For luciferase activity, RAW 264.7 cells stably transfected with the
3x-κB-luc plasmid were plated at a density of 105 cells/well in 96 well
plates and stimulated with the indicated compounds for the indicated
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Fig. 2. Nicotine down-regulates TNF production by mouse macrophages. ELISA for (A) TNF,
derived macrophages (BMDM), resident peritoneal macrophages (RPM) or RAW 264.7 macr
nicotine (10−4 M, 10−6 M, 10−8 M), after 24 h. Left Y axis shows protein levels for BMDM
RPM cells. * p b 0.05, **p b 0.01. Statistical significance was evaluated for each nicotine concen
times. Cells were lysed in lysis buffer (Promega GmbH) for 20 min
and 10 μl lysate was added to 50 μl luciferin (Steady-Glo Luciferase
assay system, Promega GmbH). Luciferase activity was measured
with a Lumac Biocounter M1500 luminometer (Promega GmbH). Data
represent mean ± SEM of 2 independent experiments performed in
quadruplicate.

For ELISA, 2 × 105 3 T3-L1 fibroblast cells or 5 × 105macrophages or
SVEC4-10 endothelial cells were plated in 500 μl medium in triplicate/
condition in 24-well plates and stimulated for 6 or 24 h with nicotine
and/or LPS. Supernatantswere analyzed by ELISA. Since significant levels
of growth factors are present in bovine serum used in tissue culture
medium, for quantification of VEGF, PDGF-AB and TGF-β1 in macro-
phage supernatants, medium was changed to Optimem-1 (Gibco-BRL)
overnight and cellswere stimulated the followingmorningwith nicotine
for 6 or 24 h. Experiments were performed in triplicate and data
represent mean ± SEM of 3 independent experiments.

2.6. Statistical analysis

Statistical analyseswere performed using Graphpad Prism (Graphpad
Software) or SigmaPlot statistical tests. Data are expressed as means ±
SEM. A p b 0.05 is considered statistically significant.

3. Results

3.1. Nicotine down-regulates growth factor expression in skin wounds

The initial response upon a cutaneous injury is characterized by a
strong inflammatory reaction with induction of different inflammatory
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and either RPM or RAW 264.7 cells. Right Y axis shows protein levels for RAW 264.7 or
tration compared to no nicotine control by t-test.
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mediators. Since nicotine was previously shown to negatively regulate
inflammation [6–9], and to promote wound healing in normal [14]
and genetically diabetic mice [15], we aimed to examine the effect of
nicotine administration during the inflammatory phase of cutaneous
wound healing in mice. Full thickness excisional wounds were generat-
ed on the dorsumof C57BL/6mice andmicewere divided in groups that
received either saline or nicotine solutions. Saline or nicotine solutions
at two different concentrations (10−4 M or 10−8 M) were injected
around the wounds daily for three days, similar to other studies [14]
and as described in the methods section. Quantification of wound area
indicated a not significant delay in wound closure in the nicotine
injected wounds compared to saline controls (Fig. 1 A and B). After
three days, real time PCR analysis of RNA isolated from either wounded
mice or non-wounded controls (normal mouse skin, NMS) was per-
formed. As shown in Fig. 1 C, wounded skin exhibits a strong inflamma-
tory response which is absent in non-wounded controls. CD-68 was
over five-fold increased indicating extensive macrophage infiltration
and expression of different inflammatory mediators (TNF, IL-6, IL-10)
was also found several fold increased (Fig. 1C). A milder effect of
wounding on expression of growth factors was observed (Fig. 1D).

Nicotine injections resulted in significant mild down-regulation in
the expression of IL-10 in the wounds of 10−8 M nicotine injected
wounds compared to saline controls (Fig. 1E). Interestingly, nicotine ad-
ministration indicated a clear down-regulation in themRNA expression
of growth factors, with PDGF, TGF-β1 and TGF-β2 showing significant
differences while VEGF expression had a similar trend but differences
were borderline not significant (Fig. 1F).
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Fig. 3. Nicotine inhibits growth factor expression in mouse macrophages. mRNA expression a
derived macrophages or (B) RAW 264.7 macrophages stimulated with nicotine (10−4 M, 10−

for each gene were set to one and for simplicity only one control is shown. (C) ELISA for VEGF
not stimulated or stimulated with nicotine (10−4 M, 10−8 M) for 24 h. (D) MTT assay perfo
(RPM) or RAW 264.7 macrophages in the presence of different doses of nicotine (10−4 M, 10−

each nicotine concentration compared to no nicotine control by t-test.
3.2. Nicotine down-regulates TNF and growth factor expression in
mouse macrophages

Macrophages play a crucial role during cutaneous wound healing
and represent a major source of cytokines and growth factors in the
wound [3]. Previous studies have shown that nicotine attenuates
macrophage activation and inhibits the production of a number of
pro-inflammatory cytokines [7,9]. To evaluate the effect of nicotine in
our setting, we used primary mouse macrophages like bone marrow
derived (BMDM) and resident peritoneal macrophages (RPM) and the
mouse macrophage cell line RAW 264.7. Cells were stimulated with
LPS in order to induce cytokine production, and with or without addi-
tion of nicotine in the culture medium (nicotine added 30 min. before
LPS) for either 6 or 24 h. Nicotine concentrations usedwere comparable
to those in similar studies [7,9] and in the range of nicotine concentra-
tions in blood during smoking [19]. No major effect of nicotine on the
production of TNF, IL-6, IL-12 and IL-10 was observed after 6 h, as mea-
sured by ELISA in culture supernatants (data not shown). However
after 24 h, we could confirm previous studies showing that nicotine in-
duces a significant dose-dependent down-regulation in the production
of TNF in all macrophage cells tested (Fig. 2A). No significant effect
of nicotine on the production of IL-6, IL-10 or IL-12 was observed
(Fig. 2B, C, D).

Since macrophages aremajor sources of growth factors and nicotine
administration inwounds indicated a down-regulation in growth factor
expression, we analyzed macrophage growth factor gene expression in
the presence of nicotine. Similar to the in-vivo findings, nicotine was
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found to down-regulate mRNA levels of VEGF, PDGF and TGF-β1 in
BMDM and RAW 264.7 macrophages (Fig. 3A and B respectively)
(TGF-β2 levels were undetectable). A comparable down-regulation in
the protein levels of VEGF, PDGF and TGF-β1 was measured in BMDM
culture supernatants after 24 h of incubation with nicotine (Fig. 3C).
Expression levels were below detection limit in supernatants of RAW
264.7 cells. Cell viability measurement by tetrazolium salt MTT assay
showed that concentrations of nicotine used did not result in significant
differences in cell survival and therefore the observed effects were not
due to cytotoxicity (Fig. 3D).

3.3. Nicotine does not significantly affect NF-κB transcriptional activity in
mouse macrophages

Nicotine has been proposed to inhibit pro-inflammatory gene ex-
pression through a nicotinic anti-inflammatory pathway which results
in the inhibition of NF-κB [8,20]. Moreover, NF-κB regulates the expres-
sion of a number of growth factors as VEGF and PDGF [21]. To determine
the effect of nicotine on NF-κB transcriptional activity we used amacro-
phage RAW 264.7 cell line stably transfected with an NF-κB luciferase
reporter and that expresses luciferase under the control of NF-κB. This
cell line maintains the inflammatory characteristics of the parental
line used in the previous experiments [18]. As shown in Fig. 4A, nicotine
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Since nicotine dependent NF-κB inhibition in human macrophages
was reported to be mediated by the α7 nicotinic acetylcholine receptor
(α7 nAChR) [8,20], we evaluated the expression of this receptor in the
different macrophage cell types used in our study. RNA was isolated
from BMDM, RPM and RAW 264.7 cells and PCR was performed on
cDNA for the identification of nAChR transcripts. As shown by previous
studies [22], while expression of another nicotinic receptor like β2
nAChR was detected in mouse macrophages, α7 nAChR transcript was
not detected in any of cell types analyzed (Fig. 4B). Use of two additional
primer pairs for theα7 nAChR failed aswell to detect transcripts for this
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3.4. Nicotine effect on endothelial and fibroblast cells

In addition to macrophages, fibroblasts and endothelial cells are
abundantly present in the skin and have pivotal functions in the process
of cutaneous wound healing. To evaluate the effect of nicotine on these
cell types, we analyzed cytokine responses in the murine endothelial
cell-line SVEC4-10 and in 3 T3-L1murinefibroblasts after LPS activation
in the presence or absence of nicotine (nicotine added to the medium
30 min before LPS). In both cell types no detectable amounts of TNF,
IL-12 or IL-10 were measured by ELISA after 24 h of either LPS or LPS
and nicotine incubation (not shown). On the contrary, IL-6 was mea-
sured in the culture supernatants of both SVEC4-10 cells (Fig. 5A) and
3 T3-L1 fibroblasts (Fig. 6A), but no differences were seen in the pres-
ence of different nicotine concentrations. MTT toxicity assay showed
that the concentrations of nicotine used (10−4 M, 10−6 M, 10−8 M)
were not toxic to either cell line since toxicity effects were only seen
from concentrations higher than 10−3 M (Figs. 5B and 6B). Contrarily,
MTT assay showed that nicotine actually promoted proliferation of
3 T3-L1 fibroblasts. As shown in Fig. 6B, in the absence of LPS stimula-
tion, nicotine induces an approximately 10–20% increase in cell prolifer-
ation compared to non-treated cells. Addition of LPS to 3 T3-L1 cells
induces a similar increase in cell proliferation but there is no further
increase if nicotine is added in the presence of LPS.

To evaluate α7 nAChR expression in 3 T3-L1 and SVEC4-10 cells,
RNA was isolated from either non-stimulated cells or cells stimulated
with LPS for 24 h and cDNA was synthesized. Neither cell type was
found to express α7 nAChR mRNA (Figs. 5C and 6C). SVEC4-10 cells
expressed the β2 nAChR transcripts while this nicotinic receptor
subunit was absent from 3 T3-L1 fibroblasts. Moreover, real-time PCR
analysis of RNA isolated from nicotine stimulated SVEC4-10 or 3 T3-L1
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cells indicated that contrary to macrophages, nicotine does not induce
a significant down-regulation of growth factors in these cell-types and
actually shows a trend towards increased PDGF expression in 3 T3-L1
cells (Figs. 5D and 6D respectively).

4. Discussion

The discovery approximately a decade ago of a nicotinic anti-
inflammatory pathway mediated by the α7 nAChR has raised interest
in the use of nicotine or nicotinic agonists as potential therapeutic
agents in different chronic inflammatory conditions. The therapeutic
use of nicotine has been suggested for the treatment of inflammatory
disorders such as Crohn's disease, ulcerative colitis and obesity [5,23].
However, the potential of a therapeutic role of nicotine in the skin is
unclear and controversies exist as to whether the overall effect must
be regarded as positive or negative [13].

4.1. Effect of nicotine on wound healing

Previous studies regarding the effect of nicotine in cutaneouswound
healing responses in mice have shown contradictory results. In one
study, day eightwounds treatedwith 10−3 Mnicotine solution resulted
in delayed wound healing with a larger wound area compared to saline
controls, whilewounds treatedwith a nicotine concentration of 10−4 M
showed improved healing and a smaller wound area. Treatment with
nicotine concentrations of 10−7 M or 10−10 M showed no signifi-
cant differences [14]. In a different study, nicotine concentrations
of 10−8 M and 10−9 M accelerated wound healing only in genetically
diabetic (Leprdb) mice but not in control mice (heterozygous for the
diabetes allele) compared to saline treated controls [15]. In both studies,
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improved healing was associated with improved wound angiogenesis.
In our wound healing experiment we could not observe an improve-
ment in wound healing induced by nicotine treatment in wild type
mice compared to controls. Differences with previous studies regard
both the background of the mice but also the time-point in which
wound area is measured (the first three days in our setting versus
days eight or fourteen in other studies). Although no significant dys-
regulation in wound inflammatory parameters like TNF, IL-6 and IL-12
was detected, nicotine induced a down-regulation in the expression of
anti-inflammatory IL-10 and growth factors like VEGF, PDGF, TGF-β1
and TGF-β2. This latter effect was also confirmed in-vitro in both prima-
ry mouse bone marrow derived macrophages and RAW 264.7 cells, at
both the RNA and protein levels, while a similar down-regulation was
not observed in either fibroblasts or endothelial cells. Therefore, it is
likely that the inhibition of growth factor production by woundmacro-
phages accounts for the down-regulation of growth factors observed in
nicotine-injected wounds.

4.2. Nicotine action on growth factor expression

Previous studies have suggested that the effect of nicotine on growth
factor expression is likely to be cell-type specific. Chronic exposure to
nicotine was found to reduce plasma VEGF levels in mice and to impair
cholinergic angiogenesis [24]. In other studies, while nicotine was
shown to induce VEGF and FGF in vascular smooth muscle cells and
endothelial cells [25–27], it inhibited VEGF, PDGF and TGF-β1 in rabbit
osteoblasts [28] and VEGF in porcine retinal pigment epithelium [29].
Moreover, nicotine was shown to upregulate the expression of VEGF
but suppress the expression of PDGF in nasopharyngeal carcinoma
(NPC) cells [30]. Our data show that in macrophages, a major source
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of growth factors like VEGF and TGF-β1 in wounds [31], the effect of
nicotine is inhibitory. In support of a cell-type specific nicotine action,
we observed a trend towards increased PDGF production by nicotine
in 3 T3-L1 fibroblasts.

4.3. Nicotine action on monocytes/macrophages

Nicotine was found to inhibit the production of pro-inflammatory
cytokines in human and mouse monocytes or macrophages through
activation of a Jak2-STAT3 pathway and inhibition of the NF-κB tran-
scriptional activity [6–9,20]. However, discrepancies from these find-
ings in studies where nicotine was shown to augment TNF and pro-
inflammatory synthesis inmacrophages exist [32]. Using either primary
mouse cells like bone marrow derived macrophages and resident peri-
toneal macrophages, or the mouse macrophage cell line RAW 264.7,
we could confirm previous findings of an inhibitory action of nicotine
on TNF production. Using an NF-κB luciferase reporter system, we
also show that, although nicotine induces down-regulation of TNF ex-
pression in RAW 264.7 macrophages, this is only minimally dependent
on inhibition of NF-κB transcriptional activity. Discrepancies from other
studies [8,20] that show inhibition by nicotine of NF-κB activity in
luciferase assays may be explained by the differences in transiently
transfected cells used in those studies compared to the stable transfected
line we used in our experiments. Therefore, additional mechanisms to
NF-κB suppression seem to be responsible for the nicotine induced
down-regulation of TNF expression in macrophages. In line with this, a
different mechanism of nicotine mediated suppression of TNF release
in human macrophages was recently reported, through induction of
tristetraprolin (TTP), an ARE-binding protein that binds and promotes
degradation of the TNF transcript [33].
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4.4. Nicotinic acetylcholine receptor expression

The anti-inflammatory effect of nicotine is considered to bemediated
by the α7 nAChR expressed by many different cell types ranging from
neurons to immune cells. Regarding the skin, theα7 nAChR has been de-
tected in the upper spinous and granular layers of human scalp epider-
mis [34] and in skin of BALB/c mice, where α7 nAChR positive staining
was observed in epidermis, hair follicles, sebaceous glands, endothelial
cells, resident dermal fibroblasts, but also in inflammatory cells likemac-
rophages and PMNs during skin wound healing [35]. However, concerns
have been raised regarding the specificity of anti-α7 nAChR antibodies
due to the discrepancies in the results between immunodetection
data and mRNA or genotyping results in α7 nAChR deficient mice
[22,36,37]. Using three different primer pairs, we were unable to detect
mRNA of α7 nAChR in either unwounded or wounded skin in C57BL/6
mice or in primary mouse cells or cell-lines. Our results are supported
by similar studies that show presence of other nAChR transcripts like
the β2 nAChR but absence of the α7 nAChR mRNA in mouse alveolar
[38,39], intestinal, splenic or peritoneal macrophages [22]. Since α7
nAChR has been detected in human monocytes, macrophages, endothe-
lial cells [6,10,12] but not in the corresponding mouse cells, it is likely
that expression patterns of nicotinic acetylcholine receptors may differ
between human and mouse tissues or between different mouse strains,
and comparison of different studies or translation of mouse studies to
humans should be done with caution.

Finally, to evaluate the effect of nicotine on additional cell types
present in the skin, we have used the mouse vascular endothelial
cell line SVEC4-10 and the 3 T3-L1 murine fibroblast cell line. In
both cell types nicotine was found to have no effect on IL-6 secretion,
the only cytokine among TNF, IL-12 and IL-10 that was produced
after LPS stimulation. However, we observed that nicotine induced
a mild increase in cell proliferation in 3 T3-L1 fibroblasts under
non-LPS stimulated conditions. This effect is potentially mediated
by nicotinic acetylcholine receptor subunits expressed by fibroblasts
that are different fromα7 nAChR or β2 nAChR since expression anal-
ysis indicated absence of these subunits in mouse 3 T3-L1 cells. Sim-
ilar nicotine-induced stimulation in cell proliferation was noted by
others in endothelial cells [40,41], bone cells [42], epithelial cells
[43], and chondrocytes [44].

Taken together, our results show that during the inflammatory
phase of murine cutaneous wound healing, the main effect of nicotine
administration was a negative regulation of growth factor expression,
an effect which is likely to be due to reduced growth factor expression
bywoundmacrophages. The inhibitory effect of nicotine on growth fac-
tor production may reflect, to a certain degree, the damaging effects of
smoking on the skin vasculature and oxygenation andmay provide crit-
ical insight into the overall detrimental effects of tobacco use in wound
healing and general skin diseases.
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