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BACKGROUND AND PURPOSE
LPS and IFN-γ are potent stimuli of inflammation, a process in which fibroblasts are frequently involved. We analysed the
effect of treatment with LPS plus IFN-γ on the expression and function of muscarinic acetylcholine receptors in NIH3T3
fibroblasts with regards to proliferation of these cells. We also investigated the participation of NOS and COX, and the role of
NF-κB in this process.

EXPERIMENTAL APPROACH
NIH3T3 cells were treated with LPS (10 ng·mL−1) plus IFN-γ (0.5 ng·mL−1) for 72 h (iNIH3T3 cells). Cell proliferation was
evaluated with MTT and protein expression by Western blot analysis. NOS and COX activities were measured by the Griess
method and radioimmunoassay respectively.

KEY RESULTS
The cholinoceptor agonist carbachol was more effective at stimulating proliferation in iNIH3T3 than in NIH3T3 cells, probably
due to the de novo induction of M3 and M5 muscarinic receptors independently of NF-κB activation. iNIH3T3 cells produced
higher amounts of NO and PGE2 than NIH3T3 cells, concomitantly with an up-regulation of NOS1 and COX-2, and with the
de novo induction of NOS2/3 in inflamed cells. We also found a positive feedback between NOS and COX that could
potentiate inflammation.

CONCLUSIONS AND IMPLICATIONS
Inflammation induced the expression of muscarinic receptors and, therefore,stimulated carbachol-induced proliferation of
fibroblasts. Inflammation also up-regulated the expression of NOS and COX-2, thus potentiating the effect of carbachol on
NO and PGE2 production. A positive crosstalk between NOS and COX triggered by carbachol in inflamed cells points to
muscarinic receptors as potential therapeutic targets in inflammation.
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nNCS, non-neuronal cholinergic system

BJP British Journal of
Pharmacology

DOI:10.1111/bph.12834
www.brjpharmacol.org

5154 British Journal of Pharmacology (2014) 171 5154–5167 © 2014 The British Pharmacological Society

mailto:malegazpio@yahoo.com.ar


Table of Links

TARGETS LIGANDS

COX-1 Aminoguanidine

COX-2 Atropine

Cytokine receptors cAMP

M1 receptor Carbachol

M2 receptor 4-DAMP

M3 receptor IFN-γ

M4 receptor Indomethacin

M5 receptor LPS

Nicotinic receptors Mecamylamine

NOS1 (neuronal NOS) Methoctramine

NOS2 (inducible NOS) NO

NOS3 (endothelial NOS) PGE2

PLA2 Pilocarpine

Pirenzepine

Tropicamide

Xanomeline

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b,c,d).

Introduction

Inflammation, a highly regulated response to infection and
injury, has evolved as a beneficial component of the physi-
ological defence system of the host organism. Inflammatory
processes are identified as acute and chronic inflammation
according to their duration. Acute inflammation has a rapid
onset and short duration and presents exudation of fluid and
plasma proteins, in addition to migration of leukocytes and
neutrophils. Chronic inflammation has a longer duration
and is associated with the presence of macrophages, lympho-
cytes, blood vessel proliferation, fibrosis and tissue necrosis.
This type of inflammatory process can progress to an asymp-
tomatic response that causes tissue damage in various dis-
eases such as rheumatoid arthritis, diabetes, atherosclerosis
and cancer (Kumar and Chakrabarti, 2009). One of the most
important causes of inflammation is bacterial infection. For
this reason, inflammation can be induced by administering
bacterial LPS, which is the main constituent of the outer
membrane of Gram-negative bacteria, or by combining LPS
with inflammatory cytokines such as IFN-γ, which acts syn-
ergistically to up-regulate gene expression in different cell
types. However, some features of the inflammatory response
remain unique or ‘private’ to the tissue where inflammation
occurs. The molecular and cellular basis for such tissue
tropism has remained elusive. There is now accumulating
evidence that fibroblasts help define tissue topography,
provide positional memory and regulate the switch from
acute to chronic inflammation. Fibroblasts are active promot-
ers of tissue formation and tissue remodelling; they actively
define the structure of the tissue microenvironment and

modulate immune cell behaviour by conditioning the local
cellular and cytokine microenvironment so that the kinetics
and nature of the inflammatory infiltrate are appropriate to
the cause of the damage (Buckley, 2003).

Recently, it has been documented that components of the
non-neuronal cholinergic system (nNCS) such as acetylcho-
line and choline acetyl transferase are expressed in human
fibroblasts derived from the loose connective tissue (Spang
et al., 2013), and it is known that the nNCS is widely involved
in inflammatory responses (Forsgren et al., 2009). Muscarinic
acetylcholine receptors are components of the nNCS and
molecular cloning has identified five subtypes. M1, M3 and M5

receptor subtypes are classically coupled to Gq/11 protein, trig-
gering phospholipase C/NOS, or to phospholipase A2/COX
metabolic pathway activity (Kohn et al., 1996), while M2 and
M4 receptors inhibit cAMP accumulation via Gi/o protein
(Eglen, 2012). The aims of this work were to investigate the
role of muscarinic acetylcholine receptors in cell proliferation
and to characterize muscarinic acetylcholine receptor expres-
sion in NIH3T3 murine fibroblasts under inflammatory con-
ditions induced by LPS plus IFN-γ treatment. We also
analysed the expression and function of NOS and COX as
effector enzymes of muscarinic acetylcholine receptor activa-
tion and the role of NF-κB in this process.

Methods

Cell culture
The normal murine fibroblast cell line NIH3T3 (CRL-1658)
(ATCC, Manassas, VA, USA) was cultured in DMEM : F12 (1:1)
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(Invitrogen, Buenos Aires, Argentina) with 2 mM L-
glutamine, 80 μg·mL−1 gentamicin supplemented with 10%
heat-inactivated fetal calf serum (FCS) (Bioser S.A., Barcelona,
Spain) at 37°C in a humidified 5% CO2 air. Cells were
detached using 0.25% trypsin and 0.02% EDTA in Ca2+- and
Mg2+-free PBS of confluent monolayers. Medium was replaced
three times a week. Cell viability was assayed by the Trypan
blue exclusion test. Hoechst staining confirmed the absence
of mycoplasma (Chen, 1977).

NIH3T3 cells were treated with 10 ng·mL−1 LPS from
Escherichia coli 026:B6 and 0.5 ng·mL−1 IFN-γ for 72 h
(iNIH3T3) in order to simulate a long-lasting inflammatory
response. To induce quiescence, cells were deprived of FCS
24 h before any assay.

Cell proliferation assay
Proliferation was evaluated by using the soluble tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay (Life Technologies, Eugene,
OR, USA). In living cells, MTT is reduced to formazan. Cells
were seeded in 96-well plates at a density of 104 cells per well
in DMEM : F12 supplemented with 5% FCS and then left to
adhere overnight. Subconfluent conditions of about 50–60%
were chosen to allow detection of maximal growth. After
being stimulated with LPS plus IFN-γ, cells were treated with
increasing concentrations of the synthetic cholinoceptor
agonist carbachol in triplicate for 1 h in the absence or pres-
ence of the non-selective muscarinic receptor antagonist
atropine (10−8 M), or the nicotinic receptor antagonist
mecamylamine (10−8 M), or the selective antagonists pirenz-
epine for M1 receptors, methoctramine for M2 receptors,
4-diphenylacetoxy-N-methyl-piperidine (4-DAMP) for M3

receptors, tropicamide for M4 receptors or xanomeline for M5

receptors, all of them at 10−9 M, or the following different
enzymatic inhibitors: A5727 (5 × 10−6 M), a NOS1 selective
inhibitor, aminoguanidine (10−4 M), a NOS2 selective inhibi-
tor, LN5-(1-iminoethyl) ornithine hydrochloride (I134)
(10−5 M), a NOS3 selective inhibitor, indomethacin (10−6 M),
a COX inhibitor, N-[2-(cyclohexyloxy)-4-nitrophenyl]
methane-sulfonamide (NS398) (10−5 M), a COX-2 selective
inhibitor, or N-(3,5-bistrifluoromethylphenyl)-5-chloro-2-
hydroxybenzamide (IMD354) (10−6 M), a NF-κB inhibitor,
which were added to carbachol 30 min previously. After treat-
ment, the medium was replaced by fresh medium free of FCS
and cells were cultured for 24 h. Supernatants were discarded,
and viable cells were detected by adding 110 μL of MTT
solution prepared by diluting 10 μL of 5 mg·mL−1 MTT in PBS,
in 100 μL medium free of phenol red and FCS to each well.
After incubation for 4 h at 37°C, the production of formazan
was evaluated by measuring the absorbance at 540 nm with
an ELISA reader (BioTek, Winooski, VT, USA). Values are mean
± SEM and results are expressed as % stimulation with respect
to control (considered as 100%).

Detection of muscarinic acetylcholine
receptors by Western blot
Cells (2 × 106) were washed twice with PBS and lysed in 1 mL
of 50 mM Tris-HCl, 50 mM NaCl, 5 mM NaF, 5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 5 mM PMSF, 1% Triton X-100 and
10 μg·mL−1 trypsin inhibitor, aprotinin and leupeptin, pH 7.4.

After 1 h in an ice bath, lysates were sonicated for 30 s at 4°C
and centrifuged at 8000× g for 20 min at 4°C. The superna-
tants were stored at −80°C and protein concentration was
determined by the method of Bradford (1976). Samples
(80 μg protein per lane) were subjected to 10% SDS-PAGE
minigel electrophoresis, transferred to nitrocellulose mem-
branes, and incubated overnight with goat anti-mouse M1, M2

or M3 receptor polyclonal antibodies or rabbit anti-mouse M4

or M5 receptor polyclonal antibodies, all diluted 1:100 (Santa
Cruz Biotechnology Inc., Dallas, TX, USA) (Español and Sales,
2004). Then strips were incubated with HRP-linked anti-
rabbit IgG or anti-goat IgG, both diluted 1:10 000 in 20 mM
Tris-HCl buffer, 150 mM NaCl and 0.05% Tween 20 (TBS-T) at
37°C for 1 h. Bands were visualized by electrochemilumines-
cence (ECL). Densitometric analysis of the bands is expressed
as optical density units relative to the expression of GAPDH.

Transfection of NIH3T3 cells with small
interference RNA to muscarinic
acetylcholine receptors
A double-stranded siRNA targeting M3 receptor subtype was
designed in our laboratory. The extension of M3-siRNA was a
21-nucleotide duplex, and its sequences were 5-GUGGUC
UUCAUCGCUUUCUUA-3 and 5-AGAAAGCGAUGAAGAC
CACUU-3 corresponding to positions 981–1002 relative to
the start codon (Life Technologies). To down-regulate M5

receptor expression, the siRNA duplex was purchased from
Life Technologies (Cat No. 4390771, ID s102952; Ambion,
Eugene, TX, USA). To perform transfection, NIH3T3 cells (106

cells in 0.2 mL) were electroporated with or without 1 μg of
M3 or M5-siRNA. Electroporation was performed in a 4 mm
gap cuvette using the Gene pulser XCell device (BioRad,
Oakland, CA, USA) with the following conditions: 50 V and
1000 μF of capacitance. Immediately after electroporation,
cells were suspended in complete medium and left to recover.
After 3 h, cells were treated with LPS plus INF-γ as stated
previously. We confirmed the effectiveness of siRNA transfec-
tion by Western blot. iNIH3T3 cells transfected with M3 or
M5-siRNA were used in the proliferation, NO and PGE2 assays.

NO production
NO production was quantified by measuring nitrite (NO2

−)
accumulation in cell culture supernatants. Cells (104 per well)
were seeded in triplicate in 96-well plates with 100 μL
DMEM : F12 supplemented with 10% FCS. After being
deprived of FCS (starvation), cells were treated with different
concentrations of carbachol in triplicate for 1 h in the
absence or presence of the muscarinic antagonists atropine
(10−8 M), pirenzepine, methoctramine, 4-DAMP, tropicamide
or xanomeline, all of them at 10−9 M, or different enzymatic
inhibitors: A5727 (5 × 10−6 M), aminoguanidine (10−4 M),
I134 (10−5 M), indomethacin (10−6 M), NS398 (10−5 M) or
IMD354 (10−6 M). The antagonists or enzymatic inhibitors
were added 30 min before carbachol. Then culture medium
was replaced by fresh medium free of phenol red and FCS.
NO2

− accumulation was evaluated after 24 h in culture super-
natants by Griess reagent [1% sulphanylamine in 30% acetic
acid with 0.1% N-(1 naphtyl) ethylenediamine in 60% acetic
acid]. Absorbance was measured at 540 nm with an ELISA

Reader (BioTek). The concentration of NO2
− in samples was
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obtained by extrapolation from a standard curve of NaNO2

diluted in culture medium. Results are expressed as μM con-
centration of NO2

− in culture supernatants.

Detection of NOS isoforms by Western blot
Cells (2 × 106) were washed twice with PBS and lysed in 1 mL
of modified RIPA buffer: 50 mM Tris-HCl; 150 mM NaCl;
1 mM NaF, EDTA and PMSF; 1% Triton X-100; 4 μg·mL−1

trypsin inhibitor; 5 μg·mL−1 aprotinin; 5 μg·mL−1 leupeptin,
pH 7.4. After 1 h in an ice bath, lysates were centrifuged at
8000× g for 20 min at 4°C (Fiszman et al., 2006). Supernatants
were stored at −80°C and the protein concentration was
determined by the method of Bradford (1976).

Samples (80 μg protein per lane) were subjected to 7.5%
SDS-PAGE minigel electrophoresis, transferred to nitrocellu-
lose membranes, and incubated overnight with polyclonal
antibodies anti-NOS1 or anti-NOS3 raised in rabbit or anti-
NOS2 raised in goat, all diluted 1:100 (Santa Cruz Biotech-
nologies Inc.) in TBS-T (20 mM Tris-HCl buffer, 150 mM NaCl
and 0.05% Tween 20). After several rinses with TBS-T, strips
were incubated with anti-rabbit IgG conjugated with HRP,
diluted 1:10 000 or anti-goat IgG conjugated with HRP,
diluted 1:20 000 in TBS-T at 37°C for 1 h. ECL was used to
visualize the bands that were quantified by densitometric
analysis.

Quantification of PGE2 levels by
radioimmunoassay
Cells (106 per well) were incubated in 1 mL of DMEM : F12 at
37°C, treated with different concentrations of carbachol for
1 h in the absence or presence of atropine (10−8 M), or piren-
zepine, methoctramine, 4-DAMP, tropicamide or xanome-
line, all of them at 10−9 M, or different enzymatic inhibitors:
A5727 (5 × 10−6 M), aminoguanidine (10−4 M), I134 (10−5 M),
indomethacin (10−6 M), NS398 (10−5 M) or IMD354 (10−6 M).
The antagonists or enzymatic inhibitors were added to car-
bachol 30 min before. Then medium was replaced by the
same volume of fresh medium and PGE2 production was
determined by a radioimmunoassay procedure, according to
a previously described method (Granstrom and Kindhal,
1978), after 90 min. Samples or standards (100 μL) were
mixed with 500 μL of anti-rabbit PGE2 antiserum (specific
activity 154 Ci·mmol−1; NEN Life Science Products Inc.,
Boston, MA, USA) added to each tube. All dilutions were
prepared in 10 mM PBS, pH 7.4, containing 0.01% BSA and
0.1% sodium azide. After incubation, a dextran-coated char-
coal suspension was added to separate bound and free frac-
tions. The supernatants were removed from each tube and a
scintillation cocktail was added to determine the amount
of radioactivity. Results were expressed as ng·mL−1 of PGE2

produced.

Detection of COX isoforms by Western blot
For the preparation of cell lysates and Western blot assays, we
proceeded similarly to NOS immunodetection, but using
anti-COX-1 or anti-COX-2 rabbit polyclonal antibodies
(Cayman Chemical Co., Ann Harbor, MI, USA) diluted 1:150
in TBS-T. After several rinses with TBS-T, strips were incubated
with anti-rabbit IgG conjugated with HRP, diluted 1:10 000 in

TBS-T at 37°C for 1 h. The bands were visualized by ECL and
quantified by densitometric analysis (Español et al., 2007).

Drugs
Unless otherwise stated, all drugs were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Solutions were prepared
fresh daily.

Statistics
Results are expressed as mean ± SEM of at least six experi-
ments performed in duplicate or triplicate. When performed
in duplicate or triplicate, these were used to determine accu-
racy of each n = 1. A GraphPad Prism computer programme
(GraphPad Software, Inc., La Jolla, CA, USA) one-way ANOVA

for paired samples was used to determine the significance of
differences between mean values in all control and test
samples. The analysis was complemented by using a Tukey
test to compare the mean values. Differences between means
were considered significant if P < 0.05.

Results

Effect of LPS plus IFN-γ on the effect of
carbachol on the proliferation of
NIH3T3 cells
We analysed the effect of carbachol on NIH3T3 cell prolifera-
tion after a long-lasting treatment with LPS plus IFN-γ.
Figure 1A shows that carbachol stimulated iNIH3T3 cell
proliferation in a concentration-dependent manner, with
maximal effect 148 ± 5% and its maximal effective concen-
tration (ECmax) 10−7 M. Similar results were observed in
NIH3T3 cells; but carbachol (10−8 M) produced a lower
maximal effect (134 ± 4%) than that in inflamed cells (P <
0.05). This effect of carbachol was significantly reduced by
the pre-incubation of cells with the non-selective muscarinic
antagonist atropine (106 ± 4% and 107 ± 6% for NIH3T3 and
iNIH3T3, respectively), but not by mecamylamine, a nico-
tinic antagonist (136 ± 3% and 150 ± 6% for NIH3T3 and
iNIH3T3 respectively). To analyse which subtypes of mus-
carinic acetylcholine receptors were involved in the prolifera-
tive action of the agonist, the ECmax was assayed in the
presence of selective muscarinic antagonists for each experi-
mental group (Figure 1B). Pirenzepine, methoctramine and
tropicamide reduced the effects of carbachol on both cell
populations. In contrast, 4-DAMP and xanomeline were
effective at reducing carbachol-induced proliferation only in
LPS plus IFN-γ-treated cells, thus revealing the participation
of M3 and M5 receptor subtypes. To confirm differences in
muscarinic acetylcholine receptor expression between the
two experimental groups, we performed Western blot experi-
ments in fibroblast lysates. iNIH3T3 cells showed not only
the expression of M1, M2 and M4 receptors but also de novo
expression of M3 and M5 receptor subtypes (Figure 1C).

The expression of M3 and M5 receptors in iNIH3T3 cells was
down-regulated by transfection with specific siRNAs targeting
each receptor subtype, and Western blot experiments reveal a
reduction in the amount of these proteins in cell lysates
(Figure 2A). The latter was concomitant with a decrease in
carbachol-induced iNIH3T3 cell proliferation (Figure 2B).
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The involvement of NF-κB in the modulation
of muscarinic acetylcholine receptor
expression in NIH3T3 cells
As the induction of protein expression during inflammation
may involve activation of the NF-κB pathway, we analysed
the expression of muscarinic acetylcholine receptors in the
presence of IMD354, which inhibits IκB kinase and prevents
the translocation of NF-κB p65 to the nucleus. Western blot
results revealed that IMD354 did not modify muscarinic
receptor expression in either cell population (Figure 3).

Effect of LPS plus IFN-γ on muscarinic
acetylcholine receptor function in NIH3T3
cells: participation of NOS-derived NO
As muscarinic acetylcholine receptor activation may lead to
the stimulation of NOS-derived NO production, we analysed
the effect of carbachol on NO synthesis in LPS plus IFN-γ-
treated cells. This treatment increased the basal production of
NO from 4.9 ± 0.5 μM to 8.4 ± 0.2 μM (P < 0.001). Carbachol
induced a concentration–dependent effect on NO production
in iNIH3T3 cells and the ECmax value was the same that
inducing a maximal effect on proliferation. Atropine signifi-
cantly reduced the action of carbachol (Figure 4A). In addi-
tion, the NO production in response to the ECmax of carbachol
(10.7 ± 0.04 μM) was totally reduced by pirenzepine and
4-DAMP and partially inhibited by xanomeline in iNIH3T3
cells.

These results were confirmed by transfecting cells with
siRNA targeting M3 or M5 receptors. Both siRNAs were equally
potent to reduce carbachol-induced NO synthesis in iNIH3T3
cells (Figure 4B). In NIH3T3 cells, the effect of carbachol (7.8
± 0.8 μM) appears to be mediated by the activation of M2 and
M4 receptors and, to a lesser extent, by M1 receptors, because
methoctramine and tropicamide reduced carbachol-derived
NO production in a more potent manner (P < 0.001) than
pirenzepine (P < 0.05) (Figure 4B).

LPS plus IFN-γ treatment modified not only the coupling
of muscarinic acetylcholine receptors to NO production, but
also the expression of NOS isoforms as well, as NIH3T3 cells
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Figure 1
Activity and expression of muscarinic acetylcholine receptors in
NIH3T3 cells. (A) Concentration–response curves for effect of carba-
chol on cell proliferation. Cells were cultured in the absence or
presence of LPS (10 ng·mL−1) plus IFN-γ (0.5 ng·mL−1) for 72 h
(NIH3T3 and iNIH3T3, respectively), and then stimulated with dif-
ferent concentrations of carbachol without or with atropine (AT)
(10−8 M). (B) Effect of the maximal effective concentration of carba-
chol on cell proliferation in the absence or presence of 10−9 M
pirenzepine (PIR), methoctramine (MET), 4-DAMP, tropicamide
(TROP) or xanomeline (XAN). Results are expressed as % change
with respect to control (considered as 100%). Values are mean ± SEM
of six experiments performed in triplicate. *P < 0.01;**P < 0.001
versus carbachol. (C) Western blot assay to detect muscarinic acetyl-
choline receptor subtypes (M1–M5) in untreated or LPS plus IFN-γ-
treated cells. Molecular weights are on the left. Densitometric
analysis of the bands is expressed as optical density (OD) units
relative to the expression of GAPDH protein used as loading control.
One representative experiment of three is shown.
◀
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only expressed NOS1 protein, while iNIH3T3 cells had an
up-regulated expression of the NOS1 enzyme and also
expressed de novo NOS2 and NOS3 isoforms (Figure 4C). In
line with these results, carbachol-stimulated NO production
was reduced only by the NOS1 inhibitor A5727 (P < 0.001 vs.
carbachol) in NIH3T3 cells, while in iNIH3T3 cells, carbachol-
induced NO production was reduced not only by A5727, but
also by aminoguanidine and I1-34, NOS2 and NOS3 inhibi-
tors respectively (P < 0.001 vs. carbachol) (Figure 4D).

The participation of the NF-κB pathway in NOS expres-
sion and function was analysed in the presence of IMD354 in
both cell populations. This inhibitor not only reduced NO
production (P < 0.001) and NOS1 and NOS2 expression in
iNIH3T3 cells, but also down-regulated NO synthesis (P <
0.001) and NOS1 expression in untreated cells (Figure 5A and
B). IMD354 treatment had no effect on NOS3 expression
(Figure 5B).

Effect of LPS plus IFN-γ on muscarinic
acetylcholine receptor function in NIH3T3
cells: participation of COX-derived PGE2
As it is well known that muscarinic acetylcholine receptor
activation can promote prostanoid metabolism via phospho-
lipase A2/COX activation, we analysed the effect of carbachol
on the production of PGE2, an important inflammatory
mediator in both cell populations. The addition of LPS plus
IFN-γ increased the basal production of PGE2 (iNIH3T3:1.71 ±
0.26 ng·mL−1) in relation to untreated cells (NIH3T3: 0.80 ±
0.15 ng·mL−1) (P < 0.05). Carbachol increased PGE2 produc-
tion in both experimental groups at the same range of
concentrations tested in previous effects and in both experi-
mental groups. These actions were significantly reduced by
atropine (10−8 M). In addition, the maximal effect of carba-
chol on PGE2 production (2.90 ± 0.28 ng·mL−1) was reduced
by tropicamide, methoctramine, 4-DAMP and M3-siRNA in
iNIH3T3 cells (Figure 6B), but only by methoctramine in
NIH3T3 cells (1.08 ± 0.17 ng·mL−1), thus indicating differ-
ences in muscarinic acetylcholine receptor coupling to COX-
derived PGE2 between cells in inflammatory and in non-
inflammatory conditions.

LPS plus IFN-γ treatment not only modified the coupling
of muscarinic acetylcholine receptors to PGE2 synthesis, but
also up-regulated the expression of COX-2 (P < 0.05), which
is the only isoform expressed in these cells (Figure 6C). The
latter results were confirmed when cells were pretreated with
COX inhibitors, as the addition of NS398, a selective COX-2
inhibitor, was equipotent with indomethacin at blocking
carbachol-induced PGE2 synthesis in both cell groups
(Figure 6D).

The participation of the NF-κB pathway in COX-2 func-
tion and expression was analysed in the presence of IMD354
in both cell populations. This inhibitor significantly reduced
PGE2 production in both iNIH3T3 and NIH3T3 cells (P <
0.001 or P < 0.01) (Figure 7A). IMD354 also reduced the level
of COX-2 expression in both cell populations (P < 0.05)
(Figure 7B).

Interactions between NOS and COX are
involved in the effects of carbachol
To determine a possible crosstalk mechanism between NOS
and COX that could also explain the differences underlying
the results described above, carbachol-induced NO produc-
tion was measured in the presence of COX inhibitors
(Figure 8A). Indomethacin and NS398 did not modify
carbachol-stimulated NO synthesis in NIH3T3 cells, but they
restored NO levels triggered by carbachol to control values in
iNIH3T3 cells, indicating that COX-2-derived PGE2 synthesis
did not modulate NOS1 activity in untreated cells, but poten-
tiated NOS activity in iNIH3T3 cells. In contrast, the addition
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of A5727 to NIH3T3 cells potentiated the effect of carbachol
on PGE2 synthesis (P < 0.001), revealing that NOS1-derived
NO could be down-regulating PGE2 production regulated by
COX-2. In iNIH3T3 cells, all NOS inhibitors reduced PGE2

release (P < 0.001 vs. carbachol), indicating that NO derived
from NOS1, 2 and 3 stimulates COX-2 activity in inflamed
cells (Figure 8B). Moreover, NOS1 is not involved in the pro-
liferative effect triggered by carbachol in NIH3T3 cells, as
A5727 was ineffective at reducing this effect of carbachol.
Meanwhile, A5727, aminoguanidine and I134 reduced
carbachol-induced proliferation in inflamed cells indicating
that NO derived from the three isoforms of NOS is the media-
tor of this effect (Figure 8C). In addition, we confirmed that
COX-2-derived products participate in carbachol-induced cell
growth, as NS398 inhibited this effect in both NIH3T3 and
iNIH3T3 cells (Figure 8D).

Discussion

Our results reveal a novel mechanism involving muscarinic
receptors under prolonged inflammatory conditions. The
plasticity of these receptors, with regard to their expression
and function in murine fibroblasts, could place them at the
centre of anti-inflammatory treatment in the future. NIH3T3

cells, which are derived from normal murine fibroblasts, con-
stitute a very useful model to study the role of these stromal
cells in the pathophysiology of different processes (Bulseco
et al., 2001; Tu-Rapp et al., 2004). The biological activity and
proliferative capacity of fibroblasts can either improve or
worsen the inflammatory process. Here, we demonstrated
that NIH3T3 cells can proliferate in response to the cholino-
ceptor agonist carbachol, and that this effect was reversed by
atropine but not by mecamylamine indicating that only mus-
carinic acetylcholine receptors are involved in this process.
Matthiesen et al. (2006) obtained similar results in a primary
culture of human lung fibroblasts stimulated with carbachol
or oxotremorine.

Our results show that carbachol exerted a more potent
effect in LPS plus IFN-γ-treated cells than in untreated cells.
This effect was accompanied by the induction of M3 and M5

receptor subtypes. It has been documented that LPS can
induce the de novo synthesis of different types of receptors,
such as cytokine receptors (Lattin et al., 2008). In the present
study, we showed for the first time that muscarinic acetylcho-
line receptor protein expression is induced under inflamma-
tory conditions. In addition, we demonstrated that this effect
is time-dependent, because short-term stimulation with the
same concentrations of LPS and IFN-γ failed to induce the
expression of M3 and M5 receptors (Español et al., 2010).
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It is well known that different inflammatory stimuli can
activate the NF-κB signalling pathway and that this activa-
tion can lead to an increase in the expression of several
proteins (Bonizzi and Karin, 2004). Although we demon-
strated that NF-κB is constitutively active in NIH3T3 cells
(Español et al., 2010), our results indicate that this transcrip-
tion factor is not involved in the de novo expression of M3 and
M5 receptors in these cells.

One of the main effector enzymes in muscarinic acetyl-
choline receptor transduction pathways is NOS. The enzyme
product NO is a central modulator involved in the regulation
of several processes, including inflammation, and it is prac-
tically accepted that the expression and function of NOS
isoenzymes are generally up-regulated in different cell types
during this process (Marshall et al., 2000). Here, we observed
that LPS plus IFN-γ increased NOS1 expression and induced

the de novo expression of NOS2 and NOS3 in NIH3T3 cells. de
Couto Pita et al. (2009) obtained similar results in a model of
LPS-induced pulpitis in rats. They observed that the addition
of LPS to pulp increased NO production generated by iNOS
and also that the muscarinic agonist pilocarpine stimulated
iNOS-derived NO synthesis at a similar range of concentra-
tions tested for carbachol in our model. In addition, our
results demonstrated collaborative actions among M1, M2 and
M4 receptors in both carbachol-stimulated NOS1-derived NO
synthesis and in NIH3T3 cell proliferation. Previously, we
obtained evidence that M1 and M2 receptors have collabora-
tive actions on urea production induced by arginase II and
the pro-angiogenic effects exerted by macrophages purified
from animals with LMM3 tumours (de la Torre et al., 2005).
Inflammatory conditions alter the coupling of NOS to M1, M3

and M5 receptors; activation of these receptors by carbachol
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stimulates NO production via the coupling of Gq/11 protein to
PLC, an event that has been associated with the proliferation
of different cell types (Eglen, 2006; Kaproth-Joslin et al.,
2008). Fan et al. (2011) demonstrated that the administration
of LPS induces the inactivation of Giα protein in RAW264.6
cells mediated by toll-like receptors in an endotoxaemia
model before the death of animals as a result of septic shock.
A similar mechanism may be involved in our model in which

M2 and M4 receptors, which are generally linked to Gi
protein, switched their coupling from NO production in
NIH3T3 cells to PGE2 synthesis after flogogen treatment. The
latter could be due to the stimulation of PLA2 via Giβγ protein
by a different activation pathway as previously reported by
Selbie and Hill (1998).

Another main effector enzyme in muscarinic acetylcho-
line receptor signalling pathways is COX. We demonstrated
that inflammatory stimuli increase both COX-2 expression
and PGE2 production mediated by NF-κB activation.
Pausawasdi et al. (2002) reported that COX-2 expression and
function are induced by LPS treatment in vitro via the NF-κB
pathway. In addition, Matsuura et al. (1999) demonstrated
that IFN-γ treatment of human keratinocytes increases PGE2

levels, which could positively modulate cell proliferation.
Felder (1995) reported that M2 receptors can also couple to
PLA2 and stimulate arachidonic acid release from the plasma
membrane. This may be the case in NIH3T3 cells because
only the M2 selective antagonist methoctramine reduced
carbachol-induced PGE2 release. The presence of inflamma-
tory stimuli increased the ability of M3 and M4 receptor acti-
vation to release PGE2. The latter could be related to previous
observations describing a down-regulation of M2 receptor
function during the inflammatory process produced by virus
infections. Fryer et al. (1990) attributed these results to the
action of viral neuraminidase, which cleaves sialic acid resi-
dues, decreasing the affinity of agonists for these receptors.

Several studies have demonstrated that NOS and COX can
reciprocally modulate their activities and thus the response of
cells in different conditions (Nogawa et al., 1998; Salvemini
et al., 2013). Our results indicate that COX-2 products are
unable to modulate NO synthesis in NIH3T3 cells but can
stimulate NO synthesis in iNIH3T3 cells. However, in
untreated cells, NOS1-derived NO inhibited COX-2 activity,
as A5727 potentiated PGE2 release, while in iNIH3T3 cells NO
stimulated PGE2 production, thus revealing a positive feed-
back mechanism between NOS and COX in inflamed cells.
The negative regulation observed between NOS and COX in
non-inflamed cells would be responsible for the lack of
involvement of NOS1 in the proliferative effect of carbachol
and for a negative control on cell proliferation in the absence
of inflammation.

Our results show, for the first time, that inflammation
induces the expression of muscarinic acetylcholine receptors
in murine fibroblasts, increasing the ability of carbachol to
stimulate cell proliferation. Treatment with LPS plus IFN-γ
induced the expression of NOS1, NOS2, NOS3 and COX2, so
potentiating the effect of carbachol on NO and PGE2 produc-
tion. Inflammation evokes a positive crosstalk mechanism
between NOS and COX to be triggered by carbachol, indicat-
ing the potential of muscarinic acetylcholine receptors as
therapeutic targets in inflammation.
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