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The transient receptor potential (TRP) ion channel family is well characterized in sensory neurons; however, little is

known about its role in the immune system. Here we show that the cold-sensing TRPM8 has an unexpected role in innate

immunity. TRPM8 expression and function in macrophages were demonstrated in vitro using molecular techniques and

calcium imaging. In addition, adoptive macrophage transfer and systemic interleukin (IL)-10 overexpression were

performed in experimental colitis. TRPM8 activation induced calcium-transients in murine peritoneal macrophages (PM)

and bone marrow-derived macrophages of wild-type (WT) but not TRPM8-deficient mice. TRPM8-deficient PM

exhibited defective phagocytosis and increased motility compared with those in WT, whereas the opposite effects of

TRPM8 activation were induced in WT PM. TRPM8 activation or blockage/genetic deletion induced a anti- or pro-

inflammatory macrophage cytokine profile, respectively. WT mice treated with repeated menthol (TRPM8 agonist)

enemas were consistently protected from experimental colitis, whereas TRPM8-deficient mice showed increased colitis

susceptibility. Adoptive transfer of TRPM8-deficient macrophages aggravated colitis, whereas systemic IL-10

overexpression rescued this phenotype. TRPM8 activation in peptidergic sensory neurons did not affect neuropeptide

release from the inflamed colon. TRPM8 in macrophages determines pro- or anti-inflammatory actions by regulating

tumor necrosis factor-a and interleukin-10 production. These findings suggest novel TRPM8-based options for

immunomodulatory intervention.

INTRODUCTION

Macrophages are a principal element of innate immunity.
The key functions of these cells are phagocytosis of invading
microorganisms and environmental pathogens and regulation
of the adaptive immune system. Macrophages are also critically
involved in the regulation of gut homeostasis via the release of
several cytokines and IL-10 receptor signaling.1 Little is known,
however, about the role of the transient receptor potential
(TRP) family of ion channels in the immune system,
particularly in macrophages. TRP channels are integral
membrane proteins with substantial calcium ion permeability.2

The TRP ion channel family comprises seven members, TRPC

(canonical), TRPV (vanilloid), TRPP (polycystin), TRPML
(mucolipin), TRPA (ankyrin), TRPN (NOMPC-like), and
TRPM (melastatin), which are expressed in several tissues.2

Although TRP channels have been implicated in complex
inflammatory pathologies such as colitis3–6 and asthma,7 the
roles of many TRP channels are mainly described by their
expression in sensory neurons or epithelial cells where they
control neuropeptide or cytokine release, respectively. TRP
channels have been widely recognized as fundamental for
mediating specific responses to various physical or chemical
noxious stimuli in sensory neurons.8 Through TRP receptors,
sensory nerves can mediate defense mechanisms against
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damaging environmental and inflammatory stimuli to main-
tain the integrity of the organism8—similar to the primordial
function of the immune system.

Regarding macrophages, various TRP channels have already
been shown to receive signals important for macrophage
function. For example, TRPC3-deficient macrophages exhib-
ited increased apoptosis and impaired efferocytosis,9 and
TRPC6 upregulation was observed in human alveolar macro-
phages from patients with chronic obstructive pulmonary
disease.10 In murine peritoneal macrophages (PM), TRPV2
mediated particle binding and phagocytosis was involved in
lipopolysaccharide (LPS)-induced cytokine production, whereas
TRPV4þ /þ macrophages restored the susceptibility of
TRPV4� /� lungs to ventilator-induced mechanical injury.11,12

Little is known about TRPM8 expression in macrophages.
TRPM8 (formerly known as Trp-p8 or CMR1) was previously
characterized as a prostate cancer tumor marker13 and
identified as an essential cold sensor in peripheral sensory
neurons.14,15 Intriguingly, inflamed/injured sites have been
treated via cooling likely for millennia. Ingredients derived
from the mint plant family such as menthol or eucalyptol (1,8-
cineol) are natural TRPM8 agonists and have been used for
centuries to treat different inflammatory conditions.16 More-
over, menthol has recently been shown to inhibit cytokine
production in human blood monocytes and lymphocytes
in vitro.17 One recent report identified TRPM8-like channels in
the RAW 264.7 macrophage cell line via patch-clamp
analysis.18 Accordingly, we sought to determine whether
TRPM8 has a functional role in macrophages and whether
TRPM8 activation modulates inflammatory responses in vivo.
Upregulated TRPM8 expression has recently been demon-
strated under inflammatory conditions in both inflamed
colonic tissues from patients with Crohn’s disease and in a
murine experimental colitis model. In addition, TRPM8
activation was shown to attenuate experimental colitis through
the inhibition of neuropeptide release from sensory neu-
rons.5,19 In contrast, another recent report suggested that
TRPM8 mediated the release of calcitonin gene-related peptide
(CGRP) from peptidergic sensory neurons, and direct effects of
CGRP on CD11þ dendritic cells (DCs) have been suggested as
protective against colitis.3

Here, we demonstrate that the activation of constitutively
expressed TRPM8 in murine macrophages induces an
anti-inflammatory cytokine profile and enhances phagocytosis,
whereas genetic deletion or pharmacological block of TRPM8
induces the opposite effects. Consistent with these findings,
menthol enemas were protective in wild-type (WT) mice with
experimental colitis independently of neuropeptide release
modulation whereas TRPM8-deficient mice exhibited aggra-
vated colitis. Mice reconstituted with TRPM8-deficient macro-
phages consistently exhibited increased colitis susceptibility,
demonstrating a fundamental role of constitutive TRPM8
expression in innate immunity. The pro-inflammatory effects
of TRPM8-deficient macrophages were found to depend on an
imbalance of tumor necrosis factor a (TNF)-a and interleukin
(IL)-10 production in vitro and in vivo.

RESULTS

Functional TRPM8 expression in macrophage populations

The RAW 264.7 cell line, a macrophage-like, Abelson leukemia
virus-transformed line, is known to possess the characteristics
of macrophages. Previously, one electrophysiological patch-
clamp analysis demonstrated TRPM8-like currents in these
cells.18 Here we demonstrate TRPM8 immunoreactivity in
RAW cells (Figure 1a). To further analyze TRPM8 functions in
other phagocyte populations, we searched for TRPM8 in
murine PM and identified TRPM8 immunopositivity in PM
from WT mice but not in mice in which trpm8 had been
globally disrupted (KO) (Figure 1b). We confirmed TRPM8
protein expression in murine WT but not KO PM via western
blot analysis (Figure 1c). Moreover, using quantitative PCR, we
demonstrated upregulated (doubled) trpm8 expression in PM
in response to LPS (100 ng ml� 1) treatment (Supplementary
Figure S1a, b online). The numbers of PM in the peritoneal
lavage fluid were similar in WT and TRPM8 KO mice, and there
were no significant differences in macrophage morphology or
immunoreactivity (F4/80) between the two genotypes
(Figure 1b, Supplementary Figure S2). In addition, we
demonstrate TRPM8 and F4/80 co-expression in colonic
lamina propria mononuclear cells (LPMC) of WT but not
TRPM8 KO mice (Figure 1d). Consistent with the observed
TRPM8 expression in murine PM, ratiometric measurements
using the cytosolic calcium indicator Fura-2 indicated large and
sustained responses in WT PM in response to the TRPM8
agonist menthol at both 100 mM (112/236 responsive cells, 47%)
(Figure 1e and f) and 10 mM (144/420 responsive cells, 34%)
(Supplementary Figure S3a, b). At both concentrations,
responses to menthol were lacking in TRPM8-deficient PM,
indicating the selectivity of menthol for TRPM8 at the tested
concentrations. In addition, menthol (100 mM) induced calcium
ion transients in bone marrow-derived macrophages (BMDM)
from WT mice (200/284 responsive cells, 70%) but not from
TRPM8 KO mice (Supplementary Figure S3c, d).

TRPM8 modulates cytokine expression in macrophages

We next addressed the possible involvement of TRPM8 in the
control of cytokine release from macrophages. In both WT and
TRPM8-deficient PM, the basal levels of released
TNF-a and IL-10 were below 30 pg ml� 1 or the detection
limit, respectively (not shown). In vitro, LPS-induced TNF-a
release was increased in TRPM8 KO PM relative to WT PM
(Figure 2a), whereas IL-10 release was attenuated (Figure 2b),
suggesting that TRPM8 contributes to an anti-inflammatory
cytokine profile. Consistent with these findings, menthol
(100mM) inhibited LPS-induced TNF-a release and
augmented IL-10 release in WT but not in TRPM8-deficient
PM (Figure 2a and b). In accordance with the TRPM8-
mediated attenuation of TNF-a release, an immunoblot analysis
revealed the menthol-induced decrease in phosphorylation of
p38, a MAPK family member involved in the upregulation of
TNF-a in macrophages.20 This effect was blocked by the
co-application of the selective TRPM8 antagonist AMTB
(A, 10mM) (Figure 2c and e) and was lacking in TRPM8
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KO PM (Figure 2d and e). Accordingly, menthol (100mM)
enhanced the phosphorylation of extracellular-signal regulated
kinase (ERK), a key regulator of IL-10 expression,21 in WT but
not in TRPM8-deficient PM (Figure 2f and g).

TRPM8 modulates phagocytic activity and motility of
macrophages

To further explore the functional role of TRPM8, we
determined its involvement in PM phagocytosis. Menthol
(100 mM)-induced TRPM8 activation in vitro enhanced the
uptake of zymosan particles, whereas this effect was reversed by
co-application of the selective TRPM8 antagonist AMTB
(10 mM) (Figure 3a and b). Moreover, TRPM8-deficient PM

isolated 1 h after the intraperitoneal (IP) injection of
polystyrene microspheres in vivo exhibited impaired bead
engulfment relative to WT PM (Figure 3c and d). Accordingly,
the fraction of cells with high phagocytic activity (more than
three bound/ingested particles) was reduced from B30% to
o10% (Figure 3d). In addition, bacterial phagocytic activity
was also impaired in TRPM8-deficient PM exposed to
Citrobacter rodentium in vitro for 3 and 6 h compared with
WT PM (Figure 3e). The derived number of colony-forming
units after lysing WT PM increased over time and was
considerably higher than that achieved after lysing TRPM8-
deficient PM. Altogether, these findings suggest an immediate
requirement for TRPM8 in the binding and phagocytosis of
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Figure 1 TRPM8 expression in different phagocyte populations. TRPM8 (green), F4/80 (red), and DAPI (blue) immunofluorescence staining (a-, anti-)
in (a) RAW 264.7 macrophages and (b) peritoneal macrophages (PM) of wild-type (WT) and TRPM8-deficient (KO) mice with negative controls (NC).
(c) Immunoblot analysis of WT and TRPM8-deficient peritoneal PM lysates with antibody to TRPM8. Recombinant mouse TRPM8 has a molecular mass
of 128 kilodaltons (kDa). (d) Co-expression of TRPM8 and F4/80 in colonic lamina propria mononuclear cells (LPMC) from WT (upper panel) and TRPM8
KO mice (lower panel). White arrows point at the yellow staining pattern as a result of TRPM8 (green) and F4/80 (red) immunofluorescence. (e,f) TRPM8-
mediated Ca2þ transients in PM. Representative Fura-2 traces of WT and KO PM stimulated with the TRPM8 agonist menthol (M, 100 mM) and ionomycin
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in TRPM8-deficient macrophages indicates selectivity of menthol at TRPM8. Horizontal bars indicate stimulus periods.
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different substrates. Moreover, compared with WT PM, the
lack of TRPM8 elicited a stronger increase in the migration of
starved PM (cultured in fetal calf serum, FCS 0.1%)
toward a high concentration of FCS (10%) (Supplementary
Figure S4a). Consistently, menthol-induced TRPM8 activation
reduced cell migration, and this effect was blocked by the
selective TRPM8 antagonist AMTB (10 mM) (Supplementary
Figure S4b).

Role of TRPM8 in macrophages in the context of
inflammation

To explore the pathophysiological relevance of the
above-described findings in the context of inflammation, we
employed the DSS model of colitis, which is recognized as
innate immune system-dependent.22 We challenged one
group of WT mice with twice-daily menthol (100 mM) enemas
to explore the possible therapeutic effect of topical TRPM8
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Figure 2 TRPM8-mediated modulation of cytokine expression in murine peritoneal macrophages (PM). Release of TNF-a (a) and IL-10 (b) from
wild-type (WT) and TRPM8-deficient (KO) PM after 8 h of stimulation with LPS (100 ng ml-1) w/ and w/o menthol (100 mM). TRPM8 activation inhibits
TNF-a but enhances IL-10 release in WT but not TRPM8-deficient PM. Data are from three experiments (mean and s.e.m. of four mice per genotype
assayed in triplicate. *Po0.05, unpaired Student’s t-test). (c) TRPM8-mediated downregulation of p-p38. Representative blot showing decreased
immunofluorescence of p-p38 (42 kDa) in WT PM exposed to the TRPM8 agonist menthol (M, 100 mM) for 12 h compared with controls (C, vehicle). Co-
application of menthol and the TRPM8 antagonist AMTB (A, 10 mM) led to unchanged p-p38 expression compared with controls in the immunoblot
analysis. (d) Representative blot showing decrease of p-p38 immunofluorescence in menthol (M, 100 mM)-stimulated PM from WT but not KO mice
compared with controls. (e) Quantitative analysis of the respective p-p38 western blot results showing the optical density (OD) of each band in relation to
its b-actin OD and normalized to macrophages from WT control mice. Data are from three experiments (mean and s.e.m. of three mice each group.
*Po0.05, unpaired Student’s t-test). (f) TRPM8-mediated upregulation of p-ERK. Representative blot showing increased immunofluorescence of p-ERK
(42 and 44 kDa) in WT PM exposed to the TRPM8 agonist menthol (M, 100 mM) compared with TRPM8 KO macrophages and controls (C, vehicle).
(g) Quantitative analysis of the respective p-ERK western blot results showing the optical density (OD) of each band in relation to its b-actin OD and
normalized to macrophages from WT control mice. Data are from three experiments (mean and s.e.m. of three mice each group. *Po0.05, unpaired
Student’s t-test).
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activation in dextrane sulphate sodium (DSS) colitis.
Colitis severity was mild in the menthol enema group
compared with control WT mice that received vehicle
enemas (Figure 4). Colitis attenuation in menthol-treated
mice was reflected by a little body weight loss (Figure 4a)
compared with vehicle-treated control mice; furthermore, none
of the mice treated with menthol enemas died during the course
of DSS colitis (Figure 4b). Mini-endoscopic findings
(day 7) were in accordance with the suggested protective
effect of menthol enemas (Figure 4c); consistently, histological
investigations demonstrated a reduced influx of inflammatory
cells into the colonic wall with colonic architecture
maintenance (Figure 4d, left panel), ultimately resulting
in a distinctly reduced histopathologic score (Figure 4d,
right panel).

To assess whether the protective effects of menthol enemas
may involve the modulation of neuropeptide release as
suggested previously,3,5 we next measured CGRP release from
the isolated colons of healthy and colitic mice (Supplementary
Figure S5). The TRPM8 agonists menthol (100 mM) and icilin
(33 mM) inhibited mechanically-induced (90 mm Hg) CGRP
release in the healthy colon to approximately the same degree,
both without exerting intrinsic effects on CGRP release.
Interestingly, distension-induced colonic CGRP release from
the inflamed colon (2% DSS colitis) was strongly attenuated
per se, suggesting depletion/desensitization of peptidergic
sensory neurons. Neither TRPM8 agonists exhibited an

effect on mechanically induced CGRP release under this
condition.

To further explore the general role of TRPM8 in colonic
inflammation, we induced DSS colitis in WT and TRPM8 KO
mice. As determined by the same assessment tools as above,
TRPM8 KO mice exhibited increased colitis susceptibility
(Figure 5). Compared with control WT mice, TRPM8 KO mice
lost more weight (Figure 5a), and a larger number of
knockout mice died during the 7-day course of DSS colitis
(Figure 5b). TRPM8 KO mice also exhibited greater endoscopic
(Figure 5c) damage and more severe histological changes
(Figure 5d) compared with control WT mice.

In an effort to dissect the role of TRPM8 in macrophage
function in vivo, we used a clodronate liposome-induced
macrophage depletion model. WT mice were repeatedly
challenged with IP injections of clodronate liposomes, which
induced a marked systemic reduction in F4/80-immunopo-
sitive cells in the colon, liver, and spleen, as demonstrated
by immunocytochemical and flow cytometric measure-
ments (Supplementary Figure S6a, b). Reconstituted
macrophages had supposedly invaded the murine colon, as
macrophage-depleted mice that were not reconstituted showed
much less F4/80þ cells in the inflamed colon than controls
(Supplementary Figure S6c). Macrophage-depleted mice were
subsequently reconstituted intravenous (IV) with TRPM8 KO
or WT BMDM that had been differentiated into macrophages
in vitro via macrophage colony-stimulating factor stimulation
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according to an established protocol (see the Supplementary
Methods section). A scheme with a detailed experimental
protocol/timeline is given in Figure 6a. Mice were treated with
2% DSS in drinking water. Moderate colitis was observed in
mice reconstituted with WT macrophages, whereas severe
disease occurred in mice receiving KO macrophages. The colitis
susceptibility in the latter group was reflected by increased body
weight loss (Figure 6b) with poorer survival among mice
receiving KO macrophages (Figure 6c). Similar to the in vitro
findings, the level of colonic IL-10 content was reduced in mice
receiving KO macrophages (Figure 6d, left panel); however, the
corresponding increase in colonic TNF-a levels did not reach
statistical significance (Figure 6d, right panel). Endoscopic
examination of the three groups (on day 6) confirmed signs of
inflammation such as fibrin exudate, hemorrhagic lesions, and
increased mucosal edema in the mice receiving KO

macrophages compared with WT macrophages (Figure 6e).
Reactive oxygen species (ROS) generation is inherent to innate
immune responses. ROS are not only crucially involved in host
defense against pathogens but also act as signaling agents to
coordinate cytokine production. In vivo fluorescence imaging
revealed that the concentration of ROS was distinctly higher in
the colons of mice reconstituted with KO macrophages
compared with WT macrophages (Figure 6f). Consistently,
mice that received TRPM8-deficient macrophages exhibited a
severe influx of inflammatory cells with profound colonic
architecture damage, which was semi-quantified by a higher
histopathological damage score (Figure 6g). In a separate
control experiment the effect of macrophage depletion on
colitis severity per se was also analyzed (Supplementary
Figure S7). Clodronate liposome-treated macrophage-
depleted WT mice per se showed DSS (2%) colitis
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attenuation compared with mice that received vehicle PBS
injections IP instead of clodronate liposomes, which emphasize
the important role of macrophages in DSS colitis development.

To determine whether the lack of IL-10 production in
TRPM8-deficient macrophages was responsible for increased
colitis susceptibility we overexpressed bioactive IL-10 protein
in vivo using IL-10-encoding DNA minicircles. Notably, IL-10
overexpression rescued the colitis susceptibility in mice
receiving TRPM8-deficient macrophages as demonstrated
by (Figure 7a) the body weight course (Figure 7b) survival
rate, as well as the endoscopical (Figure 7d) and histological
picture (Figure 7e). Colonic IL-10 levels were reduced in mice

with DSS colitis that were reconstituted with TRPM8-deficient
macrophages and elevated in those overexpressing IL-10
compared with mock-treated mice reconstituted with
TRPM8þ /þ macrophages (Figure 7c, left panel). IL-10
overxpression in mice that were reconstituted with WT
macrophages significantly attenuated DSS colitis. These
results suggest that a lack of immunoregulatory IL-10 is
responsible for the aggressive/pro-inflammatory phenotype of
TRPM8-deficient macrophages in vivo. To demonstrate that
WT macrophages are the vital target of the menthol enemas we
performed another experiment. There, global TRPM8 KO mice
were depleted and reconstituted with WT macrophages. This
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group was compared with various control groups (Figure
8a-d). Only mice that harbored WT macrophages were
protected from DSS colitis by menthol enemas independent
of TRPM8 expression in non-macrophage tissue.

DISCUSSION

For the first time, we have provided evidence for the functional
expression of TRPM8 in various types of macrophages and
demonstrated its role as a key modulator of macrophage
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Figure 6 Enhanced DSS (2%) colitis susceptibility of wild-type (WT) mice reconstituted with TRPM8-deficient macrophages. (a) Scheme of the
macrophage adoptive transfer colitis experiments. In the treatment group, mice were repeatedly injected clodronate liposomes (CL) IP on day -7, -5, and
-3 (control non-depleted WT mice received IV PBS liposomes). In parallel, bone marrow (BM)-derived mononuclear cells from wild-type and TRPM8
knockout mice were differentiated in vitro for 7 days into macrophages under the influence of M-CSF. Differentiated macrophages were transferred IV to
the recipient mice on day 0 (control mice received IV PBS instead of macrophages); in parallel the DSS (2%) drinking water regimen was started.
To assure that some liposomes, which were possibly outlasting in the blood circulation, do not destroy a part of the transferred macrophage population,
IV adoptive macrophage transfer was repeated on day 4 of the DSS colitis, 7 days after the last CL injection. Colitis was monitored by daily body
weight measurement and microendoscopy as indicated in the flow chart. Detailed description of the different experimental groups: Control: non-depleted
WT C57BL/6 mice receiving IP vehicle (PBS liposomes)-controls during the phase of depletion and receiving IV PBS in the phase of reconstitution. WT
reconst: WT C57BL/6 mice receiving IP clodronate liposomes during the phase of depletion and receiving IV WT (TRPM8þ /þ ) macrophages in the phase
of reconstitution. KO reconst: WT C57BL/6 mice receiving IP clodronate liposomes during the phase of depletion and receiving IV KO (TRPM8� /� )
macrophages in the phase of reconstitution. (b) Mice reconstituted with TRPM8-deficient macrophages (KO reconst) demonstrated higher weight loss
during the course of DSS colitis compared with mice that received TRPM8þ /þ macrophages (WT reconst) or non-depleted WT controls (control). Data
are representative of three experiments, each group n¼8 mice. *Po0.05, **Po0.01, analysis of variance followed by Fisher’s LSD test. (c) Higher letality
of mice during DSS colitis that received TRPM8-deficent macrophages compared with those receiving WT macrophages and non-depleted controls.
*Po0.05, **Po0.01, analysis of variance followed by Fisher’s LSD test compared with control. (d) Cytokine levels from colonic tissue isolated at the
end of the experiment demonstrated decreased IL-10 and slightly increased TNF-a content in WT mice that were reconstituted with TRPM8� /�

macrophages. (e) WT mice that were reconstituted with TRPM8� /� macrophages showed aggravated endoscopical colitis scores compared with mice
that received TRPM8þ /þ macrophages or controls. *Po0.05 Mann–Whitney U-test. Representative endoscopical photographs of the colon from the
three different groups. (f) Representative ex vivo fluorescence image of reactive oxygen species (ROS) from the isolated murine colon (black scale
bar¼ 10 mm) of WT mice receiving either TRPM8-deficient (KO) or TRPM8þ /þ (WT) macrophages. The image was taken immediately after killing of
mice at the end of the 8 day experiment. (g) Representative histological slides from the murine colon of the different groups at the end of experiment
(�20 magnification, scale bar 100 mm). Histological score of the different DSS colitis groups. Data are representative of three experiments, each group
n¼8 mice. *Po0.05 Mann–Whitney U-test.
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function in the context of inflammation. In murine PM, the lack
of TRPM8 activity led to a pro-inflammatory cytokine profile
and impaired phagocytosis, whereas TRPM8 activation
induced the opposite effects in vitro. In vivo, TRPM8 activation
via repeated menthol enemas protected mice from experi-
mental colitis. In contrast, global TRPM8 KO mice and mice
reconstituted with TRPM8-deficient macrophages exhibited
increased colitis susceptibility caused by a balance-shift of
TNF-a and IL-10 secretion.

Previously, several TRP channels were ascribed important
roles in macrophage function. TRPC3-deficient macrophages
were found to exhibit constitutively reduced cation influx,
increased apoptosis, and impaired efferocytosis.9 TRPC6
expression was observed in human alveolar macrophages
and lung tissue macrophages, and TRPC6-like currents were
identified in the latter cell type using whole-cell patch-clamp
electrophysiology. Elevated TRPC6 mRNA expression in
alveolar macrophages from patients with chronic obstructive

pulmonary disease suggests a potential therapeutic target.10

Monocytes expressing TRPM2 exhibit an enhanced inflam-
matory capacity.23,24 Accordingly, TRPM2-deficient mice are
highly susceptible to Listeria monocytogenes infection and
resistant to DSS colitis, which is mediated by innate immune
cells.23,24 TRPV2-specific short hairpin RNA inhibited
LPS-induced TNF-a and IL-6 production in RAW 264.7
macrophages, and the LPS-induced increase in intracellular
calcium levels was suggested to involve both TRPV2-mediated
intracellular and extracellular Ca2þ mobilization. In murine
PM, TRPV2 mediates particle binding and phagocytosis, and
TRPV2-deficient mice exhibit substantially compromised host
defense against bacterial infection (L. monocytogenes) due to
suppressed bacterial clearance.11 Previously, TRPV4 expres-
sion was observed in murine alveolar macrophages, and the
TRPV4 agonist 4a-PDD induced calcium influx in alveolar
macrophages from WT but not global TRPV4 null
mutant animals. Moreover, TRPV4þ /þ macrophages restored
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Figure 7 Systemic overexpression of IL-10 rescues the phenotype of DSS colitis aggravation induced by TRPM8-deficient macrophages. Detailed
description of the different experimental groups: WT reconstþ IL-10: CL-depleted WT C57BL/6 mice reconstituted with WT macrophages receiving IV
IL-10 construct. KO reconstþ IL-10: CL-depleted WT C57BL/6 mice reconstituted with TRPM8� /� macrophages receiving IV IL-10 construct. WT
reconstþmock: CL-depleted WT C57BL/6 mice reconstituted with TRPM8þ /þ macrophages receiving IV mock. KO reconstþmock: CL-depleted WT
C57BL/6 mice reconstituted with TRPM8� /� macrophages receiving IV mock. (a) Mice receiving TRPM8� /� macrophages plus the IL-10 vector as well
as mock-treated mice receiving TRPM8þ /þ macrophages demonstrated less body weight loss and (b) a higher survival rate compared with mock-treated
mice reconstituted with TRPM8� /� macrophages. Mice that were reconstituted with WT macrophages and received the IL-10 vector showed the best
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(c–e) *Po0.05 Mann–Whitney U-test, each statistics in relation to WT reconstþmock.
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the susceptibility of TRPV4� /� lungs to ventilator-induced
mechanical injury.12

However, to date, only one report has used a patch-clamp
analysis to suggest TRPM8-like function in a macrophage-like
cell line (RAW 264.7).18 We confirmed TRPM8 immuno-
reactivity in RAW cells and provided evidence for TRPM8
expression in murine PM, BMDM and colonic LPMC.
Moreover, we demonstrated that TRPM8 has a critical
immunomodulatory role in macrophages. Direct inhibition of
pro-inflammatory cytokine production by menthol was shown
previously in human lymphocytes and other respiratory tract
monocytes.17 In our study, TRPM8 activation induced the
release of IL-10 but suppressed the release of TNF-a from
PM in vitro, whereas TRPM8-deficient PM exhibited the
opposite phenotype. Moreover, TRPM8 activation led to
increased phagocytosis of zymosan particles in vitro, whereas

TRPM8-deficient PM exhibited defective phagocytosis of
fluorescent beads in vivo. Using a more physiological model
of bacterial phagocytosis (Citrobacter rodentium), we con-
firmed a deficit in the phagocytic capacity of TRPM8 KO
macrophages. This fundamental role of TRPM8 in macrophage
phagocytosis may have important implications for various
bacterial infectious diseases, possibly leading to new anti-
infective pharmaceuticals.

Previous studies of TRPM8 function with regard to the
gastrointestinal tract have shown that peroral treatment with
the TRPM8 agonist menthol induced gastroprotective activity
through anti-apoptotic, anti-oxidant, and anti-inflammatory
mechanisms that involved reductions in TNF-a and IL-6
expression and increased IL-10 expression in the gastric
mucosa,25 in accordance with the menthol-induced changes in
the in vitro macrophage cytokine pattern observed in our study.
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Moreover, eucalyptol (1,8-cineol) enemas were previously
found to attenuate rat trinitrobenzene sulfonic acid (TNBS)-
induced colitis.19 A recent study demonstrated that systemic
TRPM8 activation induced by icilin (4 mg kg� 1 IP) attenuated
acute DSS and TNBS colitis.5 In our study we preferred local
application (enemas) and used a model of DSS-induced colitis
in which the innate immune system has a more dominant role
than in TNBS-induced colitis.22 In our hands, twice-daily
topical TRPM8 activation via menthol enemas strongly
attenuated DSS colitis. The TRPM8-mediated anti-inflamma-
tory molecular mechanisms reported by Ramachandran et al.5

remained vague. As TRPM8 activation reduced the TRPV1-
mediated release of CGRP from peptidergic colonic sensory
neurons in vitro, the authors had speculated that inhibited
neurogenic inflammation may have been responsible for the
observed effects.5 However, this latter mechanism appears
questionable, as CGRP has a rather protective effect against
colitis.6,26,27 In the earlier report, global TRPM8 KO mice with
acute DSS (1% and 2.5%) and TNBS colitis inconsistently
exhibited the same disease severity as WT mice, although the
colonic CGRP levels were truly increased in TRPM8 KO mice.
In contrast, a study by de Jong et al.3 found that global TRPM8
KO mice developed more severe acute (innate immune
cell-mediated) DSS (2 and 1%) colitis relative to WT mice.
CGRP treatment reversed the hyperinflammatory phenotype of
TRPM8 KO mice and insufficient release of neuronal CGRP
into the tissue microenvironment led to dysregulation of DC
function, which was previously shown to have a vital role in
colitis development.3,28 We confirmed the increased suscept-
ibility of TRPM8 KO mice to acute DSS (2%) colitis relative to
WT mice. To clarify whether changes in the release of colonic
CGRP may be responsible for the therapeutic effects of menthol
enemas, we measured neuropeptide release in isolated colons
from healthy and colitic mice. Both, menthol and icilin
inhibited (mechanically)-induced CGRP release in the healthy
colon, but not in the inflamed colon, where the peptidergic
sensory neurons were obviously either desensitized or depleted
of neuropeptides. It remains speculative that the defective
CGRP release in the inflamed colon is a result of the
desensitization of TRP channels such as TRPA1, TRPV4 or
exactly TRPM8 that we have previously shown to be important
in mechanically induced nociception of the healthy murine
colon.29 Noteworthy, the observed inhibition/reduction of
CGRP release may also indicate a reduction in substance P
release, another important neuropeptide crucially involved in
colitis pathogenesis.6

The results of our study suggest that the physiologically
relevant anti-inflammatory effects of TRPM8 activation are
mediated on the level of macrophage functioning. In particular,
the results of the adoptive macrophage transfer experiment in
clodronate liposome-treated mice strongly suggest that TRPM8
acts as a direct immunomodulator in macrophages. Only mice
that harbored WT macrophages were protected from DSS
colitis by menthol enemas, which was independent of TRPM8
expression in non-macrophage tissue. TRPM8 activation
attenuated the release of the pro-inflammatory cytokine

TNF-a and increased secretion of the immunoregulatory
cytokine IL-10 from macrophages in vitro. IL-10 has been
recognized as a key immunosuppressive cytokine, and poly-
morphisms in the IL-10 gene locus confer a risk of ulcerative
colitis and Crohn’s disease.1,30,31 Mice and humans deficient in
either IL-10 or the IL-10 receptor exhibit severe intestinal
inflammation.32 IL-10 regulates intestinal inflammation inde-
pendently of T cell-specific IL-10 receptor signaling, supporting
a role for IL-10 signaling in innate immunity.1 Our in vitro data
from TRPM8-deficient PM shows that activation of TRPM8 as
wells as the lack of this receptor subtype leads to a balance-shift
of pro- and anti-inflammatory cytokines. In vivo this balance-
shift of IL-10 and TNF-a production was only partly
comprehensible. For example, exaggerated DSS colitis in mice
reconstituted with TRPM8-deficient BMDM may be explained
partly through their shift in cytokine levels including the
demonstrated reduction of IL-10 content in the colonic tissue.
At first sight, this appears to be in contrast with two recent
reports that show that macrophage-derived IL-10 is dispen-
sable for gut homeostasis; however, T reg-derived IL-10 and
sensing of IL-10 via IL-10 receptor by CX3CR1hi intestinal
macrophages was critical.1,33 Macrophage-specific deletion of
the IL-10 receptor (IL-10Ra) but not of Il-10 led to the
development of spontaneous colitis.33 In our study, the
reconstitution of macrophage-depleted mice with TRPM8-
deficient BMDM resulted in an exacerbated DSS colitis but not
in spontaneous colitis. The induction of colitis by DSS initiates
numerous pathological conditions that involve disintegration
of the epithelial layer consecutive activation of various immune
cells in the colonic mucosa. The fact that clodronate liposomes
(CL)-depleted mice per se show strong attenuation of DSS
colitis supports an essential role of macrophages in colitis
development, here especially in the DSS model, and demon-
strates that macrophages orchestrate that immunological
reaction. However, in that experiment other immune cells
compensated for IL-10 production, at least measured in the
colonic content. Interestingly, a previous report demonstrated
the crucial role of macrophages in the development of
spontaneous chronic colitis in IL-10-deficient mice using
microspheres containing dichloromethylene diphosphonate.34

Moreover, we demonstrate that systemic overexpression of IL-
10 dampens the aggravated colitis level to the level of control
mice that were reconstituted with WT BMDM. A previous
report already demonstrated the anti-inflammatory effect of
systemic IL-10 treatment in murine colitis,35 which we confirm
in our group of mice that were reconstituted with WT
macrophages and received the IL-10 construct. Whether
systemic treatment by overexpression of IL-10 really com-
pensates for the deficiency of IL-10 production in TRPM8-
deficient macrophages in vivo remains unclear. It also remains
unclear whether the phenotype of TRPM8 KO mice or that of
WT mice reconstituted with TRPM8 KO macrophages is owing
to potential downregulation of the IL-10Ra on macrophages
rather than decreased IL-10 and increased TNF-a production.
The reason that overexpression of IL-10 was less effective in
mice with TRPM8 KO macrophages than in the ones with WT
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macrophages could finally be due to the relative loss of its
binding sites. However, the degree of colitis suppression
induced by systemic IL-10 overexpression was stronger in mice
receiving WT macrophages, which indicates that the described
changes in cytokine expression or motility in TRPM8-deficient
mice may have intrinsic effects on colitis severity.

Still, the underlying mechanism by which TRPM8 ultimately
controls macrophage function is not yet completely under-
stood. In the present work we have only measured two key
cytokines TNF-a and IL-10 and analyzed the phosphorylation
of two important members of the MAP kinases family that are
involved in the regulation of their expression. TRPM8 is a
cation-selective ion channel with a preference for calcium-ion
permeation. Several calcium-activated pathways have been
described to be involved in the phosphorylation of ERK. The
formation of calcium–calmodulin complexes and calcium-
mediated activation of protein kinase C via RAF1 and MEK1/2
are only two mechanisms that may explain TRPM8-mediated
upregulation of p-ERK.36,37 Moreover, we can only speculate
about the mechanism that led to the absence of p-ERK in
TRPM8-deficient PM. Probably, the lack of TRPM8 caused a
balance-shift in calcium homeostasis, which obviously led to a
defective phosphorylation of ERK, which is at least one of the
possible mechanisms that resulted in the demonstrated
balance-shift of IL-10 and TNF-a signaling in TRPM8-
deficient PM. The involvement of intracellular protein cascades
downstream of TRPM8 in addition to the p38 and ERK
pathways also seems very likely. Recently, a novel multi-protein
signaling complex was identified; in TRPM8-expressing
sensory neurons, the TRPM8 channel was shown to form a
complex with the 5-HT1B receptor and phospholipase D1.38

This complex subsequently activated the type I phosphatidy-
linositol-4-phosphate 5-kinase to generate phosphatidylinosi-
tol 4,5-bisphosphate, commonly referred to as PIP2. Because
PIP2 is a positive regulator of TRPM8, an inflammatory agent
such as bradykinin, which activates a PLC-coupled receptor
and leads to PIP2 hydrolysis, could potentially result in TRPM8
channel desensitization and subsequent pro-inflammatory
effects on macrophage functioning, as indicated by our
in vitro and in vivo data. The PLC–PIP2–TRPM8 pathway
is of particular interest in terms of a physiological role for
TRPM8, as to date it remains unclear which endogenous
agonists act on TRPM8 under inflammatory conditions. Of
note, many novel TRPM8 agonists were recently identified,
including some isoxazole derivatives that form the basis for a
number of drugs (e.g., COX-2 inhibitors);39 these may exert
anti-inflammatory effects through TRPM8 activation, in
addition to COX inhibition. Interestingly, our fluorometric
measurements of PM and BMDM revealed distinct desensi-
tization of the TRPM8-mediated calcium ion influx, which is
typical of many TRP family ion channels and was previously
described for TRPM8 in sensory neurons. The proposed
mechanism is similar to that described above, namely that
Ca2þ influx through TRPM8 activates a Ca2þ -sensitive PLC
isoform that in turn hydrolyses PIP2, and the depletion of this
lipid limits TRPM8 channel activity.40,41 Dialysis of PIP2

through a whole-cell patch pipette inhibited the desensitization
of menthol-induced currents in both expression systems and in
dorsal root ganglion (DRG) neurons.

In summary, our findings identify TRPM8 as a potential
target in inflammatory states generally involving macrophage
function (e.g., microbial infections) and particularly including
the treatment of inflammatory bowel diseases. Clinical trials
employing enemas or oral preparations of TRPM8 agonists
such as icilin, menthol, and eucalyptol should be straightfor-
ward, as no severe side effects have been reported with these
agents.42 Furthermore, peppermint oil-based remedies are
already used by patients with irritable bowel syndrome because
of their analgesic, antispasmodic, and carminative effects;
patients with inflammatory bowel disease may also benefit from
these effects.

METHODS

For details, see the Supplementary Methods.

Animals. WT and TRPM8-mutant (B6.129P2-Trpm8tm1Jul/J, the
Jackson laboratory, Bar Harbor, ME)43 C57BL/6 mice of both sexes
were used at 8–12 weeks of age. All animal experiments were
approved by the Animal Protection Authority, District Government
Mittelfranken, Ansbach, Germany.

Isolation of murine PM and bone marrow-derived macrophages.
For preparation and cell isolation details, see the Supplementary
Methods. As previously described, the procedures assured that 499%
of the attached cells were F4/80þ macrophages.11

Phagocytosis assay. The investigator who quantified phagocytic
activity in all groups was blinded to genotypes and treatment pro-
cedures. In vitro phagocytosis was assessed using zymosan particles or
Citrobacter rodentium; in vivo, Fluoresbrite Microparticles (0.5 ml g� 1;
Polysciences, Eppelheim, Germany) were used to assess phagocytosis.

Ratiometric [Ca2þ ]i measurements. Ratiometric [Ca2þ ]i mea-
surements of cultured murine PM and BMDM using Fura-2
(5 mmol l� 1) were essentially performed as described previously with
regard to neurons.6

Induction of DSS colitis, monitoring, and pharmacological treat-

ment. Colitis was induced by adding 2% DSS (molecular weight:
36,000–50,000 kDa; MP Biomedicals, Illkirch, France) to the drinking
water for 1 week as described previously.6 Endoscopic colitis scoring
was performed as previously described, using a murine endoscopic
index of colitis severity (endoscopical score) consisting of five
parameters: stool consistency, mucosal surface granularity, visible
fibrin exudate, vascular pattern changes, and edematous colonic wall
thickening accompanied by a loss of transparency.44 Each parameter
was graded from 0 points (none) to 3 points (severe).

In vivo depletion of macrophages, adoptive transfer, and recon-

stitution. This method was originally described by Van Rooijen and
Sanders.45

In vivo overexpression of IL-10. An expression construct for
sustained in vivo IL-10 expression was generated by cloning a
complementary DNA (cDNA) fragment encoding murine full-length
cDNA into the AAV virus as described previously.46 DNA was isolated
using Qiagen plasmid maxi kits, which include an endotoxin
removal step. Subsequently, the DNA was treated with a MiraClean
endotoxin removal kit (Mirus Bio, Madison, WI). For treatment,
10 mg of construct were administered in Krebs–Ringer solution to
each mouse via hydrodynamic tail vein injection, as described
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previously.47 Control mice received a control plasmid not encoding for
IL-10 (mock).

Detection of reactive oxygen species. The MAESTRO full-body
fluorescence scanning system (INTAS, Göttingen, Germany) was
used for in vivo multispectral fluorescence analysis, as described
recently.43 ROS detection was performed using ROS Brite 700 nm
dye according to the manufacturer’s guidelines (AAT Bioquest,
Sunnyvale, CA).

Data analysis. The number (n) refers to the number of animals or cells
studied. Calculations were performed using Statistica 7.0 (Statsoft,
Tulsa, OK) and Origin 7.0 (OriginLab, Northampton, MA). The tests
used are denoted in the text and/or figure legends.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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