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Anti-inflammatory effects of dimemorfan on
inflammatory cells and LPS-induced endotoxin
shock in mice
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Background and purpose: Dimemorfan (a s1 receptor agonist) showed neuroprotective properties in animal models of
inflammation-mediated neurodegenerative conditions, but its effects on inflammatory cells and systemic inflammation remain
unclear.
Experimental approach: The effects of dimemorfan on phorbol-12-myristate-13-acetate (PMA)- and N-formyl-methionyl-
leucyl-phenylalanine (fMLP)- induced neutrophils and lipopolysaccharide (LPS)-activated microglial cells, as well as LPS-
induced endotoxin shock in mice were elucidated.
Key results: Dimemorfan decreased PMA- and fMLP-induced production of reactive oxygen species (ROS) and CD11b
expression in neutrophils, through mechanisms independent of s1 receptors, possibly by blocking ROS production and
G-protein-mediated intracellular calcium increase. Dimemorfan also inhibited LPS-induced ROS and nitric oxide (NO)
production, as well as that of monocyte chemoattractant protein-1 and tumour necrosis factor-alpha (TNF-a), by inhibition of
NADPH oxidase (NOX) activity and suppression of iNOS up-regulation through interfering with nuclear factor kappa-B (NF-kB)
signalling in microglial cells. Treatment in vivo with dimemorfan (1 and 5 mg kg�1, i.p., at three successive times after LPS)
decreased plasma TNF-a, and neutrophil infiltration and oxidative stress in the lung and liver.
Conclusions and implications: Our results suggest that dimemorfan acts via s1 receptor-independent mechanisms to
modulate intracellular calcium increase, NOX activity, and NF-kB signalling, resulting in inhibition of iNOS expression and NO
production, and production of pro-inflammatory cytokines. These effects may contribute its anti-inflammatory action and
protective effects against endotoxin shock in mice.
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Introduction

Dimemorfan (D-3-methyl-N-methylmorphinan), an antitus-

sive and sigma-1 (s1) receptor agonist, has been reported to

display s1 receptor-mediated neuroprotective properties

including an anticonvulsant effect by modulation of the

activating protein-1 (AP-1) transcription factor (Chou et al.,

1999; Shin et al., 2005), an anti-amnesic effect on scopola-

mine- and b-amyloid peptide-induced memory impairment

in mice (Wang et al., 2003), and a protective effect against

ischaemic stroke in rats through reducing glutamate-induced

excitotoxicity to suppress the initiation of inflammation-

related events, such as neutrophil infiltration and microglia

activation, and signals, such as nuclear factor kappa-B

(NF-kB) activation, as well as induction of oxidative and

nitrosative stresses, leading to reductions in tissue damage
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and cell death (Shen et al., 2008). Similarly, numerous studies

have shown that s1 receptor ligands display protective

properties in animal models of cerebral ischaemia (Ajmo

et al., 2006) and exhibit potent anti-inflammatory properties

by modulation of cytokine production (Bourrié et al., 2002,

2004) and NO synthesis (Gannon et al., 2001) in macro-

phages and mice.

Inflammation is an important host defense mechanism

against harmful factors such as invading pathogens, un-

wanted chemicals, damaged tissue, or diseases and allows

elimination of these factors to maintain body health. To

fulfil this purpose, a variety of immune cells are mobilized to

neutralize and dispose of those factors. In the peripheral

immune system, leukocytes, especially neutrophils and

mononuclear cells, play key roles in mediating acute

inflammatory responses (Williams, 1994; Kodama et al.,

2007). A similar inflammation process also occurs in the CNS

where glial cells, especially microglial cells, and/or neutro-

phils undergoing activation in response to stimuli, infiltrate

and accumulate in damaged tissues for pathogen clearance

and tissue recovery (Williams, 1994; Ghoshal et al., 2007).

Unfortunately, loss of control or persistence of the inflam-

matory process, even when the inflammation-provoking

stimulus is abolished, is known to mediate the progression of

brain damage in a number of neurodegenerative diseases

such as Alzheimer’s disease, Parkinson’s disease, seizures,

and stroke (Rong and Baudry, 1996; Muir et al., 2007; Rogers

et al., 2007; Van Eldik et al., 2007). This inflammation-

mediated damage may be attributed to over-production of

potentially toxic mediators such as reactive oxygen species

(ROS) and NO by pro-inflammatory proteins (NADPH

oxidase (NOX), cyclooxygenase 2 and inducible NO synthase

(iNOS)), pro-inflammatory cytokines, and excitotoxins pre-

dominantly through activation of NF-kB (Rong and Baudry,

1996; Mattson and Camandola, 2001; Williams et al., 2006).

Therefore, therapeutic suppression of inflammation would

be of potential benefit in the treatment of several neurode-

generative diseases (Klegeris et al., 2007) in addition to many

inflammatory disorders (Nathan, 2002).

Although previous studies have demonstrated that dime-

morfan exerts its neuroprotective effects through activation

of s1-receptors, the effects of dimemorfan on inflammatory

cells and systemic inflammation remain unclear. Therefore,

we used two acute inflammation-related cellular models: (1)

activation of human neutrophils by receptor-mediated (for

example, N-formyl-methionyl-leucyl-phenylalanine; fMLP)

and non-receptor-mediated (for example, phorbol-12-

myristate-13-acetate; PMA) induction of ROS production

and Mac-1 (CD11b/CD18) upregulation, and (2) LPS-induced

production of NO, ROS, and pro-inflammatory cytokines, as

well as iNOS expression and NF-kB signalling in the murine

microglial cell line, BV2, to evaluate the anti-inflammatory

effects of dimemorfan and the possible mechanisms of its

actions in this study. Furthermore, LPS-induced endotoxin

shock in mice, a model of systemic inflammation (Jiau et al.,

2006), was used to examine the in vivo activity of dimemor-

fan. Our results demonstrated that dimemorfan exhibits

anti-inflammatory properties through s1-receptor indepen-

dent mechanism(s) by inhibiting the production of NOX-

dependent ROS and iNOS-dependent NO, as well as that of

pro-inflammatory cytokines, probably via modulation of

NF-kB signalling in activated inflammatory cells. These

actions may account for its protective effect against

endotoxin shock in mice.

Materials and methods

Preparation of neutrophils and microglial cell culture

Our Institutional Review Board in accordance with inter-

national guidelines approved all experimental protocols

performed in this study. Human neutrophils were obtained

by venepuncture from adult healthy volunteers and col-

lected into syringes containing heparin (20 U mL�1 blood)

according to our previous report (Shen et al., 2003).

Neutrophils were isolated by the Ficoll (Histopaque 1077;

Sigma-Aldrich, USA) gradient centrifugation method, fol-

lowed by lysis of contaminating erythrocytes. The prepara-

tion contained more than 95% neutrophils, as estimated by

counting 200 cells under a microscope, after Giemsa (Sigma-

Aldrich) staining. In all cases, except where indicated,

neutrophils were pretreated with test compounds at con-

centrations ranging from 1–50 mM in HBSS for 20 min at

37 1C. The murine microglial cell line (BV2) was cultured in

Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand

Island, NY, USA) supplemented with 5% fetal bovine serum

(Hyclone, Logan, UT, USA) as in our previous report (Wang

et al., 2006).

Measurement of ROS production

ROS production by neutrophil cells was measured as

described in our previous study (Shen et al., 2003). Briefly,

after incubation with the test drug, a lucigenin (50 mM)-

preloaded neutrophil cell suspension (1�107 cells mL�1,

50 mL) was stimulated by adding 50 mL PMA (0.2 mM) or fMLP

(1mM). The chemiluminescence was monitored during a

30-min observation period using a microplate luminometer

reader (Orion, Berthold DS, Tforzheim, Germany) and the

results are presented as relative light units (RLU). Peak levels

of RLU were recorded to calculate the 50% inhibitory

concentration (IC50) of the test drug. For the measurement

of intracellular ROS production by BV2 cells, flow cytometry

was used according to our previous report (Shen et al., 1998).

Briefly, BV2 (2�106 cells mL�1) were incubated at 37 1C for

20 min with 20 mM of 20,70-dichlorofluorescin diacetate. After

labelling, cells were treated with the test drug for 20 min

followed by stimulation with LPS (0.5 mg mL�1). Production

of intracellular H2O2 was then determined 24 h later by flow

cytometry (FACSCalibur; Becton Dickinson, San Jose, CA,

USA) with emission at 525 nm (FL1). Data are expressed as

mean channel fluorescence (MCF) of each sample as

calculated by the CellQuest software (Becton Dickinson).

Measurement of Mac-1 (CD11b/CD18) expression upregulated by

PMA or fMLP

Mac-1 expression was analysed according to our previous

study (Shen et al., 1999). Briefly, after pretreatment with

the test drug for 20 min, a neutrophil suspension

Anti-inflammatory effects of dimemorfan
Y-H Wang et al1328

British Journal of Pharmacology (2008) 154 1327–1338



(2�106 cells mL�1) was stimulated with PMA (0.2 mM) or

fMLP (1mM) for 20 min. Cells were then pelleted and

resuspended in 1 mL of ice-cold phosphate-buffered saline

(PBS) containing 10% heat-inactivated fetal bovine serum

(FBS) and 10 mM NaN3. For staining of Mac-1, all subsequent

steps were carried out in an ice bath. Cells were incubated

in the dark for 60 min with fluorescein isothiocyanate

(FITC)-conjugated anti-Mac-1 antibody (mouse anti-human

CD11b, class immunoglobulin G1 (IgG1); BD Biosciences

Pharmingen, San Diego, CA, USA) or a non-specific mouse

antibody (class IgG1, Sigma-Aldrich) as a negative control.

After two washes with PBS containing 5% FBS, stained cells

were resuspended in flow cytometer sheath fluid (Becton

Dickinson) containing 1% paraformaldehyde and analysed

by flow cytometry for Mac-1 expression. Data are expressed

as the MCF for each sample as calculated by CellQuest

software (Becton Dickinson).

Determination of intracellular calcium concentration ([Ca2þ ]i)

Neutrophils (2�107 cells mL�1) were preloaded with 5 mM

1-[2-(5-carboxyoxal-2-yl)-6-amino-benzofuran-5-oxyl]-2-(20-

amino-50-methylphenoxy-ethane-N,N,N’,N’-tetraacetic acid

acetoxy-methylester (fura-2 AM, Molecular Probes, Eugene,

OR, USA) at 37 1C for 45 min, washed twice, and resuspended

at 2�106 cells mL�1 in calcium-free HBSS containing the test

drug or vehicle control. After pretreatment for 20 min, 1 mL

of the cell suspensions from each sample and 1 mL of HBSS

containing 2 mM Ca2þ were transferred to individual cuv-

ettes and gently mixed with a micromagnetic stirrer at 37 1C

for 5 min before the addition of fMLP (1 mM) or the G-protein

activator–AlF4
� (10 mM NaF plus 30 mM AlCl3), or a releaser of

calcium from intracellular stores–thapsigargin (10 mM). The

fluorescence of fura-2-loaded cells was measured by a

spectrofluorometer (Hitachi F-4500, Tokyo, Japan) with

excitation at 340 and 380 nm and emission at 510 nm. The

intracellular calcium concentration for each sample was

calculated from the ratio of emission versus excitation as

previously described (Shen et al., 1999).

Measurement of NADPH oxidase (NOX) activity

NOX activity in the cell free system was measured as

described previously (Wang et al., 2006). Test drugs were

added to the wells of a bioluminescence plate and incubated

with 50 mg of cell homogenate for 20 min at 37 1C in the

dark. O2
� production was stimulated with 200 mM NADPH in

the presence of lucigenin (50 mM), and the chemilumines-

cence was monitored every 5 s for 30 min, after which the

AUC (area under the curve) was calculated to determine

NOX activity.

Measurement of scavenging capacity on 1,1-diphenyl-2-

picrylhydrazyl (DPPH) radicals and reactive oxidants

The scavenging effects of dimemorfan on DPPH free radicals

and reactive oxidants produced by xanthine/xanthine

oxidase system were examined as described previously

(Wang et al., 2004b). The DPPH solution (200 mL, at a final

concentration of 200 mM in methanol) was added to 10 mL of

diluted drugs in each well of a 96-well microplate, and the

resulting solution was allowed to react for 30 min in the dark

at room temperature. The absorbance (A517 OD units) is

defined as the optical density (OD) measured at 517 nm

caused by the DPPH radical as determined using a micro-

plate-spectrophotometer (PowerWave XS, BioTek, Winooski,

Vermont, USA). The radical-scavenging capacity is expressed

as the change in the OD517 over 30 min. For ROS production,

we used the xanthine oxidase-catalysed oxidation of

xanthine to produce uric acid and both O2
� and H2O2. The

generation of these oxidants was performed in 1 mL PBS

containing xanthine (160 mM) and xanthine oxidase

(20 mM). The reaction was monitored both by the reduction

of cytochrome c (0.5 mg mL�1) at 550 nm and the production

of uric acid at 290 nm over 5 min using a spectrophotometer

(Hitachi Ltd, Tokyo, Japan).

Detection of cytokine production by intracellular

immunofluorescence staining

The positively stained cell population (%) and intensity

(MCF) of cytokine-producing microglial cells were deter-

mined as described (Di Francesco et al., 1999; Falchetti et al.,

2001) with some modifications. Briefly, LPS (0.5 mg mL�1)-

stimulated cells were fixed in 4% paraformaldehyde for

20 min and resuspended in PBS containing 0.5% BSA,

0.01% NaN3, and 0.3% saponin (Sigma-Aldrich). Then phyco-

erythrin-conjugated anti-mouse monocyte chemoattractant

protein-1 (MCP-1) or FITC-conjugated anti-mouse TNF-a
(Biolegend, Camino Santa, CA, USA) was added for 30 min at

4 1C. As negative controls, aliquots of cell suspensions were

incubated with an irrelevant isotype-matched monoclonal

antibody (mAb) conjugated to the same fluorochrome as the

sample. After washing three times with PBS containing 0.5%

BSA and 0.01% NaN3, cells was resuspended in sheath fluid

for the cytofluorimetric analysis by flow cytometry (FACS-

Calibur, Becton Dickinson, Mountain View, CA, USA).

Measurement of nitrite

The production of NO by BV2 cells was determined by the

accumulation of nitrite in the culture medium, 24 h after

stimulation with LPS (0.5 mg mL�1), using the Griess reagent

as described in our previous report (Wang et al., 2006).

Western immunoblot analysis of iNOS, NFkB p65, and IkBa
Equal amounts of protein (50 mg) at different time points

from samples treated with LPS (0.5 mg mL�1). with or without

dimemorfan pre-treatment (10–20 mM) were subjected to

sodium dodecylsulphate polyacrylamide gel electrophoresis

(SDS-PAGE) and electro-transferred to a hydrophobic poly-

vinylidene difluoride (PVDF) membrane. After blocking with

5% nonfat milk in PBS containing 0.05% Tween 20 (PBST) at

4 1C for 1 h, the membrane was washed three times with

PBST and incubated overnight at 4 1C with an antibody

against iNOS (BD Biosciences Pharmingen, San Diego, CA,

USA), IkBa, NFkB p65 (BD Transduction Laboratories,

San Diego, CA, USA), and phospho-NFkB p65 (Cell Signaling

Technology, Beverly, MA, USA) at a properly titrated dilution
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(1:1000–2500). After additional washes with PBST, the

membrane was incubated with a second antibody IgG

conjugated with horseradish peroxidase (Santa Cruz Bio-

technology, Santa Cruz, CA, USA) for 1 h at room tempera-

ture. The immunoblot on the membrane was visible after

development with an enhanced chemiluminescence (ECL)

system (Perkin-Elmer, Wellesley, MA, USA) and was quanti-

tated using an image program (Multi Gauge v2.2 software,

Fujifilm, Tokyo, Japan).

Transient transfection of NF-kB reporter gene and luciferase assay

Transfection of the NF-kB reporter gene (pNFkB-Luc Vector,

BD Biosciences Clontech, Palo Alto, CA, USA) into BV2 cells

was performed using the CLONfectin transfection reagent

(BD Biosciences Clontech). BV2 cells (3�105 per well in a

12-well plate) were transfected with 1mg of the NF-kB

reporter construct and 0.5mg of the b-galactosidase reporter

system (Promega Corporation, Madison, WI, USA) mixed

with CLONfectin (1.5 mg). After 48 h, cells were harvested,

and a luciferase assay was performed using Luciferase

Reporter Assay Kits as described by the manufacturer (BD

Biosciences Clontech). To determine the effect of dimemor-

fan on LPS-induced NF-kB activity, cells were pretreated

with dimemorfan for 20 min before treatment with LPS

(0.5 mg mL�1) and incubated for 6 h prior to harvesting cells

for the luciferase assay. Transfection assays were performed

three times in duplicate.

LPS-induced endotoxin shock in mice

The ICR mice (25–30 g) were divided into three groups

including endotoxin shock (LPS only), endotoxin shock with

dimemorfan treatment and control (drug free). Endotoxin

shock was induced by LPS (70 mg kg�1, i.p.). Dimemorfan (1

and 5 mg kg�1, i.p.) was given three times successively, at

30 min, 6 and 12 h after LPS administration and the mice

monitored for 48 h.

Measurement of plasma TNF-a concentration. Blood samples

(0.5 mL) were collected using animal lancet (Goldenrod,

Mineola, NY, USA) for cheek-pouch (submandibular) blood

sampling at 6 and 12 h after the injection of LPS for

measurement of the TNF-a concentration in plasma by an

enzyme-linked immunoadsorbent assay (mouse TNF-a ELISA

Kit, Genzyme Co., Cambridge, MA, USA).

Measurement of neutrophil infiltration and oxidative stress by

immunohistochemical staining. At 48 h after LPS, animals

were anaesthetized with sodium pentobarbital and then

transcardially perfused with saline, followed by 4% para-

formaldehyde in PBS. The lung and liver were removed, post-

fixed overnight in a solution containing 4% paraformalde-

hyde and 4% sucrose in PBS, and then cryoprotected in

solutions containing 10, 15, and 20% sucrose in PBS for 1

day each. The tissues were then embedded in Tissue-Tek

Optimal Cutting Temperature (OCT) compound (Sakura

Finetek, Torrance, CA, USA) and frozen in liquid nitrogen.

The tissue was serially sectioned (20 mm) by a cryostat

(Microm HM560, Walldorf, Heidelberg, Germany). The

sliced tissues were fixed in a solution containing 4%

paraformaldehyde and 4% sucrose in PBS for 15 min,

permeabilized with 0.3% Triton-X in PBS for 10 min, treated

with 10% donkey serum for 15 min in PBS containing 0.3%

Triton X-100 to block non-specific binding, and then were

randomly selected for incubation with first antibodies

against a neutrophil marker myeloperoxidase (MPO, 1:50,

Abcam, Cambridge, UK). After washing twice with PBST for

30 min, sections were incubated with FITC-conjugated

second antibodies (1:100, Jackson Lab, Bar Harbor, ME,

USA) in PBS containing 3% albumin for 1 h, and then

washed twice again for 30 min each. We also used the

appropriate neutralizing peptides or by omitting primary

antibody during the staining procedure to check the

specificity of the staining. All coverslips were mounted with

Vectashield Mounting Medium (Vector Laboratories, Burlin-

game, CA, USA) containing an appropriate dilution of 40,6-

diamidino-2-phenylindole (DAPI) to counterstain DNA in

the nuclei. The sections were examined using a laser-

scanning confocal microscope (Leica DM IRBE microscope,

TCS SPII confocal scanner; Leica Microsystems, Heidelberg,

Germany). In some experiments, hydroethidium (HEt,

Molecular Probes, Eugene, OR, U.S.A.), at 27 mg kg�1 in

200 mL water, was given i.p. to animals just before injection

of LPS. HEt is oxidized by superoxide to ethidium (EB, red

fluorescence) which can be detected by fluorescence micro-

scopy as described (Shen et al., 2008).

Quantification of the immunopositively stained cells. The

distribution and numbers of immunopositively stained

cells were determined, and averaged in the entire field of

the image (146� 146mm2) after they had randomly been

taken from six different non-overlapping regions sampled

under high magnification (�63 objective).

Statistical analysis

All data in the text, tables, and figures are given as the

mean±s.e.m. Data were analysed by a two-tailed t-test or

one-way analysis of variance (ANOVA) followed by the post

hoc Student-Newman-Keuls t-test for multiple comparisons.

The concentration dependence of each drug was analysed by

a simple linear regression analysis of response levels against

concentrations of the drug and tested the slope of the

regression line against 0 by Student’s t-test. Values of Po0.05

were considered significant.

Materials

Dimemorfan, a gift from Astellas Pharma Inc., (Tokyo, Japan)

was dissolved in water as stock solutions of 10 mM. A s1

receptor antagonist BD1047 was purchased from Tocris

(Avonmouth, UK). All other compounds, except where

specifically indicated, were purchased from Sigma-Aldrich

(St Louis, MO, USA) and dissolved in dimethyl sulphoxide

(DMSO). The final concentration of DMSO in the reaction

buffer was less than 0.25%, which showed no significant

cytotoxicity or biological activity when compared with drug-

free samples as shown in our previous report (Wang et al.,

2006).
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Results

Effects on fMLP- and PMA-induced ROS production in human

neutrophils

In this study, we used fMLP (a receptor-mediated activator)

and PMA (a direct protein kinase C activator) to stimulate

ROS production in human neutrophils that was almost

20-fold higher than the resting control as estimated by the

lucigenin-amplified chemiluminescence. Dimemorfan

(5–20 mM) inhibited both fMLP- and PMA-induced ROS

production in a concentration-dependent manner (one-

way ANOVA, Po0.05) and was relatively more potent in

inhibiting fMLP-induced ROS production with an IC50 value

of 7.0 mM (Table 1). To elucidate whether activation of s1

receptors was involved in the inhibitory effect on ROS

production by dimemorfan, other s1 receptor ligands

including an agonist (dextromethorphan) and an antagonist

(BD1047) were studied. The results showed that these s1

receptor ligands both displayed different effects in this

assay with the potency rank order as dimemorfan 4BD1047

4dextromethorphan. Furthermore, the inhibitory effects of

dimemorfan were potentiated by combination with BD1047

(Table 1), suggesting that s1 receptor activation was not

directly involved in the inhibitory effect on ROS production,

exerted by dimemorfan.

Scavenging effects on DPPH free radicals and reactive oxidants

To test whether dimemorfan exerted a direct free radical-

scavenging capacity, the scavenging effects of dimemorfan

on DPPH free radicals and reactive oxidants produced by

xanthine/xanthine oxidase system were examined. The

results showed that dimemorfan (10–50 mM) did not display

significant activity in scavenging free radicals by these two

systems (data not shown).

Effects on fMLP- and PMA-induced Mac-1 expression in human

neutrophils

As shown in Figure 1, PMA and fMLP induced significant

increases in the firm adhesion molecule Mac-1 to around

2.4- and 1.5-fold of the control, respectively. Dimemorfan

significantly suppressed Mac-1 upregulation both in PMA-

and fMLP-activated groups (Figure 1, one-way ANOVA,

Po0.05). Pre-treatment with staurosporine (0.2 mM), a non-

specific protein kinase C inhibitor, completely prevented

Mac-1 upregulation induced by PMA or fMLP (Figure 1, one-

way ANOVA, Po0.05).

Effect on intracellular calcium concentration

We examined whether net increase in intracellular calcium

concentration induced by fMLP (a receptor-mediated acti-

vator), AlF4
� (a G-protein activator), and thapsigargin (an

intracellular calcium mobilizer) in neutrophils can be

modulated by dimemorfan. The results revealed that

dimemorfan decreased intracellular calcium concentration

induced by fMLP and AlF4
� but not that induced by

thapsigargin (Figure 2). Besides, dimemorfan was more

effective in the inhibition of fMLP- than AlF4
�-induced

increase in intracellular calcium concentration (Figure 2).

Effects on NO and ROS production in microglial cells

To further study the effect of dimemorfan on immune cell

types resident in the brain, NO and ROS production in LPS-

activated BV2 cells (microglial cells from the murine brain)

was examined after pretreatment with dimemorfan (10–

20 mM) for 20 min. LPS (0.5 mg mL�1) stimulated ROS produc-

tion to around 2.7-fold of the vehicle control and NO

production to around 33 mM at 24 h after LPS stimulation

(Figure 3). Non-activated microglial cells released no detect-

able amounts of NO (Figure 3). Dimemorfan (10–20 mM)

significantly suppressed LPS-induced ROS and NO production

Table 1 Summary of the IC50 values of dimemorfan and some s-receptor
ligands; inhibition of ROS production induced by PMA- or fMLP in
human neutrophils

Treatment IC50 (mM)

PMA fMLP

Dimemorfan 16.7±3.6 7.0±0.6w

BD1047 26.5±4.0* 20.7±0.6*
DimemorfanþBD1047 (20mM) 12.6±3.9 5.1±0.2w

Dextromethorphan 36.6±2.3* 21.1±3.8*,w

Abbreviations: fMLP, N-formyl-methionyl-leucyl-phenylalanine; PMA, phor-

bol-12-myristate-13-acetate; ROS, reactive oxygen species.

ROS were measured by lucigenin-amplified chemiluminescence, and values

of the IC50 for dimemorfan, BD1047, dimemorfanþBD1047 (20mM) and dextro-

methorphan were determined. Data are expressed as the mean±s.e.mean

(n¼5–8 for each group). *Po0.05, compared with dimemorfanþBD1047

group and wPo0.05, compared with PMA group by one-way ANOVA followed

by the Student–Newman–Keuls t-test.
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Figure 1 Effect of dimemorfan on Mac-1 up-regulation in human
peripheral neutrophils. Mac-1 up-regulation in neutrophils
(2�106 cells mL�1) pre-treated with solvent (activator only) or
5–20mM dimemorfan (activatorþD5–20) were stimulated with one
of two activators, phorbol-12-myristate-13-acetate (PMA, 0.2 mM) or
N-formyl-methionyl-leucyl-phenylalanine (fMLP, 1 mM) for 20 min.
After incubation with fluorescein isothiocyanate-conjugated anti-
Mac-1 antibody, Mac-1 expression on cells were measured by flow
cytometry and expressed as the mean channel fluorescence (MCF).
Staurosporine (þ stau), a protein kinase C inhibitor, was used as a
positive control. Data are expressed as the mean±s.e.m. (n¼3–5 for
each group). *Po0.05, compared with the corresponding activator
only group.
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(one-way ANOVA, Po0.05). The positive controls including

trolox (50 mM, an antioxidant) and NG-nitro-L-arginine

methyl ester (L-NAME, 20 mM, a NOS inhibitor) significantly

reduced LPS-stimulated ROS and NO production,

respectively. A NF-kB inhibitor, pyrrolidine dithiocarbamate

(PDTC, 10 mM) also significantly reduced LPS-stimulated NO

production (Figure 3). Dimemorfan (10–20 mM) alone had no

effects on either ROS or NO production (data not shown).

Effects on iNOS expression and NOX activity

To examine whether the inhibitory effects of dimemorfan on

NO and ROS production is due to inhibition of iNOS

upregulation and NOX activity, respectively, iNOS expres-

sion in LPS-activated BV2 cells and NOX activity in cell free

system were examined. LPS (0.5 mg mL�1) dramatically

increased iNOS protein expression at 24 h after LPS treat-

ment (Figure 4), but non-activated cells (LPS free, Figure 4) or

treatment of dimemorfan alone (data not shown) did not

stimulate iNOS protein expression. Pre-treatment with

dimemorfan (10–20 mM) significantly suppressed LPS-in-

duced iNOS protein expression (Figure 4), possibly through

inhibiting NF-kB phosphorylation (pp65)/activation (Figure 4).

In addition, dimemorfan (10–50 mM) concentration-depen-

dently inhibited NOX activity. The inhibition percentage

ranged from 13 to 44% in BV2 cells and the IC50 value was

47 mM in neutrophils (Table 2). Diphenylene iodonium, a

potent NOX inhibitor used as a positive control, significantly

blocked NOX activity with IC50 values of 12 and 24 mM for

BV2 and neutrophils, respectively (Table 2).

Effects on MCP-1 and TNF-a production in BV2 cells

To examine whether dimemorfan could suppress the pro-

duction of pro-inflammatory cytokines, LPS-stimulated

production of MCP-1 and TNF-a were evaluated in BV2

cells. Using an intracellular cytokine staining method, we

found that only a small population (2.5–3.6%) of BV2 cells

revealed positive staining of MCP-1 or TNF-a in a resting

condition. Stimulation of BV2 cells with LPS (0.5 mg mL�1)

dramatically increased the proportion of cells staining for

MCP-1 or TNF-a to around 25.3 and 75.4%, respectively

(Table 3). The relative content of MCP-1 and TNF-a in the

positively stained BV2 cytosol, as estimated by the MCF

intensity, also increased by 2.4- and 4.6-fold, respectively

(Table 3). Pretreatment with dimemorfan (10–20 mM) signifi-

cantly suppressed both the percentage of the positively
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Figure 3 Effects of dimemorfan on lipopolysaccharide (LPS)-
induced reactive oxygen species (ROS) (upper panel) and NO
production (lower panel) in murine microglial cells. ROS (mean
channel fluorescence, MCF) or NO (nitrite, mM) production in cells
pre-treated with solvent (LPS) or 10–20mM of dimemorfan
(LPSþD10 or LPSþD20) was measured after stimulation with LPS
(0.5 mg mL�1) for 24 h. Cells in control group (C) received solvent
only (drug free). Trolox (an antioxidant, 50mM), pyrrolidinethiocar-
bamate (PDTC, a NF-kB inhibitor, 10mM) and L-NAME (an NOS
inhibitor, 20mM) were used as positive controls. Data are expressed
as the mean±s.e.m. (n¼6–10 for each group). *Po0.05, compared
with the LPS only group by one-way ANOVA followed by the
Student-Newman-Keuls t-test. N.D., not detectable.
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Figure 2 Effects of dimemorfan on increased intracellular calcium
concentration, induced by different activators, in human neutro-
phils. Changes of intracellular calcium concentration in fura-2 AM
preloaded human neutrophils (2�107 cells mL�1) pre-treated with
10 or 20mM dimemorfan (þD10 or þD20) were measured after
stimulation with N-formyl-methionyl-leucyl-phenylalanine (fMLP,
1 mM), AlF4

� (10 mM NaF plus 30mM AlCl3), or thapsigargin (10mM).
Net increase of intracellular calcium concentration (nM) (D[Ca2þ ]i)
was calculated by subtraction of the value of [Ca2þ ]i in resting cells
(82±3.0 nM) from each data point. Data are expressed as the
mean±s.e.m. (n¼3–5 for each group). *Po0.05, compared with
the corresponding activator only group, wPo0.05, compared with
AlF4

�þD10 or AlF4
�þD20, respectively, by one-way ANOVA fol-

lowed by the Student-Newman-Keuls t-test.
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stained population and the MCF intensities of MCP-1 and

TNF-a in BV2 cytosol (one-way ANOVA, Po0.05). PDTC

significantly blocked the increment in the percentage of the

positively stained cell population and the MCF intensities of

MCP-1 and TNF-a in BV2 cytosol (one-way ANOVA, Po0.05).

Effect on NF-kB signalling and activity

To examine whether NF-kB signalling was modulated by

dimemorfan, the effects of dimemorfan on LPS-induced

nuclear translocation of NF-kB p65 and degradation of

cytosolic Ik-Ba, an NF-kB inhibitor protein, as well as the

transcriptional activity of NF-kB in BV2 cells were examined.

LPS induced significant degradation of cytosolic Ik-Ba
(Figure 5) and nuclear translocation of NF-kB p65 (Figure 5),

and dramatically enhanced the transcriptional activity of

NF-kB in BV2 cells (Figure 6). Dimemorfan (20 mM) signifi-

cantly blocked the degradation of cytosolic Ik-Ba (Figure 5)

and nuclear translocation of NF-kB p65, as well as the

transcriptional activity of NF-kB (Figure 6). These results

suggest that dimemorfan inhibits the NF-kB signalling

pathway in LPS-stimulated BV2 cells.

Effect on LPS-induced endotoxin shock in mice

Dimemorfan given three times after LPS (at 30 min, 6 and

12 h), protected mice against signs of endotoxin shock. Thus,

plasma levels of TNF-a were markedly increased at 6 or 12 h

after LPS alone and this increase was clearly suppressed by

dimemorfan (Figure 7, one-way ANOVA, Po0.05). Similarly,

the infiltration of neutrophils into lung and liver as well as

the production of oxidative stress (EB staining) in these

tissues induced by LPS was markedly inhibited by the

treatment with dimemorfan (Figure 8, one-way ANOVA,

Po0.05). Survival of mice at 48 h after the LPS injection

was also significantly increased by dimemorfan (data not

shown).
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Figure 4 Effects of dimemorfan on lipopolysaccharide (LPS)-
induced phospho-NF-kB p65 (pp65) and inducible nitric oxide
synthase (iNOS) expression in murine microglial cells at 24 h. The
upper panel shows representative immunoblots of pp65 and iNOS in
microglial cells pre-treated with solvent only (LPS), 10 or 20 mM of
dimemorfan (LPSþD10 or LPSþD20) followed by stimulation with
LPS (0.5 mg mL�1). Cells in control group (C) received solvent only
(drug free). The b-actin signal was used as a reference for protein
normalization. The lower panel shows the statistical results (mean±
s.e.m., n¼3–5) of the densitometric measurements after normal-
ization to b-actin. *Po0.05, compared with the corresponding LPS
only group by one-way ANOVA followed by the Student-Newman-
Keuls t-test.

Table 2 Effects of dimemorfan on NOX activity from BV2 cells and
human neutrophils

Treatment Maximum inhibition (%) in BV2
cells

IC50 (mM) in
neutrophils

Dimemorfan 44±2* 47±3*
Diphenylene
iodonium

90±5 24±5

Abbreviation: NOX, NADPH oxidase.

Cell lysate from BV2 cells and human neutrophils was co-incubated with

10–50 mM of dimemorfan in the presence of lucigenin (50 mM) and NADPH

(200 mM). NOX activity was determined from the chemiluminescence. Data

are calculated as the IC50 or the percent of maximum inhibition at 50mM when

IC50 value is not obtainable, and expressed as the mean±s.e.mean of five to

six experiments performed on different days using cells from different

passages (BV2) or healthy donors (neutrophils). *Po0.05, compared with

diphenylene iodonium group, by t-test.

Table 3 Effects of dimemorfan on LPS-induced production of MCP-1 and TNF-a in murine microglial cells

Treatment MCP-1 TNF-a

% MCF % MCF

Control (drug free) 2.5±0.3* 14.5±2.0* 3.6±0.6* 43.5±2.2*
LPS (0.5 mg mL�1) 25.3±4.5 34.2±2.9 75.4±2.0 200.0±11.8
þ dimemorfan (10 mM) 19.7±3.0 29.4±4.6 64.8±2.3* 168.8±9.0*
þ dimemorfan (20 mM) 11.8±3.6* 22.2±2.5* 63.0±2.6* 161.5±9.4*
þ pyrrolidine dithiocarbamate (20 mM) 10.5±4.2* 20.7±4.8* 45.2±5.5* 119.6±10.1*

Abbreviations: LPS, lipopolysaccharide; MCF, mean channel fluorescence; MCP-1; monocyte chemoattractant protein-1; PMA, phorbol-12-myristate-13-acetate;

ROS, reactive oxygen species; TNF-a, tumour necrosis factor-a.

MCP-1 or TNF-a production induced by LPS (0.5 mg mL�1) for 4 h was measured by an intracellular staining method and estimated by the percentage of positively

stained cells (%) and MCF in positively stained cells of BV2 cells with or without pretreatment with dimemorfan (10 or 20 mM). Pyrrolidine dithiocarbamate (an

NF-kB inhibitor) was used as a positive control. Data are expressed as the mean±s.e.mean (n¼6–10 for each group). *Po0.05, compared with LPS only group by

one-way ANOVA followed by the Student–Newman–Keuls t-test.
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Discussion

The prompt and vigorous production of ROS, the so-called

‘respiratory burst’, and upregulated expression of firm

adhesion molecules (e.g., b2 integrin Mac-1) are important

inflammatory responses by human leukocytes (Shen et al.,

1999, 2002; Wang et al., 2006). Besides, activation of

microglial cells by bacterial endotoxins (e.g., LPS) and

cytokines (e.g., interferon-g) produces large amounts of NO

and ROS that is accompanied by the induction of iNOS

expression and activation of NOX, respectively, resulting in

cell damage by NO or ROS and the toxic metabolite,

peroxynitrite (ONOO�) (Dringen, 2005; Li et al., 2005; Wang

et al., 2006; Ko et al., 2007). To elucidate whether the

inhibitory effect on ROS and NO production by dimemorfan

underlies its protective effect observed in animal models

of inflammation-mediated disorders (Chou et al. 1999; Shin

et al. 2005; Shen et al., 2008), the effects of dimemorfan on

PMA- and fMLP-induced ROS production and Mac-1 expres-

sion in peripheral human neutrophils, as well as ROS and NO

production, iNOS expression, and NOX activity in microglial

cells were examined. The results indicated that dimemorfan

exerts an anti-inflammatory action through mechanisms

independent of s1 receptors but involving an inhibition of
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Figure 5 Effects of dimemorfan on the lipopolysaccharide (LPS)-
induced nuclear translocation of NF-kB p65 and degradation of
cytosolic IkBa in murine microglial cells. The upper panel shows
representative immunoblots of time-dependent translocation of NF-
kB p65 from the cytosol (p65 (C)) to the nucleus (p65 (N)) and
degradation of cytosolic IkBa (IkBa (C)) in microglial cells pre-treated
with solvent only (LPS) or 20mM of dimemorfan (LPSþD20)
followed by stimulation with LPS (0.5 mg mL�1) for different times
(from 15 to 120 min). Cells in control group (C) received solvent
only (drug free). The b-actin signal was used as a reference for IkBa
normalization. The lower panel shows the statistical results (mean±
s.e.m., n¼3) of the densitometric measurements after normalization
of p65 (N) and IkBa (C) to p65 (C)) and b-actin, respectively.
*Po0.05, compared with LPS only group at the indicated time point
by one-way ANOVA followed by the Student-Newman-Keuls t-test.
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Figure 6 Effect of dimemorfan on lipopolysaccharide (LPS)-
induced activation of the NF-kB-luciferase reporter in BV2 cells.
Cells were co-transfected with the NF-kB-luciferase reporter gene
and b-galactosidase vector and pre-treated with solvent (LPS) or 10
or 20mM dimemorfan (LPSþD10 or LPSþD20) followed by
stimulation with LPS (0.5 mg mL�1) for 6 h. Cells in control groups
received solvent only (C) or 20mM dimemorfan only (D20).
Luciferase activity was normalized to the transfection efficiency with
the b-galactosidase expression vector. *Po0.05, compared with LPS
only group by one-way ANOVA followed by the Student-Newman-
Keuls t-test.
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Figure 7 Effects of dimemorfan treatment on lipopolysaccharide
(LPS)-induced increases in plasma TNF-a concentration in mice. After
administration of LPS (70 mg kg�1, i.p.), mice were injected with
saline (shown as LPS), or dimemorfan (1 or 5 mg kg�1, i.p.; LPSþD1
or LPSþD5) at 30 min, 6 and 12 h after the LPS. Mice in control
group (C) received solvent only (drug free). The plasma TNF-a
concentration (mean±s.e.m., n¼5 for each group) was measured
at 6 and 12 h after LPS administration. *Po0.05, compared with LPS
only group by one-way ANOVA followed by the Student-Newman-
Keuls t-test. N.D., not detectable.

Anti-inflammatory effects of dimemorfan
Y-H Wang et al1334

British Journal of Pharmacology (2008) 154 1327–1338



the increase in intracellular calcium concentration and a

partial inhibition of NOX dependent ROS production, which

in turn modulate the NF-kB-dependent upregulation of iNOS

and NO production, as well as that of pro-inflammatory

cytokine (TNF-a), to protect against inflammation-mediated

disorders.

In this study, we used PMA, a protein kinase C activator,

and fMLP, a synthetic bacterial peptide that activates

leukocytes through a receptor-mediated pathway, to eluci-

date the mechanisms of action of dimemorfan on neutro-

phils. Production of ROS induced by PMA or fMLP were both

significantly inhibited by dimemorfan with the greater

potency against fMLP. In addition, dimemorfan was more

potent in the inhibition of fMLP- than of G-protein (AlF4
�)-

induced increase in intracellular calcium concentration,

indicating that dimemorfan could interfere with the recep-

tor-mediated G-protein signalling, other than signalling

down stream of G-protein activation (protein kinase C

activation). Protein kinase C plays a major role in mediating

ROS production in neutrophils through phosphorylation

and activation of p47phox, an important cytosolic compo-

nent of NOX (Casimir and Teahan, 1994; Selvatici et al.,

2006). Our previous report showed that the general protein

kinase C inhibitors, GF109203x and staurosporine, both

exhibited potent activity in inhibiting PMA- and fMLP-

induced ROS production, indicating that protein kinase C is

central to NOX activation (Wang et al., 2004b). To further

understand whether protein kinase C can be modulated by

dimemorfan, pan-protein kinase C activity from the total

cell lysate of human neutrophils was examined. We did not
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Figure 8 Effects of dimemorfan treatment on lipopolysaccharide (LPS)-induced increment in the neutrophil infiltration and production of
oxidative stress in lung and liver at 48 h. (a) After administration of LPS (70 mg kg�1, i.p.), mice were injected with saline (LPS) or 5 mg kg�1
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dilution of 40,6-diamidino-2-phenylindole (DAPI, blue) was used to counterstain DNA in the nuclei. (b) Statistical results from three to five
independent experiments were calculated as the mean±s.e.m. *Po0.05, compared with the corresponding LPS only group by one-way
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observe significant inhibition of pan-protein kinase C

activity by dimemorfan (data not shown), indicating that

dimemorfan does not directly interfere with protein kinase C

activity.

NOX is the major ROS-producing enzyme in activated

leukocytes (Van den Worm et al., 2001). Drugs with anti-

inflammatory activity have been reported to display potent

NOX-inhibitory action (Liou et al., 2003; Lin et al., 2006). To

further understand whether the inhibitory action on ROS

production by dimemorfan is due to direct inhibition of

NOX, the effects of dimemorfan on NOX activities in lysates

of BV2 cells and human neutrophils were examined. Our

data showed that dimemorfan is an inhibitor of NOX, with

maximum (44%) inhibition of NOX activity at 50 mM in

BV2 cells and an IC50 value of around 47 mM in neutrophils,

although it is less potent than the well-known NOX

inhibitor, diphenylene iodonium, with IC50 values around

12–24 mM. Additionally, the inhibitory action of dimemorfan

on ROS production was not due to direct free radical-

scavenging capacity, because dimemorfan (10–50 mM)

showed no significant free radical-scavenging activity in a

DPPH free radicals system and in a cell-free xanthine/

xanthine oxidase system in which xanthine oxidase cata-

lyses the oxidation of xanthine to produce uric acid as the

final product, accompanied with the production of both

superoxide anion and hydrogen peroxide (Wang et al.,

2004b).

Activated leukocytes preferentially infiltrate and accumu-

late at sites of inflammation through upregulated expression

of b2 integrins, especially Mac-1 (CD11b/CD18) to counter-

act its counter receptor, e.g., intercellular adhesion molecule-1

(ICAM-1), for firm adherence to vascular endothelium cells

(Wang and Doerschuk, 2000; Wang et al., 2004b, 2006). They

then transmigrate and infiltrate into injured tissue where

they release hydrolytic enzymes and large amounts of ROS

leading to overt tissue damage (Wardlaw and Walsh, 1994;

Wang and Doerschuk, 2000). We have reported that

intracellular ROS production and increase of intracellular

calcium concentration are two important signals mediating

leukocyte activation and upregulated expression of integrins

(Shen et al., 1999). Dimemorfan significantly inhibited

PMA- or fMLP-induced Mac-1 upregulated expression possibly

by inhibiting ROS production and impeding intracellular

calcium increase in neutrophils, suggesting that dimemorfan

exhibits the ability to limit the infiltration of leukocytes into

inflammatory tissue. This effect has been further confirmed

in vivo by showing that dimemorfan treatment decreased

neutrophil infiltration and oxidative stress production

induced by LPS, in the lung and liver of mice.

Microglial cells are one of the most important immuno-

effector cells in brain inflammatory responses which mediate

neurodegeneration (Rong and Baudry, 1996; Van Eldik et al.,

2007), while NO and ROS are also two important inflamma-

tory mediators produced by activated microglial cells during

inflammation (Shen et al., 2005; Kim et al., 2006; Shen et al.,

2008). After stimulation of microglial cells with bacterial

endotoxins (LPS) or cytokines (IFN-g), production of NO and

ROS is accompanied by the induction of iNOS and activation

of NOX, respectively. These effects result in tissue damage by

NO itself and its more toxic metabolite, ONOO� (Dringen,

2005; Li et al., 2005). We previously reported that antioxi-

dant and anti-inflammatory drugs with inhibitory action on

iNOS expression can prevent stroke-induced brain injury by

limiting formation of ONOO� (Wang et al., 2006; Shen et al.,

2008). It is now well-accepted that inhibiting NO production

by interfering with iNOS expression, as well as inhibiting

ROS production by impeding NOX activity is beneficial for

treating inflammation-mediated disorders and neurode-

generative diseases (Di Rosa et al., 1990; Klegeris et al., 2007;

Lau et al., 2007). As dimemorfan significantly reduced the

production of both ROS and NO at 24 h after LPS induction

in microglial cells, the formation of ONOO� could also be

effectively prevented by dimemorfan. Furthermore, dimin-

ishing NO production by decreasing iNOS expression

through inhibiting the activation of the NF-kB signalling

pathway is an essential mechanism responsible for the

effects of several anti-inflammatory drugs (Xie et al., 1994;

Chen et al., 2000; Li et al., 2000; Takada et al., 2005; Lu et al.,

2007). Dimemorfan significantly reduced NF-kB activation

by suppressing p65 (RelA) phosphorylation and/or degrada-

tion of IkBa, and subsequently the nuclear translocation of

p65, as well as the transcriptional activity of NF-kB. These

effects could account for the inhibition of LPS-induced iNOS

expression and NO production by dimemorfan.

Activated microglial cells release significant amounts of

proinflammatory cytokines to further recruit and activate

other immune cells. Pro-inflammatory cytokines (interleu-

kin-1 and TNF-a) are downstream gene products of NF-kB

signalling produced by microglia that exert synergistic

effects in N-methyl-D-aspartate (NMDA)-mediated neuro-

toxicity (Chao et al., 1995). We found that LPS induced

dramatic amounts of MCP-1 and TNF-a production in BV2

cells which were significantly reduced by dimemorfan.

Because PDTC (a NF-kB inhibitor) significantly reduced

cytokine release, the inhibitory effect of dimemorfan on

pro-inflammatory cytokine production by microglial cells

may be mediated through modulation of the IkB/NF-kB

signalling pathway. The above mentioned effects of dime-

morfan on inflammatory cells were not due to cytotoxicity,

because no significant cell death was observed in the

concentration ranges examined (data not shown).

In this study, the concentrations of dimemorfan (10–

20 mM) having an inhibitory action on ROS production are

much higher than the levels shown to inhibit the cough

reflex through s1 receptors in human plasma (0.007–

0.008 mg mL�1) (Seki, 1972). However, this in vitro concentra-

tion appears to be comparable to the blood concentration of

dimemorfan after the treatment used in the endotoxin shock

model in mice (1–5 mg kg�1, i.p., at three successive times).

Although this in vivo dose is higher than those used in the

antitussive activity of s1 receptor agonists in animals (Brown

et al., 2004), but it was still within the safe and pharmaco-

logically applicable dosage range. The maximum non-toxic

dose in rats was 25 mg kg�1 per day in males and 50 mg kg�1

per day in females after 5 weeks oral administration, and

25 mg kg�1 per day in both sexes after 26 weeks oral

administration. In other species, the maximum non-toxic

dose was 50 mg kg�1 per day in male mice, 25 mg kg�1 per

day in male guinea pigs, and 10 mg kg�1 per day in male dogs

(Miki et al., 1972; Yoshida et al., 1972). Because s1 receptor
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agonists have been reported to have anti-inflammatory effect

(Bourrié et al., 2002, 2004), it is reasonable to speculate that

dimemorfan should activate the s1 receptors to exhibit its

anti-inflammatory effect. However, the present study de-

monstrated that the s1 receptor antagonist BD1047 itself

had some inhibitory effect and potentiated dimemorfan’s

inhibition of ROS production in neutrophils, indicating that

the s1 receptors were not involved in dimemorfan’s effects.

In addition, dextromethorphan, an analogueue of dimemor-

fan, has been reported to be beneficial in inflammation-

mediated neurodegeneration through inhibition of micro-

glial activation (Liu et al., 2003) and to prevent LPS-induced

sepsis in rats by reduction in pro-inflammatory cytokine

release (TNF-a) and suppression of NO production, and by its

antioxidant properties (Wang et al., 2004a). Although

dextromethorphan is effective in the inhibition of ROS

production in neutrophils, it was less potent than dimemor-

fan in this study. Unlike dimemorfan, dextromethorphan is

metabolized to dextrophan to cause phencyclidine-like

behavioural side effects (Kase et al., 1976).

In conclusion, our results demonstrated that dimemorfan

displays inhibitory activities on both ROS and NO produc-

tion in inflammatory cells that allow it to be an effective

anti-inflammatory drug in vivo. The anti-inflammatory

properties of dimemorfan could be due, at least in part, to

limiting NOX-dependent ROS and iNOS-dependent NO

production, as well as pro-inflammatory cytokine release

through modulation of intracellular calcium concentration

and NF-kB signalling pathway in inflammatory cells. As a

highly effective and widely used antitussive for more than

30 years, dimemorfan has an established safety record in

humans, making it an attractive agent for further develop-

ment in the treatment of inflammation-related disorders.
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Bourrié B, Bribes E, De Nys N, Esclangon M, Garcia L, Galiègue S et al.
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