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Dimethylfumarate inhibits CXCL10 via haem
oxygenase-1 in airway smooth muscle

Petra Seidel*#, Katrin E. Hostettler*, J. Margaret Hughes”,
Michael Tamm* and Michael Roth*

ABSTRACT: CXCL10 stimulates mast cell infiltration into airway smooth muscle bundles and,
thus, activate cytokine secretion and airway smooth muscle cell (ASMC) proliferation.
Dimethylfumarate (DMF) reduces cytokine secretion by lymphocytes and ASMC proliferation
through haem oxygenase (HO)-1. Therefore, we investigated the potency of DMF to inhibit tumour
necrosis factor (TNF)-a- and interferon (IFN)-y-induced CXCL10 secretion by human ASMCs.

Human primary ASMCs were pre-incubated with DMF and/or fluticasone and/or glutathione
ethylester before cells were stimulated with IFN-y and/or TNF-o.

DMF inhibited CXCL10 secretion and increased HO-1 levels, and p38 mitogen-activated protein
kinase (MAPK) inhibition reduced DMF-dependent HO-1 expression. The DMF effect on CXCL10
secretion was abrogated by pre-treatment with HO-1 small interfering RNA (siRNA). Glutathione
supplementation reversed all DMF effects on CXCL10 secretion and p38 MAPK phosphorylation.
Importantly, combining DMF with fluticasone further reduced CXCL10 secretion. In addition, DMF
inhibited IFN-y-induced CXCL10 secretion. This effect was compensated by glutathione
supplementation or by pre-treatment with HO-1 siRNA. In addition, DMF reduced TNF-a-induced
granulocyte colony-stimulating factor (G-CSF) secretion but had no effect on INF-y-induced G-
CSF secretion.

In human primary ASMCs, DMF inhibits CXCL10 secretion by reducing the cellular glutathione
level and by activation of p38 MAPK and HO-1. Therefore, DMF may reduce airway inflammation in
asthma by a glucocorticoid-independent pathway.

KEYWORDS: Airway smooth muscle, cell inflammation, dimethylfumarate, glutathione, haem
oxygenase-1, interferon-y, tumour necrosis factor-a

blocked [6]. In addition, ASMCs of asthma patients
secreted more CXCL10 than cells obtained from
healthy controls [7]. This observation correlated
with the increased number of active mast cells in
airway smooth muscle bundles of asthma patients.
Furthermore, CXCL10 secretion and mast cell num-
ber correlated with airway hyperresponsiveness [4].

sthma is a chronic inflammatory disease of
A the airways that is characterised by airway

hyperresponsiveness, increased broncho-
constriction and an increased airway wall thick-
ness [1]. Airway inflammation in asthma involves
tissue-forming cells, such as epithelial cells, fibro-
blasts and airway smooth muscle cells (ASMCs), as
well as circulating immune cells, mainly mast
cells, T-cells and eosinophils [2]. Activated ASMCs
secrete a wide range of pro-inflammatory factors
when stimulated by cytokines such as tumour
necrosis factor (TNF)-o, thereby recruiting more
inflammatory cells to the inflamed area [3].

Inhaled glucocorticoids are the most frequently
prescribed anti-inflammatory medications in
asthma [7]. However, in 10% of asthma patients,
airway inflammation is not well controlled by
conventional therapies and these patients account
for >50% of the total asthma healthcare costs [8].
In cell culture models, it has been shown that the
inflammatory interferon (IFN)-y signalling path-
way up-regulated CXCL10 expression by ASMCs
and that this was steroid resistant [9]. Therefore,
new therapeutic options are needed to control
airway inflammation in asthma.

CXCL10 is a potent mast cell chemoattractant that
contributes to the pathogenesis of asthma [4].
Support for a contribution of CXCL10 to asthma
pathology comes from the observation that cell
culture medium collected from activated asthmatic
ASMCs induced chemotaxis of human lung mast
cells [5]. This effect was reduced when CXCL10
was neutralised or when its receptor CXCR3 was

Anecdotally, dimethylfumarate (DMF; also known
as BG00012) has been reported to reduce asthma
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MECHANISMS OF LUNG DISEASE

symptoms and to improve the quality of life of psoriasis patients
who also suffer from asthma. In vitro, DMF modified the
metabolism of intracellular reduced glutathione (GSH) and
thereby reduced the expression of pro-inflammatory cytokines
[10, 11]. In human peripheral blood mononuclear cells, DMF
depleted intracellular GSH and induced haem oxygenase
(HO)-1, while it inhibited the secretion of interleukin (IL)-12
and IFN-y. These effects were compromised when GSH was
supplemented [10]. Regarding the beneficial effect of DMF in
multiple sclerosis, it was supposed to act via the cytoprotective
transcription factor Nrf-2, which is activated in the absence of
GSH [9]. In human ASMCs, we showed that DMF inhibited
TNF-a-induced secretion of IL-6, eotaxin and RANTES (regu-
lated on activation, T-cell expressed and secreted) [12]. Further-
more, we observed an inhibitory effect of DMF through HO-1 on
platelet-derived growth factor (PDGF)-BB-induced ASMC pro-
liferation [13]. These beneficial effects of DMF together with its
clinical long-term safety profile make it an interesting drug for
the therapy of chronic inflammatory lung diseases [14].

In this study, we investigated the effect of DMF on HO-1
expression and its role on TNF-o-and/or IFN-y-induced
CXCL10 and granulocyte colony-stimulating factor (G-CSF)
secretion by human ASMCs. Furthermore, we studied the role
of mitogen-activated protein kinase (MAPK) activation in the
context of DMF-stimulated HO-1 expression. We also assessed

a) 1400 1
20:‘ p<0.001
TNF-o (10 ng-mL-1)
c) 120
100 © o o
2; %0 v ' | n
& a0l £ % W% ' Z/ S 3
o 20 i % % | E % B
| om B D6
é é’z; 0.1 1.0 10 OI.D1MF§I1.8WI|2)

TNF-o. (10 ng-mL-")

196 VOLUME 41 NUMBER 1

P. SEIDEL ET AL.

the effect of GSH supplementation on this signalling system
together with possible steroid-saving properties of DMF.

MATERIAL AND METHODS

Lung tissue specimens

All specimens used in this study were obtained from the
Dept of Internal Medicine, University Hospital Basel (Basel,
Switzerland) with the approval of the local ethical committees
and the written consent of all patients.

Isolation and culture of human ASMCs

Human primary ASMCs were isolated and grown from bronchi
of healthy lung tissue obtained from unused lung transplants
and were established as previously described [15]. ASMCs were
grown in RPMI-1640 (ThermoTrace, Melbourne, Australia)
supplemented with 5% (v/v) heat-inactivated fetal bovine serum
(FBS), 1 x Minimal Essential Medium vitamin mix, 100 U-L!
penicillin, 100 pg-mL™ streptomycin, 0.25 pg-mL™" amphotericin
B (all GIBCO/BRL, Melbourne, Australia), 25 mM hydroxyethyl
piperazine ethane sulfonic acid and 2 mM L-glutamine (both
ThermoTrace) in a humidified 5% carbon dioxide atmosphere at
37°C. ASMCs were used between passages 5 and 8.

Drug preparation
All chemicals were obtained from Sigma (Buchs, Switzerland).
DMEF (0.1-100 uM), SB203580 (10 uM), fluticasone (0.1-10 pM),
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FIGURE 1. Dimethylfumarate (DMF) inhibits tumour necrosis factor (TNF)-o-
induced CXCL10 secretion and is supported by a glucocorticoid. a) Cells were
stimulated with TNF-o (10 ng-mL™") or were left untreated for 24 or 48 h. CXCL10
was measured in the cell culture medium by ELISA. Data are presented as the
mean + Sem of triplicate experiments in 10 independent cell lines and p-values were
calculated by paired t-tests compared with nonstimulated cells. b) Airway smooth
muscle cells (ASMCs) (n=8) were pre-treated with DMF or the vehicle (0.1%
dimethylsulfoxide) for 1 h prior to stimulation with TNF-o.. CXCL10 secretion was
measured by ELISA at 24 and 48 h. Data are presented as a percentage of the
CXCL10 production cells treated with TNF-o alone and p-values were calculated by
one-way ANOVA. c) ASMCs (n=6) were treated with either fluticasone alone or in
combination with DMF for 24 h before CXCL10 secretion was determined by ELISA.
Data are presented as the mean + Sem of triplicate experiments in six independent
ASMC lines, and p-values were calculated by ANOVA and corrected by the
Bonferroni method.
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haemin (1-10 uM) and cobalt protoporphyrin (2-20 pM) were
dissolved in dimethylsulfoxide (DMSO), and were diluted to
the required concentration in serum-free medium. Glutathione
ethylester (GSH-OEt) was dissolved to a final concentration of
1 mM in serum-free medium. The cytotoxic efficacy of DMF
concentrations was not significant, as reported previously [13].

CXCL10 secretion by ASMCs

ASMCs were grown to confluence and the growth medium
was replaced with low-serum medium (0.1% FBS) for 24 h,
before the DMF was added for 1 h. The cells were then
stimulated with TNF-o. and/or IFN-y (both R&D Systems,
Minneapolis, MN, USA) and cell culture medium samples
were collected 24 or 48 h later. CXCL10 and G-CSF protein
levels were determined by ELISA following the manufacturer’s
instructions (ELISA Duo Set; R&D System:s).

Transfection with small interfering RNA

Cells were seeded into 12-well culture plates (1 x 10° cells'mL™)
and grown to 70% confluence in RPMI (10% FBS). Cells were
washed with FBS-free RPMI before being transiently transfected
with 10 pM small interfering RNA (siRNA), either targeting
HO-1 or the respective control siRNA, in 5 uL. siRNA transfec-
tion reagent (all Santa Cruz Biotechnology, Heidelberg,

a)
HO-1-bpgutl _ 554 & D L e

G-TUDUIIN D e o cmmm—— o—— o om— m— a—— cm— —
Vehicle 1 10 50 100 1 10 50 100
DMF pM DMF uM

TNF-a (10 ng-mL-1)

b) 120

_ 1001 &

S S

5 g

O 801

3

[

£ 601

X

o

8 40-]

Ye]
3 g
© 201 S
&
0= » oS co

8 &S £S5 2 20 1 10
= o = & =3 .
o Oo T © CoPP Haemin
> - uM uM

TNF-o (10 ng-mL-1)

MECHANISMS OF LUNG DISEASE

Germany). Cells incubated with transfection reagent alone
served as negative controls. Six hours after siRNA treatment,
the cells were stimulated with growth medium (RPMI, 10% FBS
and 1 x antibiotics) for 20 h. Cells were washed with PBS and
incubated with DMF (50 uM) for 1 h before TNF-o. or IFN-y (5 or
10 ng~mL’1) was added. After 24 h, cell culture medium samples
were collected and CXCL10 protein was quantified by ELISA.

HO-1 expression and MAPK activation

ASMCs were grown to confluence and were then serum starved
for 24 h (0.1% FBS). The cells were pre-treated (1 h) with a single
drug or a drug combination, before being stimulated with
TNF-o. Total cell lysate was collected at various time points (0, 5,
10, 15, 30 and 60 min) to determine the expression and activation
of MAPKs by immunoblotting. HO-1 expression was deter-
mined after 24 h.

Immunoblotting

Protein extracts were size-fractionated by sodium dodecylsul-
fate—polyacrylamide gel electrophoresis and were transferred
onto nitrocellulose membranes as described previously [13].
Protein transfer was confirmed by Ponceau staining.
Membranes were incubated with blocking buffer (5% (w/v)
skimmed dry milk in Tris-buffered saline containing 0.1%
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FIGURE 2. Haem oxygenase (HO)-1 mediates the inhibitory effect of dimethylfumarate (DMF) on CXCL10 secretion by airway smooth muscle cells (ASMCs). a) A
representative immunoblot of the DMF dose-dependent HO-1 expression at 24 h by ASMCs (n=3). Similar results were obtained in five additional cell lines. b) The HO-1
inducers cobalt protoporphyrin (CoPP) and haemin inhibited tumour necrosis factor (TNF)-a-induced CXCL10 secretion at 24 h. Data are presented as the mean +sem
percentage of the CXCL10 production in cells treated with TNF-a of triplicate experiments in four independent cell lines and p-values were calculated by one-way ANOVA. c)
ASMCs were transfected with HO-1-specific small interfering RNA (siRNA) (24 h) and subsequently treated for 1 h with DMF (50 pM) or fluticasone combined with DMF, which
was followed by TNF-a (10 ng-mL™") stimulation for 24 h. CXCL10 secretion is presented as the mean+sem percentage of that in nontreated cells in 10 independent
experiments, and p-values were calculated by ANOVA and corrected by the Bonferroni method.
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FIGURE 3. Dimethylfumarate (DMF) activates phosphorylation of p38 mitogen-activated protein kinase (MAPK), which mediates haem oxygenase (HO)-1 expression by
airway smooth muscle cells. a) A representative immunoblot and b) quantification of the kinetics of the phosphorylation of p38 MAPK (p-p38 MAPK) by tumour necrosis factor
(TNF)-a in the presence and absence of DMF (n=3). c) A representative immunoblot and d) quantification of the kinetics of extracellular signal-regulated kinase (ERK)1/2
phosphorylation (p-ERK1/2) by TNF-o and its enhancement by DMF (n=3). e) A representative immunoblot of the kinetics of c-Jun N-terminal kinase (JNK) MAPK

phosphorylation (p-JNK) by TNF-o and in the presence and absence of DMF (n=3). f) A representative immunoblot of DMF-induced HO-1 expression and its reduction by the
p38 MAPK inhibitor SB203580 in the presence of TNF-a (n=3). Similar results were obtained in three additional cell lines and graphs represent the mean +sem of all
experiments. p-values were calculated by one-way ANOVA and corrected by the Bonferroni method.

Tween 20) for 1 h at room temperature and were then incubated
with a primary antibody specific to either p38, phosphorylated
P38, extracellular signal-regulated kinase (ERK)1/2, phosphory-
lated ERK1/2, c-Jun N-terminal kinase (JNK), phosphorylated
JNK (all Cell Signaling Technology, Beverly, MA, USA), HO-1
(Calbiochem, Luzern, Switzerland) or a-tubulin (Santa Cruz
Biotech). Binding of primary antibodies was detected by
horseradish peroxidase-conjugated immunoglobulin (Ig)G anti-
bodies diluted 1:2,000-1:40,000 (anti-rabbit or anti-mouse IgG;
Santa Cruz Biotech). Protein bands were visualised by enhanced
chemiluminescence (Pierce Biotechnology, Rockford, IL, USA).

Data analysis

Triplicate or duplicate results of each experiment were averaged
for each primary ASMC line and from these data, the mean +SEm
was calculated. The statistical analysis was performed using one-
way ANOVA. p-values were corrected by the Bonferroni
method and are presented in the respective figures.

RESULTS

DMF inhibits TNF-a-induced CXCL10 secretion by ASMCs
ASMC were stimulated with TNF-a (10 ng-mL™) or were left
unstimulated for 24 and 48 h before CXCL10 levels were
determined in the cell culture medium. As shown in figure 1a,
unstimulated ASMCs released low levels of CXCL10 (mean 4 SEM
69.9+27.1 pg'mL’l) within 24 h, while stimulation with TNF-a
significantly upregulated CXCL10 secretion at 24 h (1,044 +284
pgmL™) and 48 h (1,382+316 pg'mL™). Pre-incubation with
DMEF (1-100 uM) dose-dependently reduced the TNF-a-induced
CXCL10 secretion to a similar extent, while DMF alone had no
effect on unstimulated ASMCs (fig. 1b). As expected, fluticasone
(0.1-10 pM) inhibited TNF-o-induced CXCL10 secretion and in
combination with DMF (10 pM), this effect was stronger
compared with each drug alone (fig. 1c).

DMF inhibits CXCL10 secretion by ASMCs through HO-1
HO-1 expression was determined by immunoblotting. DMF
induced HO-1 expression dose dependently, while TNF-o
neither induced nor altered DMF-induced HO-1 expression
(fig. 2a). In order to corroborate this inhibitory effect of HO-1
on CXCL10 secretion, ASMCs were pre-incubated for 1 h with
haemin (1-10 pM) or cobalt protoporphyrin (2-20 pM) before
stimulation with TNF-a. Both HO-1 inducers dose-depen-
dently reduced TNF-oa-induced CXCL10 secretion by ASMCs
but had no effect on unstimulated cells (fig. 2b).

The role of HO-1 in DMF'’s inhibitory effect on TNF-o-induced
CXCLI10 secretion was also studied in ASMCs that had been
transiently transfected with HO-1 siRNA prior to DMF and
TNF-o treatment. As shown in figure 2c, the inhibitory effect of
DMF (50 pM) on CXCL10 secretion was dose-dependently
counteracted by HO-1 siRNA (p<<0.05), while control siRNA
had no such effect. Importantly, the inhibitory effect of

EUROPEAN RESPIRATORY JOURNAL

fluticasone alone on TNF-a-induced CXCL10 was not affected
by the presence of HO-1 siRNA, which, when treated with the
combined drugs, counteracted the effect of DMF (fig. 2c).

DMF increases and prolongs TNF-a-induced p38 MAPK
phosphorylation

TNF-a (10 ng'mL'l) strongly induced p38 MAPK phosphoryla-
tion within 5 min, which declined afterwards and reached
baseline level at 60 min (fig. 3a and b). DMF (50 uM) alone
activated p38 MAPK phosphorylation and, when combined with
TNF-o, it increased and prolonged p38 MAPK phosphorylation
(fig. 3a and b). Total p38 MAPK expression was not affected by
any treatment (fig. 3a and b). TNF-o induced ERK1/2 MAPK
and JNK phosphorylation, neither of which was affected by
DMF (fig. 3c—e). No change was observed for total ERK1/2
MAPK or total JNK levels with any treatment (fig. 3c—e).

To link DMF-induced p38 MAPK phosphorylation and HO-1
expression, ASMCs were treated with DMF and either the p38
MAPK inhibitor SB203580 or the ERK1/2 inhibitor PD98059.
Inhibition of p38 MAPK prevented the expression of HO-1 by
DMEF, whereas SB203580 alone or PD98059 had no significant
effect (fig. 3f).

The effect of DMF on p38 MAPK, HO-1 and CXCL10 depends
on intracellular GSH

To understand the role of intracellular GSH on DMF'’s effects,
ASMCs were pre-treated with GSH-OEt before the addition of
any other treatment. GSH-OEt completely inhibited DMF-
induced p38 MAPK phosphorylation and it prevented the
additive effect of DMF on TNF-a-induced p38 MAPK phosphor-
ylation but had no effect on TNF-o alone (fig. 4a). Increasing the
intracellular GSH concentration prevented DMF-induced HO-1
expression both in the absence and presence of TNF-u (fig. 4b). As
shown in figure 4c, GSH-OEt treatment significantly reduced the
inhibitory effect of DMF on TNF-o-induced CXCL10 secretion.

DMF inhibits TNF-o- and IFN-y-induced CXCL10 secretion
via HO-1

INF-y induced CXCL10 secretion and this was inhibited by DMF
(fig. 4d). Combined TNF-o. and IFN-y showed an additive
stimulatory effect on CXCL10 secretion, which was also prevented
by DMF pre-incubation (fig. 4d). When ASMCs were pre-treated
with HO-1 siRNA, the inhibitory effect of DMF on TNF-a- and
IEN-y-induced CXCL10 secretion was completely reversed
(fig. 4d). Control siRNA (10 M) did not alter TNF-o/IFN-y-
induced CXCL10 secretion or the inhibitory effect of DMF (fig. 4d).

DMF dose-dependently inhibited IFN-y-induced CXCL10
secretion as well as the stimulatory effect of the combined
stimuli (fig. 5a). Supplementation of glutathione prevented the
inhibitory effect of DMF in ASMCs stimulated with either
IFN-y alone or with the combined stimuli (fig. 5a).

VOLUME 41 NUMBER 1 199
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FIGURE 4. Glutathione reverses the effects of dimethylfumarate (DMF) on p38 mitogen-activated protein kinase (MAPK) phosphorylation, haem oxygenase (HO)-1
expression and CXCL10 secretion in airway smooth muscle cells (ASMCs). a) Representative immunoblot (n=4) of the reversing effect of glutathione ethylester (GSH-OEt) on
DMF- and tumour necrosis factor (TNF)-a-induced phosphorylation of p38 MAPK in ASMCs stimulated for 30 min. b, ¢) The reversing effect of GSH-OEt on DMF-dependent
HO-1 expression and inhibition of TNF-a-induced CXCL10 secretion. Data are presented as the mean + Sem of triplicate experiments in four independent cell lines, and p-
values were calculated by ANOVA and corrected by the Bonferroni method. d) HO-1 small interfering RNA (siRNA) counteracts the inhibitory effect of DMF on TNF-a- and
IFN-y-induced CXCL10 secretion. Data are presented as the mean + sem of triplicate experiments in six ASMC lines, and p-values were calculated by ANOVA and corrected

by the Bonferroni method.

TNF-o and IFN-y, alone or in combination, induced the secretion
of G-CSF (fig. 5b). DMF alone had no effect on G-CSF secretion
but partially reduced G-CSF secretion induced by TNF-o, while
it had no effect on IFN-y-dependent G-CSF secretion (fig. 5b). In
ASMCs stimulated with both TNF-o. and IFN-y, DMF treatment
partly reduced G-CSF secretion (fig. 5b). Supplementation of
GSH-OEt compensated the inhibitory effect of DMF on TNF-o-
but not on IFN-y-induced G-CSF secretion (fig. 5b).

DISCUSSION

In this study, we provide evidence that DMF has a significant
immunomodulatory effect on cultured human primary ASMCs.
DMF inhibited TNF-o-induced CXCL10 and, importantly,
showed a steroid-sparing effect when combined with fluticasone.
The inhibitory effect of DMF was mediated via the induction and
sustained phosphorylation of p38 MAPK, which subsequently

200 VOLUME 41 NUMBER 1

induced HO-1 expression. In addition, IFN-y-induced CXCL10
secretion, which was reported to be less sensitive to steroids in
ASMC s, was also inhibited by DMF. Increasing the intracellular
level of GSH prior to DMF treatment reversed all the drug’s
effects. Thus, our data indicate that DMF has potential for the
treatment of chronic inflammatory lung diseases.

The pathological increase of ASMC number and size in
asthmatic airways was first reported by HUBER and KESSLER
[15] in 1926 and this finding was later confirmed to occur in
childhood asthma, often before any sign of inflammation is
detected [16, 17]. In asthma, ASMCs constrict and narrow the
airways upon exposure to a wide range of triggers, thereby
limiting airflow. Furthermore, ASMCs contribute to local
inflammation by secreting a large range of pro-inflammatory
cytokines [3]. Based on these observations, it is plausible that

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 5. The inhibition of CXCL10 and granulocyte colony-stimulating
factor (G-CSF) secretion through dimethylfumarate (DMF) and its reversal by
glutathione is stimulus- and cytokine-specific. a) Six airway smooth muscle cell
(ASMC) lines were treated with either tumour necrosis factor (TNF)-a or interferon
(IFN)-y alone or both combined. Pre-treatment with DMF dose-dependently
reduced CXCL10 secretion, which was counteracted by glutathione supplementa-
tion. The p-values were calculated by ANOVA and corrected by the Bonferroni
method. b) The effect of DMF and glutathione supplementation on G-CSF
secretion by TNF-a and/or IFN-y stimulation at 24 h. Data are presented as the
mean +sem of triplicate experiments in four independent cell lines. The p-values
were calculated by ANOVA and corrected by the Bonferroni method. GSH-OEt:
glutathione ethylester. **: p<0.01 compared with unstimulated ASMCs; #: p<0.01
compared with a single stimulus.
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targeting ASMC activity and cytokine secretion may help to
resolve inflammation in chronic lung diseases.

Our observation that DMF down-regulated the secretion of
CXCL10 by ASMCs is of particular importance as CXCL10 is one
of the strongest recruitment factors for mast cells into the
inflamed airway tissue [4-6]. In this study, we showed that DMF
inhibited IFN-y-induced CXCL10 through HO-1 expression. This
observation strengthens the argument for the therapeutic use of
DMF in asthma therapy as IFN-y-induced CXCL10 secretion was
insensitive to steroid treatment [9]. Furthermore, in TNF-o-
activated ASMCs the reductive effect of the combination of DMF
with fluticasone was stronger than that of each drug alone.

In human lung fibroblasts and ASMCs, we have shown that
DMF inhibited PDGF-BB and TNF-o-induced the secretion of
IL-6 [18, 19]. This effect was mediated by the inhibition of two
transcription factors, nuclear factor (NF)-kB p65 and activator
protein-1, by DMF in fibroblasts [18, 19]. We further provided
evidence that DMF reduces histone 3 and cAMP response
element-binding protein (CREB) phosphorylation [18, 19]. The
inhibitory effect of DMF on NF-«B and CREB may explain its
effect on IFN-y-induced CXCL10 secretion, as both transcrip-
tion factors mediate INF-y signalling to CXCL10 activity [9, 20].
These findings suggested a more general mode of action of
DMF by reducing the binding of several transcription factors
that stimulate gene expression.

Previously, we reported that DMF significantly reduces the
PDGE-BB-induced proliferation of ASMCs through induction of
HO-1, suggesting that DMF may reduce airway remodelling
[13]. In this study, we were interested in whether DMF-mediated
up-regulation of HO-1 is also involved in DMF’s anti-inflamma-
tory effects. A beneficial anti-inflammatory effect of HO-1 has
been suggested in other allergic diseases and may indicate an
overall protective anti-inflammatory effect of DMF [21, 22].
Similar to our results, pyrrolidine dithiocarbamate induced
HO-1 expression, which reduced eosinophil and T-cell counts in
bronchoalveolar lavage fluid, as well as airway hyperrespon-
siveness in a mouse model of allergic airway disease [23]. The
observed reduced eosinophil activity may be related to our
finding that DMF reduced the secretion of eotaxin and RANTES
by blocking histone 3 phosphorylation [19]. Further beneficial
effects of increasing HO-1 expression in the inflamed lung may
be related to reduced airway inflammation, mucus secretion,
oxidative stress and airway hyper-responsiveness, which were
shown in an asthma model of ovalbumin-sensitised guinea pigs
[22]. In our study, DMF induced HO-1 in the presence of TNF-o
and this effect was abrogated in ASMCs that had been treated
with HO-1 siRNA. Furthermore, two additional HO-1 inducers,
haemin and cobalt protoporphyrin, also reduced TNF-a-induced
CXCL10 secretion, thus supporting the hypothesis that HO-1
mediates the anti-inflammatory effect of DMF.

Based on our earlier studies, we showed that DMF enhanced
TNF-a-induced HO-1 expression through p38 MAPK phosphor-
ylation. Furthermore, GSH supplementation compensated the
effects of DMF on p38 MAPK phosphorylation and CXCL10
secretion. Our findings are in line with another study where GSH
depletion increased the phosphorylation of p38 MAPK in C6
glioma cells [24]. Furthermore, DMF depleted GSH levels, and
thereby inhibited IL-12 and IFN-y secretion by peripheral blood

VOLUME 41 NUMBER 1 201



MECHANISMS OF LUNG DISEASE

mononuclear cells [10]. In human lung fibroblasts, the reduction
of intracellular GSH induced HO-1 [25]. Furthermore, in
pancreatic stellate cells, the activation of p38 MAPK augmented
HO-1 expression [26]. In regard to CXCL10 secretion, HO-1
reduced CXCL10 expression by isolated macrophage cells [27].

To further characterise the signalling-specific action of DMF, we
stimulated cells with IFN-y, a known inducer of CXCL10 [9]. We
confirmed that IFN-y combined with TNF-o has an additive
stimulatory effect on CXCL10 secretion and on G-CSF secretion
[9, 28]. These studies suggested that NF-kB activation mediates
TNF-o-induced CXCL10 secretion but is only marginally
involved when cells are stimulated by IFN-y. Our data suggest
that DMF controls TNF-o- and IFN-y-induced CXCL10 secretion
by human ASMCs by lowering intracellular GSH levels.

In conclusion, we describe here a new molecular signalling
mechanism by which DMF inhibits cytokine-induced CXCL10
secretion by ASMCs. In addition, we show that DMF has
steroid-saving properties. Therefore, DMF can be considered as
a modulator of the immune response in chronic inflammatory
airway diseases.
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