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Summary

Background The immuno-modulatory properties of nucleotides such as adenosine or inosine,
have been described extensively. Recently, the nucleoside uridine and its analogue 4-
thiouridine have gained attention for their protective role in acute lung inflammation.
Objective In this study, we investigated the influence of uridine on asthmatic airway
inflammation.
Methods We used the classical ovalbumin (OVA)–alum model, as well as a model of house dust
mite-(HDM)-induced airway inflammation. The degree of inflammation was determined by
bronchoalveolar lavage (BAL), histology, and measurement of bronchial
hyperresponsiveness.
Results Intratracheal treatment of OVA-sensitized animals with uridine before allergen
challenge resulted in a reduction in total BAL cells and BAL eosinophils. This was
accompanied by reduced tissue infiltration and diminished production of T helper type 2-
cytokines by mediastinal lymph node cells. Additionally, mice treated with uridine developed
less bronchial hyperresponsiveness. Uridine was also effective in reducing airway
inflammation in HDM-induced asthma. The protective effects of uridine were independent of
myeloid dendritic cell (mDC) function, because in vitro pre-treatment of allergen-pulsed DCs
with uridine did not alter the degree of inflammation. However, uridine inhibited the release
of pro-inflammatory mediators in vivo and by cultured lung epithelial cells, suggesting an
effect on lung structural cells.
Conclusion In summary, we were able to show that uridine inhibits the classical features of
asthmatic airway inflammation. As uridine supplementation is well tolerated in humans, it
might be a new therapeutic approach for the treatment of bronchial asthma.
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Introduction

Allergic asthma is one of the most common chronic
diseases in Western society, characterized by variable
airway obstruction, bronchial hyperresponsiveness (BHR)
to non-specific stimuli, mucus hypersecretion, and airway
inflammation. The classical features of asthmatic airway
inflammation include infiltration of the airway wall by
eosinophils, T helper type-2 (Th2) cells, and mast cells.
Beside these cells, cell types such as dendritic cells (DCs)
and lung structural cells, e.g. epithelial cells or fibroblasts,
have been shown to be important in asthma pathophy-
siology, too [1]. Recent studies suggest that danger signals
activating airway structural cells are essential for the

development of house dust mite (HDM)-induced lung
inflammation [2]. In most cases, asthma control can be
obtained with low doses of inhaled corticosteroids. How-
ever, around 1% of the patients need regular treatment
with oral corticosteroids and a very small number of
patients are even resistant to treatment with steroids.
Consequently, there is still a need for new therapeutical
options [3].

Besides their well-characterized role in metabolism,
nucleosides, such as adenosine or inosine, have addition-
ally been found to be potent regulators in inflammatory
processes. Inosine, for example, is protective in different
models of acute lung injury, whereas adenosine has been
linked with the pathophysiology of pulmonary fibrosis
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[4–6]. Recently, the nucleoside uridine has also attracted
attention for its anti-inflammatory properties in an animal
model of acute lung inflammation [7, 8]. Additionally,
uridine is a potent inhibitor of leucocyte adhesion [9].
Furthermore, oral uridine supplementation is a safe and
efficacious treatment to reduce mitochondrial toxicity
caused by highly active antiretroviral therapy (HAART) in
humans [10]. However, whereas the anti-inflammatory
effects of adenosine and inosine seem to be mediated by
adenosine receptors, little is known about the mode of action
of uridine [11]. As a specific receptor for uridine has not been
identified yet, it has been hypothesized that the effects
caused by uridine might be due to the generation of UDP
(uridine-50-diphosphate) and UTP (uridine-50-triphosphate)
being able to activate P2Y2, P2Y4, and P2Y6 receptors [12,
13]. Nevertheless, this remains controversial, for these
receptors have been shown to be involved in chemotaxis
and cytokine release by different immunocytes and therefore
are regarded to be pro-inflammatory in summary [14–16].

The aim of this study was to investigate the effects of
uridine on acute asthmatic airway inflammation. Thereby,
we were able to demonstrate that uridine can potently
suppress asthmatic airway inflammation both in ovalbu-
min and HDM-induced experimental asthma. As uridine
did not interfere with the function of myeloid DCs while
suppressing the release of pro-inflammatory cytokines
in vivo and by airway epithelial cells in vitro, an anti-
inflammatory effect on lung structural cells is likely.

Materials and methods

Animal studies

Mice were bred at the animal facility of the University
Hospital Freiburg under specific pathogen-free condi-
tions. All experiments were approved by the local animal
ethics committee.

Ovalbumin/alum model of asthma

Female BALB/c mice (6–9 weeks old) were sensitized to OVA
by an intraperitoneal (i.p.) injection of OVA/alum (10mg OVA
grade V; Worthington Biochemical Corp., (Lakewood, NJ,
USA) adsorbed to 1 mg aluminium hydroxide; Thermo
Scientific Pierce Imject Alum, Rockford, IL, USA) on days 0
and 7 and were challenged with OVA aerosols (grade III,
Sigma-Aldrich, Munich, Germany) on days 17–19, using a
jet nebulizer delivering 1% OVA in phosphate-buffered
saline (PBS) for 30 min [17]. Thirty minutes before each
allergen challenge, animals were anaesthetized using keta-
mine/xylazine and administered an intratracheal (i.t.) injec-
tion of control vehicle or uridine (Sigma-Aldrich).

Twenty-four hours after the last OVA exposure, animals
were killed by an i.p. injection of pentobarbital and bronch-
oalveolar lavage (BAL) was performed three times, each

time using 1 mL of Ca21- and Mg21-free PBS (Invitrogen,
Darmstadt, Germany) supplemented with 0.1 mM sodium
EDTA, followed by lung resection and storage in OCT
freezing medium [17].

House dust mite-induced allergic airway inflammation

Female BALB/c mice (6–9 weeks old) were anaesthetized
using ketamine/xylazine and injected i.t. with either 100mg
Dermatophagoides pteronyssinus extracts (Greer Labora-
tories, Conoil, NC, USA) or vehicle (PBS) as a negative
control on day 0. On day 7 and day 14, animals received an
i.t. injection of either HDM (100mg) or HDM admixed with
uridine (10�2

M). Animals were assessed for the classical
features of allergic airway inflammation (BAL eosinophilia,
histology) on day 17, as described previously [2].

Allergic airway inflammation induced by adoptive transfer
of dendritic cells

DCs were prepared as described previously, by growing
bone marrow cells in medium containing recombinant
murine GM-CSF [18]. At day 9 of culture, cells were pul-
sed overnight with 100mg/mL LPS low OVA (Worthington
Biochemical Corp.). Cells were treated with 1 mM of uridine
or vehicle (PBS) 30 min before the addition of OVA. After
antigen pulsing, nonadherent DCs were collected, washed
to remove free OVA or uridine, and resuspended in PBS at a
concentration of 12.5�106 cells/mL. For in vivo experi-
ments, BALB/c mice were anaesthetized on day 0 using
ketamine/xylazine, and 1�106 vehicle DCs, OVA–DCs, or
uridine–OVA–DCs were instilled intratracheally, as de-
scribed by Idzko et al. [17]. On days 10–12, mice were
exposed to a 30-min OVA aerosol challenge. Mice were
killed 24 h after the last aerosol challenge.

Flow cytometry

After counting and washing, BAL cells were stained for
30 min with FITC-labelled MHCII (macrophages/DCs), PE-
labelled anti-CCR3 (eosinophils), Cy-chrome-labelled
anti-CD3 and anti-B220 (lymphocytes), and allophyco-
cyanin-labelled (APC-labelled) anti-CD11c (macrophages/
DCs) in PBS containing 0.5% BSA and 0.01% sodium
azide. Differential cell counts were analysed by flow
cytometry, as described previously [19].

Analysis was performed on a FacsCalibur flow cytometer
(BD Biosciences) using Cellquest version 3.3 (BD Bios-
ciences, San Diego, CA, USA) and FlowJo version 6.4.7
(TreeStar Inc., Ashland, OR, USA) software.

Cytokine production by mediastinal lymph node cells

Mediastinal lymph nodes were collected after BAL and
smashed using a cell strainer. Cells were seeded into 96-
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well plates at a concentration of 106/mL and re-stimulated
with OVA (100 mg/mL) or HDM (30 mg/mL), respectively.
After 4 days, supernatants were collected and were ana-
lysed for IL-4, IL-5, IL-10, IL-13, and IFN-g content by
ELISA (R&D systems, Minneapolis, MN, USA).

Determination of bronchial hyperresponsiveness

For the invasive measurement of dynamic resistance and
compliance, 24 h after the last OVA-aerosol challenge,
mice were anaesthetized with pentobarbital and intubated
with an 18 G catheter, followed by mechanical ventilation
with a rodent ventilator (Minivent 485, Hugo-Sachs,
March, Germany). The respiratory frequency was set at
300 breaths per min with a tidal volume of 0.2 mL and a
positive end-expiratory pressure of 2 mL H2O. Increasing
concentrations of aerosolized methacholine (0, 3, 10, 30,
and 100 mg/mL) were administered. Resistance and com-
pliance were recorded using a resistance and compliance
plethysmograph (EMMS, Bordon, UK), as described pre-
viously [20]. The baseline resistance was restored before
administering the subsequent doses of methacholine.

Cell culture

A549 cells were cultured and stimulated as described
previously [21]. For experiments, 2�105 cells were seeded
into 24-well plates and rested for 24 h. Then medium was
changed and cells were stimulated with the indicated
concentrations of uridine and IL-4 (100 U/mL). After
another 24 h, supernatants were collected and the cyto-
kine content was analysed by ELISA.

Cytokine measurements

Cytokines were measured using commercially available
ELISAs (R&D systems) and performed according to the
manufacturer’s recommendations.

Statistical analysis

For all experiments, the statistical significance of differ-
ences between samples was calculated using ANOVA, fol-
lowed by the Bonferroni comparison test. Differences were
considered significant if Po0.05.

Results

Effect of local uridine application during allergen
challenge on airway inflammation

We investigated whether local application of uridine
before allergen challenge could influence asthmatic air-
way inflammation in sensitized animals. Sensitization to
OVA was induced using an i.p. injection of OVA (or sham

PBS) in the Th2 adjuvant alum and mice were subse-
quently challenged three times 10 days later. As shown in
Fig. 1a, intratracheal treatment with uridine (80 mL 10�2

M

or 10�3
M, 200 or 20 mg per animal) before aerosol chal-

lenge significantly decreased the total BAL cell count. This
reduction was due to reduced numbers in BAL eosinophils,
neutrophils, macrophages, and lymphocytes (Fig. 1b).
Consistently, peribronchial and perivascular inflamma-
tion was reduced in uridine-treated animals, too (Fig. 1c),
as was the production of the Th2 cytokines IL-4, IL-5, IL-
10, and IL-13 by re-stimulated mediastinal lymph node
cells (Fig. 1d).

Uridine-treatment reduces bronchial hyperresponsiveness

BHR to non-specific stimuli such as methacholine is one
the cardinal features of bronchial asthma. As shown in
Fig. 1e, OVA sensitization increased reactivity to metha-
choline compared with sham-sensitized animals, deter-
mined 24 h after the last allergen challenge by invasive
measurement of dynamic resistance and compliance in
mechanically ventilated mice. However, intratracheal
treatment with uridine (1 mM) before each allergen chal-
lenge reduced the increase in dynamic resistance at a
methacholine concentration of 3 mg/mL by 50%, at
10 mg/mL methacholine by 40%, at 30 mg/mL methacho-
line by 32%, and at 100 mg/mL methacholine by 29%.

Local administration of uridine reduces airway
inflammation when given during ongoing allergen
exposure

To check whether uridine is also effective in reducing
airway inflammation during ongoing allergen challenge,
a setting closer to asthma in humans, an animal model
was used in which sensitized animals were challenged
from day 19 to 23. Mice receiving uridine from day 21 to
23 before allergen challenge showed reduced airway
inflammation, as shown by reduced total cells and eosi-
nophils in BAL fluid (Fig. 2a), as well as reduced peribron-
chial and perivascular inflammation (Fig. 2b).

Uridine decreases inflammation in house dust mite
extract-induced asthma

The OVA–alum model has been used extensively to study
asthmatic airway inflammation in vivo. However, to get
closer to human asthma, another animal model using
HDM extract to induce eosinophilic airway was used.
Intratracheal administration of HDM extract on d0, d7,
and d14 resulted in a significant increase in total BAL cells
and eosinophils. Nevertheless, when administered to-
gether with the allergen uridine decreased airway inflam-
mation, as determined by a reduction in total cells and
eosinophils in BAL fluid (Figs 3a and b). Additionally,
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peribronchial and perivascular inflammation was reduced
(Fig. 3c), as well as IL-4 production by re-stimulated
mediastinal lymph node cells (Fig. 3d), whereas no differ-
ences were seen in IL-5, IL-13, or IFN-g production (data
not shown).

The protective effects of uridine are independent of myeloid
dendritic cells

As DCs are crucial in asthma pathophysiology, we investi-
gated whether uridine inhibits allergic airway

Fig. 1. Local uridine administration during allergen challenge inhibits the cardinal features of bronchial asthma. Mice were sensitized by an
intraperitoneal injection of ovalbumin (OVA)/alum (see ‘‘Materials and Methods’’) on days 0 and 7 and were exposed on days 19–21 to OVA aerosols.
Before each aerosol, mice received an intratracheal injection of vehicle or uridine at the indicated concentration. Labels indicate sensitization/
treatment/challenge. (a, b) Bronchoalveolar lavage cells were counted with a haematocytometer and analysed by flow cytometry. Lungs were stained
with haematoxylin–eosin for peribronchial and perivascular inflammation (c). Mediastinal lymph node cells were re-stimulated with OVA for 4 days and
cytokine content was determined by ELISA (d). Bronchial hyperresponsiveness to various doses of inhaled methacholine was assessed for changes in
dynamic resistance and lung compliance 24 h after the last antigen exposure (e). Data are mean�SEM, n = 5 mice per group. �Po0.05; ��Po0.01;
���Po0.001. The experiment was repeated twice with similar results.
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inflammation via altering DC function. Therefore, we used
a model in which sensitization to OVA was induced by an
adoptive i.t. transfer of OVA-pulsed DCs. Allergic airway
inflammation was assessed 10 days after allergen chal-
lenge on three consecutive days. The adoptive i.t. transfer
of unpulsed DCs resulted in low BAL cell counts, whereas
in mice receiving OVA-pulsed DCs, a strong recruitment of
eosinophils and lymphocytes in the BAL fluid could be
observed. However, ex vivo treatment of OVA-pulsed DCs
with uridine did not influence the number (Fig. 4) or the
distribution (data not shown) of BAL cells.

Uridine decreases the production of pro-inflammatory
cytokines in vivo and in vitro

The production of cytokines and chemokines by lung
structural cells, e.g. airway epithelial cells, has been
shown to influence the outcome allergic airway inflam-
mation [2]. As shown in Fig. 5a, uridine treatment of
sensitized mice before allergen challenge resulted in a
reduction of IL-6 and keratinocyte-derived chemokine
(KC), the murine analogue of IL-8, in BAL fluid. Similar
results were observed in vitro, where uridine suppressed
the IL-4-induced release of IL-6 and IL-8 by the alveolar
epithelial cell line A549 (Fig. 5b). However, pre-incuba-

tion of the cells with 100 nM of the A1 antagonist DPCPX
(8-Cyclopentyl-1,3-dipropylxanthine) or the A2a antago-
nist MRS1220 (N-[9-Chloro-2-(2-furanyl)[1,2,4]-triazo-
lo[1,5-c]quinazo lin-5-yl]benzene acetamide) did not
change the uridine-induced modulation of IL-6 or IL-8
secretion (data not shown).

Discussion

The role of nucleosides, such as adenosine or inosine, has
been studied extensively in the context of different
inflammatory disorders. For example, activation of the
adenosine receptor subtype A2a has been shown to be
protective in animal models of bronchial asthma [22].
Additionally, treatment with inosine reduced organ da-
mage in experimental pancreatitis and acute lung injury
[23], as well as in experimental hepatitis [11]. Local or
systemic administration of the nucleoside uridine has
been found to be safe and well tolerated in humans [10,
24]. Recent reports suggested that uridine also has anti-
inflammatory properties [7, 8]. However, nothing is
known regarding the potential role of uridine in asthmatic
airway inflammation.

Treatment with uridine during the phase of allergen
challenge resulted in a reduction in BAL total cell count

Fig. 2. Effect of uridine treatment during ongoing allergen challenge. Mice were sensitized by an intraperitoneal injection of ovalbumin (OVA)/alum (see
‘‘Materials and Methods’’) on days 0 and 7 and were exposed on days 19–20 to OVA aerosols. From day 21 to 23, mice received an intratracheal injection
of vehicle or uridine at the indicated concentration. Labels indicate sensitization/treatment/challenge. (a) Bronchoalveolar lavage cells were counted
with a haematocytometer and analysed by flow cytometry. Lungs were stained with haematoxylin–eosin for peribronchial and perivascular
inflammation (b). �Po0.05; ��Po0.01.
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and BAL eosinophils in the classical OVA–alum model of
lung inflammation. As uridine has been shown to have no
cellular toxicity in vitro [25], an anti-inflammatory effect
of uridine is likely. Similar observations have been made

in an animal model of Sephadex-induced lung inflamma-
tion in which co-administration of uridine or the uridine
analogue 4-thiouridine markedly reduced BAL eosino-
phils [7, 8]. Additionally, uridine has been shown to
inhibit leucocyte adhesion to activated human umbilical
vein endothelial cells [9]. Changes in BAL composition
were paralleled by reduced BHR in uridine-treated ani-
mals. Uridine was also effective in reducing airway
inflammation when administered during ongoing allergen
challenge, a setting closer to the situation in humans.
Furthermore, the protective effects of uridine could also
be observed in HDM-induced airway inflammation, de-
monstrating that the observed effects are not limited to
the OVA–alum model.

Airway DCs, as the most potent antigen-presenting cells
in the lung, have been proven to be essential in the
induction and maintenance of asthmatic airway inflam-
mation [1]. These cells are capable to locally interact with
Th2 effector cells by the production of different

Fig. 3. Uridine inhibits house dust mite (HDM) extract-induced airway inflammation. Female BALB/c mice were exposed to HDM or to phosphate-
buffered saline (PBS) (control) on day 0. All of the mice were then challenged with HDM admixed to uridine or the vehicle (PBS) on days 7 and 14. The
total cell count (a) and the differential cell count (b) of BAL fluid, as determined by flow cytometry 72 h after challenge. (c) Haematoxylin staining of
lung sections. (d) Production of Th2 cytokines by re-stimulated mediastinal lymph node cells. Data are mean�SEM, n = 6 mice per group. �Po0.05;
��

Po0.01; ���Po0.001.

Fig. 4. The protective effects of uridine are independent of myeloid
dendritic cells. On day 0, mice received an intratracheal injection of
ovalbumin (OVA)–dendritic cells (DCs), uridine–OVA–DCs, or unpulsed
DCs. From days 10–13, mice were subjected to OVA aerosol challenges.
BAL cells were counted. The experiment was repeated once with similar
results.
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chemotactic cues for Th2 cells, e.g. CCL17 or CCL22, and
by delivering MHC and costimulatory signals, thus trig-
gering Th2 effector cytokine production [26]. As the
production of the classical Th2-cytokines IL-4, IL-5, and
IL-13 by re-stimulated mediastinal lymph node cells was
impaired in uridine-treated animals, an effect on myeloid
DCs was suspected. However, uridine did not show any
effects on our DC-triggered asthma mouse model, sug-
gesting an effect independent of DCs. Nevertheless, an
effect of uridine on DC function in established allergic
airway inflammation cannot be completely. Besides DCs
and other classical immunocytes, lung structural cells, e.g.
airway and alveolar epithelial cells, have been demon-
strated to play a pivotal role in asthma. Via production of
different chemokines and cytokines, they are involved in
both allergen sensitization and the recruitment of inflam-
matory cells into the airways during allergen challenge [2,
27]. Furthermore, the interaction of airway epithelial cells
with DCs has been shown to profoundly affect the out-
come of inflammatory processes in the lung [28]. In this
study, uridine pre-treatment reduced the release of the
pro-inflammatory cytokines IL-6 and IL-8 by the cell line

A549, which is considered generally to resemble alveolar
epithelial cells [29]. These cytokines are known to exert a
broad range of pro-inflammatory effects and are regarded
to play an important role in both acute inflammation and
airway remodelling [30–32]. Furthermore, uridine also
reduced IL-6 and KC, the murine homologue for IL-8,
release into the airways during allergic airway inflamma-
tion. Therefore, the anti-inflammatory effects of uridine
could be partly due to impaired production of pro-
inflammatory cytokines by lung structural cells, suggest-
ing a topical rather than a systemic way of action. This is
supported by a recent study, showing the effectiveness of
local uridine application in wound healing [25].

As mentioned above, there is no known receptor for
uridine. Therefore, it has been hypothesized that uridine
might act indirectly via the generation of UDP and UTP by
different uridine kinases being able to bind to purinergic
receptors (P2Y2, P2Y4, and P2Y6) [7, 12]. In addition, UTP
can be metabolized to UDP-glucose, a ligand at P2Y14

receptors [12]. Nevertheless, purinergic receptors includ-
ing P2Y2, P2Y4, P2Y6, and P2Y14 have been shown to
increase the release of pro-inflammatory cytokines, e.g.

Fig. 5. Uridine decreases the production of pro-inflammatory cytokines in vivo and in vitro. Mice were sensitized by an intraperitoneal injection of
ovalbumin (OVA)/alum (see ‘‘Materials and Methods’’) on days 0 and 7 and were exposed on days 19–21 to OVA aerosols. Before each aerosol, mice
received an intratracheal injection of vehicle or uridine at the indicated concentration. Labels indicate sensitization/treatment/challenge. (a) BAL fluid
was analysed for keratinocyte-derived chemokine (KC) and IL-6 content by ELISA. Data are mean�SEM, n = 5 mice per group. �Po0.05; ��Po0.01. The
experiment was repeated once with similar results. A549 cells (2�105/well) were stimulated with the indicated concentrations of uridine followed by
activation with IL-4 (100 U/mL) after 30 min. After a culture period of 24 h, supernatants were collected. (b) IL-6 and IL-8 secretions were determined by
ELISA. Cytokine secretion in the absence of uridine was normalized to 1 (medium). Data are mean�SEM, n = 4. �Po0.05; ��Po0.01; ���Po0.001.
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IL-6 and IL-8, by cell types such as eosinophils, DCs, or
airway epithelial cells [15, 16, 21]. In addition, the
involvement of P2Y2, P2Y6, and P2Y14 receptors in
different inflammatory disorders has been demonstrated
[33–35]. Taken together with the observation that uridine
inhibits IL-6 and IL-8 release by lung epithelial cells, the
anti-inflammatory effects of uridine are unlikely to be
mediated by the receptors mentioned above. However, a
recent study suggested that the biological effects of
uridine could be mediated via the adenosine receptor
subtypes A1 and A2a [36]. In contrast, pre-incubation of
A549 cells with A1 or A2a receptor antagonists did not
reverse the inhibition of IL-6 and IL-8 release by uridine,
suggesting that the anti-asthmatic effects of uridine are
independent of adenosine receptors.

In the current study, we could demonstrate for the first
time that local administration of uridine inhibits the
salient features of bronchial asthma. Oral uridine supple-
mentation has been demonstrated to reduce mitochon-
drial toxicity induced by HAART in humans [10].
Additionally, topic uridine administration is well tolerated
and can reduce fluorouracil-associated dermatitis of the
hands and feet [24]. In conclusion, inhalative administra-
tion of uridine might be a new treatment option for
asthma in humans.
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