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Peroxisome proliferator-activated receptor
v is expressed in airways and inhibits
features of airway remodeling in a

mouse asthma model

Kohei Honda, MD, PhD,? Philippe Marquillies,b Monique Capron, DrPharmSc, PhD,?

and David Dombrowicz, PhD? Lille, France

Background: Allergic asthma is associated with persistent
functional and structural changes in the airways and involves
many different cell types. Peroxisome proliferator-activated
receptor y (PPAR-y), a member of the nuclear hormone
receptor superfamilly, is predominantly expressed in adipose
tissue and plays a major role in regulating adipocyte
differentiation and glucose metabolism. Recently, PPAR-y has
been shown to play an important role in the control of
inflammatory responses, including within the lung, acting on
both immune and nonimmune cells.

Objective: Our aim was to assess the anti-inflammatory
potential of a PPAR-y agonist locally delivered by means of
nebulization.

Methods: We used a mouse model of asthma induced by
sensitization and airway challenge with ovalbumin. Ciglitazone,
a PPAR-y agonist, was administered by means of nebulization
alone at the time of antigen challenge or by means of gavage
and nebulization. Treatments with both ciglitazone and
GW9662, a specific antagonist, were also performed to verify
that ciglitazone’s effects were mediated through PPAR-y
activation.

Results: Our results show that PPAR-y is mainly expressed in
airway epithelium on antigen sensitization. Treatment with
ciglitazone reduced PPAR-vy levels in the lung, whereas
combined treatment with GW9662 abrogated this inhibition.
Importantly, nebulization with ciglitazone decreased airway
hyperresponsiveness, basement membrane thickness, mucus
production, collagen deposition, and TGF-f synthesis. A
significant correlation was also found between airway
hyperresponsiveness, basement membrane thickness, and
TGF- levels.

Conclusion: These results demonstrate that inhaled agonistic
ligands of PPAR-y might have new therapeutic potential for
airway asthmatic inflammation. (J Allergy Clin Immunol
2004;113:882-8.)
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Abbreviations used
AHR: Airway hyperresponsiveness
HRP: Horseradish peroxidase
OVA: Ovalbumin
PAS: Periodic acid—Schiff
PPAR: Peroxisome proliferator—activated receptor
RT: Room temperature

Asthma remains one of the most common chronic
inflammatory diseases, and its incidence has markedly
increased over the past 2 decades. Bronchial asthma is
associated with persistent functional and structural
changes within the airways that include airway hyper-
responsiveness (AHR), increased subepithelial fibrosis,
epithelial metaplasia, and mucus production."> Much
evidence suggests that bronchial fibrosis correlates with
airway function.>* Various mediators, such as TGF-B,
GM-CSF, and epidermal growth factor, were reported to
regulate airway remodeling.’ 3 Among these factors, TGF-
B is an important profibrotic cytokine. It promotes
fibroblast differentiation into myofibroblasts, which
secrete interstitial collagens, as well as growth factors,
such as endothelin 1 and vascular endothelial growth
factor, both of which are mitogenic for smooth muscle and
endothelial cells.” In most studies TGF-f expression
correlates with basement membrane thickness, fibroblast
numbers, and disease severity.>®’ Nuclear receptors are
ligand-activated transcription factors.® The glucocorticoid
receptor o (GR-o) mediates the anti-inflammatory effects
of corticosteroids.” Inhaled corticosteroids are now a
first-line treatment for chronic asthma.'®'! However,
glucocorticoids, particularly at high doses, have signifi-
cant and severe adverse effects. Furthermore, a subgroup
of patients with severe asthma exhibited a poor re-
sponse to treatment with glucocorticoids and might
indeed be glucocorticoid resistant.'*'* Peroxisome pro-
liferator—activated receptors (PPARs) were also reported
to regulate inflammatory responses.”’16 Three subtypes
of PPARs (o, /9, and y) have been identified. 17 One of the
natural ligands for PPAR-y is 15-deoxy-A-prostaglandin
J2, the major metabolite from prostaglandin D2.'® One
group of synthetic PPAR-y agonistic ligands is the
glitazones, drugs used in the treatment of diabetic
patients. "
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Several studies have clearly demonstrated that PPAR-y
plays an important role in the control of inflammatory
responses,””?' acting on T cells,”*® macrophages,
dendritic cells,”* and mast cells.”® In monocytes and
macrophages PPAR-y agonists inhibit the expression of
proinflammatory cytokines, such as TNF-o, IL-1f, and
IL-6.7**" In smooth muscle cells PPAR-v activation has
additional anti-inflammatory effects compared with the
effects of corticosteroids.”® We demonstrated that PPAR-
v was expressed by eosinophils and that PPAR-y agonists
were able to inhibit eosinophil chemotaxis and antibody-
dependent cellular cytotoxicity reactions in vitro.*
Furthermore, in a murine model of asthma, treatment
with a PPAR-vy agonist also inhibited the development of
allergic inflammation, including pulmonary eosinophilia
and airway AHR.?’ However, target cells for PPAR-y
agonists within the airways and the mechanisms by which
they inhibit allergic inflammation are poorly character-
ized. We reasoned that PPAR-y agonist nebulization
might not only affect inflammatory cells, such as
eosinophils, mast cells, and Ty2 cells, but also could
directly act on airway epithelium and smooth muscle and
thus more efficiently contribute to a decreased AHR and
remodeling.

In this study we thus examined the effect of PPAR-y
agonist nebulization on the regulation of airway re-
modeling and TGF-$ production in a murine asthma
model.

METHODS

Murine asthma model

Specific pathogen-free female BALB/c mice were purchased from
Iffa Credo. Experiments were carried out in accordance with ethical
guidelines from the Comité d’Ethique en Expériementation Animale
de la Region Nord-Pas de Calais. Six- to 8-week-old mice were
sensitized by means of intraperitoneal injection of ovalbumin (OVA;
50 pg, Sigma) in 100 pL of alum (Imject, Pierce) or received alum
only and were challenged for 20 minutes on days 14, 15, 16, 18, 19,
and 20 by means of aerosol nebulization with OVA (1% in PBS) by
using an ultrasonic nebulizer (System). Ciglitazone (5 X 10> mol/L,
Alexis) in PBS or ciglitazone (5 X 10~° mol/L) and GW9662
(5 X 107> mol/L, Cayman) in PBS (or vehicle) were administered by
means of nebulization for 20 minutes immediately before and during
each OVA challenge. For some experiments, ciglitazone was also
administered orally (20 mg/kg in 1% carboxymethylcellulose 6 hours
before nebulization on day 13, 14, 15, 16, 18, 19, and 20), and
nebulization was performed as described above. Serum was collected
on day 21.

AHR

AHR to increasing concentrations of methacholine (1.5-12 mg/
mL) was measured on unrestrained conscious mice by using whole-
body plethysmography (Emka)’® on day 22, 48 hours after the last
nebulization. Enhanced pause values were directly obtained from
these analyses.

OVA-specific IgE measurement

Anti-OVA IgE concentrations in the serum were measured by
means of ELISA with anti-IgE (Pharmingen) as a capture antibody
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and biotinylated OVA and horseradish peroxidase (HRP)—
conjugated streptavidin (Amersham Pharmacia) for detection. Two-
fold serial dilutions were prepared for each serum (starting dilution,
1:25 for titrations). Antibody titers were calculated as the dilution
corresponding to twice the mean absorbance value obtained for
nonsensitized mouse sera.”’

Histology

Lung and whole trachea samples were fixed with Immunohistofix
(Intertiles) for 7 days at 4°C. After dehydration in graded alcohol
baths, embedding was performed by using 3 successive immersions
in Immunohistowax (Intertiles) at 37°C. Tracheas were positioned
vertically during embedding for horizontal sectioning at the level of
the main carina. Sections (5 pm thickness) were dewaxed in acetone
for 5 minutes, washed with PBS, and then stained either with May-
Griinwald-Giemsa or Periodic acid—Schiff (PAS) for detection of
mucopolysaccharide accumulation or Sirius Red for detection of
collagen deposition.

Morphometry

Mucus accumulation was determined on transverse sections from
the upper left lobe of the lung. The mucus index was calculated as
follows:

([average intensity of epithelial PAS staining]
X |area of epithelial PAS staining])
+ (total area of conducting airway epithelium)

by using Mac Scope software (Mitani Corp).

For measurement of tracheal basement membrane thickness, care
was taken to select exactly the same area for each trachea. Images
were captured with a digital camera (using a 100X immersion
objective). Basement membrane (reticulin-stained zone) thickness
was measured by tracing with the Metavue software (Universal
Imaging Corp). For each sample, the entire length of basement
membrane was considered. Three measures were taken, and the
average basement membrane thickness was calculated.

Immunohistochemistry

Dewaxed and PBS-washed sections were incubated with 3% H,0,
in PBS for 15 minutes to block endogenous peroxidases and then in
PBS-Blocking Reagent (Boehringer) for 30 minutes at room
temperature (RT). Sections were incubated with anti-mouse PPAR-
v (SC7196, 10 ng/mL; Santa Cruz Biotechnology) for 2 hours at RT.
After washing, sections were incubated with biotin-conjugated anti-
rabbit IgG (H+L, Jackson ImmunoResearch) for 30 minutes at RT.
The biotinylated reagents were detected with ABCcomplex HRP
(Dako). Sections were counterstained with hematoxylin.

Collagen quantification

Collagen lung content was determined by quantifying soluble
collagen with the Sircol Collagen Assay Kit (Biocolor), according to
the manufacturer’s instructions. Briefly, lungs were extracted in 1.5
mL of 0.5 mol/L acetic acid containing 10 mg of pepsin (Sigma).
Each sample was incubated overnight at RT during stirring. After
centrifugation, 100 pL of each supernatant was mixed for 30 minutes
with 1 mL of Sircol dye reagent. After centrifugation, the pellet was
suspended in 1 mL of alkali reagent, and absorbance was measured at
570 nm.

Western blotting

Western blot analysis of PPAR-y expression in the lung was
performed as previously described.?® A single band was detected at
54 to 57 kd, as previously evidenced on adipose tissue. Lung samples
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FIG 1. Effect of ciglitazone nebulization or oral administration and nebulization on antigen-induced AHR and
IgE production. OVA-sensitized and OVA-challenged mice with (H) or without (<) nebulization by ciglitazone
or by ciglitazone nebulization and oral administration (A) are shown. Unsensitized mice are shown as O. A,
Enhanced pause (Penh) on nebulization with increasing doses of methacholine. B, OVA-specific IgE titers in
serum (n = 4-5 animals per group; error bars are SEM). * P< .05, OVA-sensitized and ciglitazone-treated versus
OVA-sensitized mice. $P<.05, sensitized and challenged versus unsensitized but challenged mice. Cigli,
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FIG 2. PPAR-y expression in the airways: immunohistochemical
detection of PPAR-y expression in the lung and trachea. Arrow-
heads show PPAR-y expression in the epithelium and smooth
muscle (original magnification 250x). AW, Airway; Ab, antibody.

and spleen tissue, which was used as a positive control, were
homogenized with an Ultra-turrax in 400 pL of buffer (per right lung)
containing 1% NP40, 150 mmol/L NaCl, 50 mmol/L Hepes, 10
mmol/L NaF, 0.5 mmol/L Na;VO,, 1 mmol/L phenylmethylsulfonyl
fluoride, and complete protease inhibitor cocktail (Roche) and
centrifuged at 13,000 rpm for 10 minutes. Protein quantification was

performed on supernatants before gel loading to equalize for the
amount of material. Twenty micrograms of protein was loaded for
each sample on a 10% SDS-PAGE gel and transferred onto
a nitrocellulose membrane. Blots were incubated with anti-PPAR-
y—specific antisera (Biomol). Immunoblot signals were detected with
an  HRP-conjugated antibody (Jackson ImmunoResearch
Laboratories) and visualized by using the ECL system (Amersham
Pharmacia Biotech).

TGF-p ELISA

Murine TGF-f was measured in 1% NP40 lung protein extracts,
prepared as for Western blot analyses, by using a standardized
sandwich ELISA technique. TGF-B-specific purified capture and
biotinylated detection antibodies recognizing human, rat, and mouse
proteins (clones A75 2.1 and 3.1, respectively) were purchased from
PharMingen. HRP-conjugated streptavidin (Amersham Pharmacia)
and TMB (Sigma) were used for revelation. ELISA was performed
after sample acidification, according to the manufacturer’s in-
structions. Human TGF-f (0-2000 pg/mL, R&D) was used as
a standard. The lower detection limit was 125 pg/mL.

Statistical analysis

Values were expressed as means £ SEMs. Data were compared by
using the unpaired ¢ test, except for plethysmography data, which
were analyzed by means of ANOVA. A P value of les than .05 was
considered significant.

RESULTS

In a classical model of mouse asthma, we compared the
effects of ciglitazone, a PPAR-y agonist, delivered by
means of nebulization only or in association with oral
administration. Both ciglitazone treatments were equally
efficient at reducing AHR to methacholine, as measured
on the basis of whole-body plethysmography (Fig 1, A)
and antigen-specific IgE production associated with the
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FIG 3. Ciglitazone treatment decreases lung PPAR-y expression.
Western blot analysis of PPAR-y expression in mice lung extracts.
Cigli, Ciglitazone; GW, GW9662.

development of this asthma-like reaction (Fig 1, B), as
well as eosinophil numbers in bronchoalveolar lavage
fluid and in peribronchial and perivascular inflammatory
infiltrates, as previously reported.29 Airways thus appear
as a relevant target for PPAR-y agonists.

Because several different cell types, among which some
already known to express PPAR-v, are present within the
inflammatory lung, we thus aimed at more precisely
locating PPAR-y expression in mouse airways after OVA
sensitization and challenge. Immunohistochemistry of
lung and trachea sections revealed that PPAR-y was
mainly expressed in the epithelium but was also detected
in airway smooth muscle, mast cells, and some in-
flammatory cells (Fig 2). The extensive surface covered by
epithelial cells compared with other cell types and the
predominant PPAR-y expression in epithelial cells might
therefore account for the efficiency of nebulization as
a route for ciglitazone treatment. On the other hand, no
expression was detected by using this technique in the
airways from unsensitized but nebulized mice (Fig 2),
suggesting that antigen-induced inflammation promotes
PPAR-y expression in the lung.

PPAR-y expression was also investigated by means of
Western blotting on lung extracts. In broad agreement
with immunohistochemical detection, PPAR-y protein
was detected in lung extracts from OV A-sensitized and
OV A-challenged mice but was barely detectable in lungs
from unsensitized challenged animals (Fig 3). Interest-
ingly, treatment with ciglitazone significantly reduced
PPAR-v levels (Fig 3). This effect was abrogated when
animals were treated with both ciglitazone and GW9662,
a specific PPAR-y antagonist, showing that ciglitazone’s
effects on PPAR-y levels were mediated through in-
teraction with PPAR-y (Fig 3). This suggests that ligand-
induced PPAR-y downmodulation accompanies the
reduction of inflammation.

Airway remodeling and mucus accumulation are
important factors leading to AHR. To investigate whether
PPAR-y agonist nebulization was effective at reducing
these parameters, we assessed mucus accumulation in the
lung, collagen deposition, and basement membrane thick-
ness in the trachea. Mucus hypersecretion in the airways
was observed in the OV A-sensitized and OV A-challenged
animals but was barely detectable in unsensitized animals.
Mucus gland hyperplasia and occlusion of airway diam-
eter caused by mucus hypersecretion were reduced
by 75% on ciglitazone nebulization (Fig 4). Sirius Red
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FIG 4. Decreased mucus production and collagen deposition in
lungs from ciglitazone-nebulized mice. A, Tissue stained with PAS
(original magnification, 100X). B, Mucus index. C, Collagen
quantification. *P<.05, OVA-sensitized and ciglitazone-treated
versus only OVA-sensitized mice. $P<.05, sensitized and chal-
lenged versus unsensitized but challenged mice. AW, Airway; Cigli,
ciglitazone; Con, control.

Control

ey
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FIG 5. Decreased eosinophilic inflammation and deposition of
collagen in trachea from ciglitazone-nebulized mice: upper row,
Sirius Red staining revealing collagen deposits (original magnifi-
cation, 250%); lower row, May-Griinwald-Giemsa staining. Arrows
indicate eosinophilic infiltrates in the subepithelial layer (original
magnification, 250x). MGG, May-Griinwald-Giemsa.
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FIG 6. Decreased tracheal basement membrane thickness and TGF-B concentrations in ciglitazone-nebulized
mice. A, Basal membrane thickness (n = 4-5 animals per group; error bars are SEM). B, Correlations between
enhanced pause (methacholine, 12 mg/mL) and tracheal basement membrane thickness (r = 0.670). OVA-
sensitized and challenged mice with (H) or without (¢) nebulization by ciglitazone are shown. Control mice are
shown as O. C, TGF-f levels in lung extracts (n = 5-7 animals per group; error bars are SEM). D, Correlations
between tracheal basement membrane and TGF-$ concentrations in lung extracts (r = 0.836). *P<.05, OVA-
sensitized and ciglitazone-treated versus OVA-sensitized mice. $P<.05, sensitized and challenged versus
unsensitized but challenged mice. BM, Basement membrane; Penh, enhanced pause.

staining revealed that OVA-sensitized mice displayed
airway wall thickening with collagen deposition.
Likewise, nebulization with ciglitazone decreased colla-
gen deposition in the lung by 72% (Fig 4), as well as in the
trachea (Fig 5). May-Griinwald-Giemsa staining also
revealed that ciglitazone treatment also affected inflam-
matory cell recruitment. Indeed, eosinophilic infiltrates in
the subepithelial layer of the trachea were reduced in
ciglitazone-treated mice compared with in untreated
animals (Fig 5).

Furthermore, the antigen-induced increase in tracheal
basement membrane thickness was also inhibited by 65%
on ciglitazone treatment (OVA-sensitized and OVA-
challenged mice, 7.98 £ 1.27 pm; OVA-sensitized,

OVA-challenged, and ciglitazone-treated mice, 6.12 £
1.10 pm; unsensitized mice, 5.13 £ 1.04 pm; P < .05;
Fig 6, A). A strong correlation was found between base-
ment membrane thickness and enhanced pause values
(r=0.670; Fig 6, B), confirming the importance of
tracheal integrity for normal airway function.

As expected, levels of the profibrotic cytokine TGF-8
were increased in lung extracts from OV A-sensitized mice
compared with that seen in tissues from unsensitized
animals. More importantly, ciglitazone nebulization was
also effective at significantly inhibiting this antigen-
induced increase by 54% (Fig 6, C). TGF-f3 concentrations
in lung extracts were fully correlated with basement
membrane thickness ( = 0.836; Fig 6, D).
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Thus in this model ciglitazone nebulization appears to
be very effective at inhibiting several key parameters of
airway inflammation.

DISCUSSION

We have demonstrated, in a murine model of asthma,
that PPAR-y was involved in the regulation of antigen-
induced AHR, associated pulmonary eosinophilia, and
IgE production.?

We show that besides eosinophils, PPAR-y is expressed
in airway epithelium and smooth muscle on antigen
sensitization and challenge and that PPAR-y agonist
nebulization reduces tracheal eosinophilic infiltrate,
basement membrane thickening, and collagen deposition,
as well as mucus accumulation and TGF-f levels in the
lungs.

It has been shown that PPAR-y is expressed in an
epithelial cell line, where it is able to regulate IL-8
production,31 and in human airway epithelium as smooth
muscle cells.*> This expression is increased in biopsy
specimens from asthmatic patients compared with those
from healthy donors and is positively correlated with
basement membrane thickness and negatively correlated
with lung functions.*?> In our animal model of asthma,
PPAR-y expression in the lung remained undetectable by
means of immunohistochemistry and was only evidenced
as a very faint band by means of Western blotting in the
absence of antigen sensitization. However, consistent with
the study performed in human subjects,*” expression
levels were greatly increased in inflammatory lung tissue
on antigen sensitization and challenge and hence were
reduced after nebulization of a PPAR-y agonist, which
decreases inflammation.

TGF-B can be synthesized by several cell types,
such as macrophages, epithelial cells, fibroblasts, and
eosinophils.2’6’7’33 Smad proteins, c-Jun NH2-terminal
kinase, and mitogen-activated protein kinase are reported
to be involved in TGF- signaling.’>** These factors are
targets for PPAR-y regulation.zl’35 It has also been
demonstrated that PPAR-y inhibits TGF-p-induced
connective tissue growth factor expression in human
aortic smooth muscle cells by directly interfering with the
Smad3 signaling pathway.*® It is thus likely that PPAR-y
activation downregulates TGF- production in the
airways.

In addition to TGF-f, Ty2 cytokines also affect airway
function and remodeling and play a key role in promoting
asthmatic  disease.”” For instance, CCR10-driven
overexpression of IL-13 in the lung-airway caused
a profound phenotype characterized by eosinophilic and
mononuclear inflammation, with mucus metaplasia, sub-
epithelial fibrosis, airway obstruction, and AHR.*®
Similarly, IL-4, IL-5, and IL-9 caused extensive mucus
metaplasia, whereas IL-9 and IL-5 induced subepithelial
fibrosis and AHR.****! In our previous study we showed
that ciglitazone treatment reduced the pulmonary eosin-
ophilia and the production of cytokines associated with
inflammation (IL-6), eosinophilia (IL-5), and Ty2-driven
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humoral immune responses (IL-4 and IL-13) in lung
extracts.”’ Expression of these cytokines is in part under
the control of known ubiquitously expressed PPAR-y
targets, such as MAP kinases, c-jun and c-fos, or nuclear
factor kB. This latter transcription factor indeed plays
a key role in the development of allergic airway
inflammation.**** Taken together, PPAR-y activation in
this model appears to regulate airway function and
remodeling by downregulating TGF-f and Ty2 cytokines
and by directly acting on several cellular targets within the
airways: epithelial cells, smooth muscle cells, T
lymphocytes, and eosinophils.

Finally, we have demonstrated that nebulization of
ciglitazone is as effective at inhibiting AHR as combined
treatment by means of oral administration and nebuliza-
tion. Our results thus provide evidence for the therapeutic
potential of inhaled PPAR-y agonists in the treatment of
airway asthmatic inflammation because of the multiplicity
of their cellular targets to their lesser side effects compared
with those of corticosteroids and because of the possibility
of delivering them easily locally.
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