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KEYWORDS Abstract Patients with asthma experience airway structural changes, termed airway
2-ME; remodeling, in response to persistent inflammation. 2-Methoxyestradiol (2-ME) is an anti-
Airway inflammation; angiogenic agent and downregulates hypoxia-inducible factor 1 (HIF-1) and inhibits HIF-1a-
Asthma; induced transcriptional activation of vascular endothelial growth factor (VEGF) expression.
HIF-1c; We hypothesized that 2-ME may interfere with the development of the clinical manifesta-
VEGF tions of asthma. We used a chronic murine model of allergic airway inflammation with

subepithelial fibrosis in BALB/c mice. Mice were sensitized with ovalbumin (OVA) that was
administered intraperitoneally at days 0-5 and challenged intratracheally (IT) with OVA on
days 12-22. The mice received 2-ME IT at days 24, 26 and 28 and sacrificed at day 32. The
sensitized/challenged mice developed an extensive cell inflammatory response of the
airways. 2-ME administration significantly reduced the cellular infiltrate in the perivascular
and peribronchial lung tissues, reduced goblet mucous production, reduced airway fibrosis
and thickness of smooth muscle and blood vessels, and reduced eosinophil infiltration. Mice
treated with 2-ME had a significant decrease of HIF-1 and VEGF expression in the
perivascular, peribronchial, and interstitium of lung tissues. Collagen IV expression was also
significantly reduced in 2-ME treated mice compared to untreated mice. The 2-ME treatment
was associated with a significant decrease of OVA-specific IgE antibodies. These findings
provide the first indication that IT administration of 2-ME is effective in preventing and
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reversing antigen-induced airway remodeling in the OVA allergen inflammatory murine
model. The potential role of 2-ME in patients is discussed.
© 2008 Elsevier Inc. All rights reserved.

Introduction

The pathophysiology of asthma involves a number of cell
types and mediators. Airway structural changes that occur in
patients with asthma in response to persistent inflammation
are termed airway remodeling and include airway wall
thickening, subepithelial fibrosis, and hyperplasia of mucous
glands, myofibroblasts, and smooth muscle vasculature [1].
Chronic airway inflammation plays a key role in asthma. The
relationship between inflammation and structural changes is
speculative. It is believed that remodeling is a direct result
of a switch from acute to chronic inflammation followed by
healing [2]. For this reason, anti-inflammatory agents will
not necessarily prevent or attenuate the process of
remodeling [3]. All current guidelines focus on the treatment
of inflammation in asthma although there are differences
between the processes of airway wall remodeling for which
there is no defined treatment validated [2].

Long-acting p agonists produce bronchial dilation and
improve asthma symptoms, effects that are maintained with
regular use over time. However, immunotherapy with p
agonists has been consistently shown to be inferior to the use
of inhaled corticosteroids which can reduce the underlying
inflammation associated with asthma. For these reasons,
inhaled corticosteroids are recommended as first line
maintenance treatment for asthma [4].

2-ME is a naturally occurring derivative of 17p-estradiol
and was shown to be a well tolerated small molecule that
possesses anti-tumor and anti-angiogenic activities [5].
Studies by Mabjeesh et al. [6] reported that 2-ME destabilizes
microtubules and blocks HIF1-a nuclear accumulation and
HIF1-a activity by an oxygen- and proteasome-independent
pathways. Evidence was provided for a link between the
microtubule cytoskeleton and HIF regulation. Destruction of
the normal function of the microtubule cytoskeleton is
required for HIF1-a-induced inhibition by microtubule-
targeted drugs such as Taxol and Vincristine.

Several reports have been published suggesting the use of
different strategies for the suppression of antigen-induced
asthma in mice. For instance, the oral administration of CpG-
ODNs was effective in preventing and reversing antigen-
induced eosinophilia airway inflammation [7]. Also, low
doses of leukotriene receptor antagonist were an effective
therapy in the airway remodeling in the ovalbumin mouse
model [8].

Angiogenesis supports the development of many diseases
such as cancer, rheumatoid arthritis, psoriasis, macular
degeneration, and diabetic retinopathy [9-11]. VEGF is a
major mediator of angiogenesis, whose expression is induced
under hypoxic conditions [9,12]. The induction of VEGF under
hypoxic conditions is a multistage process in which the alpha
subunit of HIF (HIF-1a) plays a key role [13]. HIF1-« is rapidly
degraded by the proteasome under normoxic conditions.
Following hypoxic stabilization, HIF-1« is translocated into
the nucleus where it heterodimerizes with HIF-1p and
activates the transcription of more than forty genes

important for adaptation and survival under hypoxia [14].
Hence, the anti-angiogenic activity of 2-ME may regulate the
inflammatory process in asthma and reduce cell infiltration.
Therefore, we hypothesized that the local intratracheal (IT)
administration of 2-ME may inhibit airway inflammation and
remodeling. The objective of this study was to test this
hypothesis and determine the effect of IT 2-ME administra-
tion in the development of airway remodeling using a chronic
murine model of allergic airway inflammation with subse-
quent fibrosis. The findings support our hypothesis and
demonstrate that 2-ME significantly inhibited antigen-
induced inflammation and airway remodeling in the OVA
allergen inflammatory murine model.

Materials and methods
Animals

Balb/c mice (males) were obtained and maintained in a
pathogen-free environment in the facilities of the Instituto
Nacional de Ciencias Medicas y de la Nutricion (INCMN)
(Mexico City). The mice were housed in a temperature-
controlled room with 12-h dark/light cycles, and allowed
food and water ad libitum. All the experiments described
below were performed in accordance with the INCMN
regulations.

Experimental design

The protocol for sensitization and intratracheal challenge
has previously been described by us in details [15] and
illustrated in Fig.1. Briefly, 6 to 8 week-old Balb/c male mice
were sensitized on days 0 and 5 by intraperitoneal injection
of 100 pg chicken egg ovalbumin (OVA, grade V, Sigma, USA)
emulsified in 1 mg of aluminum hydroxide (alum) (Pierce
Chemical, USA) in a total volume of 100 uL. Seven days after
the last sensitization, mice were exposed twice to intra-
tracheal (IT) administration of 0.75% OVA. 2-ME was
purchased commercially from Sigma Aldrich (St Louis, MO).
The dose of 2-ME chosen for the in vivo experiment was
derived from a report using 100 mg/kg in a cancer murine
model via the intraperitoneal route [3,16]. We have chosen a
lesser concentration of 30 mg/kg because 2-ME was
administered IT. 6 to 8 week-old Balb/c male mice (n=18)
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Figure 1  Murine models of airway inflammation and treat-

ment with 2-ME. The effects of ITadministered 2-ME and/or OVA
were examined in the context of immunotherapy of established
atopic lung inflammation.
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were divided into three groups. Group one received
ovalbumin (OVA) (n=6), group two received OVA and then
was treated with 2-ME (OVA/2-ME) (n=6) and group three
(n=6) was control and received saline solution (SS). Groups
one and two were immunized by intraperitoneal (i.p.)
injection of 100 pg (100 uL) of OVA complexed with 1 ug
alum on days 0 and 5 and then the mice received an
intratraqueal (IT) dose of 100 pL of 0.75% of OVA in SS on days
12 and 22. The control group three (n=6) received saline
solution (SS) with alum i.p. on days 0 and 5 and SS without
alum ITon days 12 and 22. A concentrated stock solution of 2-
ME was prepared in DMSO and then diluted in SS to prepare a
solution of 2-ME (30 mg/kg) that was administrated IT to
group two beginning on day 24 of the protocol and continuing
until day 28 every other day. The mice received 3 adminis-
trations every other day, (D 24, D 26 and D 28) of 100 uL
(30 mg/kg) of 2-ME IT. Positive control consisted of mice
sensitized and OVA-exposed. The non-immunized and OVA-
exposed mice were similar to group 1 mice as they did not
exhibit detectable airway inflammation. The positive control
OVA mice received SS containing the same concentration of
DMSO as the one used for treatment with 2-ME. All animals
were sacrificed 96 h after the last IT treatment.

Lung histology and morphometric analysis

At 96 h after the last challenge, lungs were removed from the
mice after sacrifice. Before the lungs were removed, they
were filled intratracheally with a fixative (4% formalin) using
a ligature around the trachea. Lung tissues were fixed with
10% (v/v) neutral buffered formalin. The specimens were
dehydrated and embedded in paraffin. For histological
examination, 4-pm sections of fixed embedded tissues
were cut on a Leica model 2165 rotary microtome (Leica,
Nussloch, Germany), placed on glass slides, deparaffinized,
and stained sequentially with hematoxylin and eosin (H&E)
to assess the inflammatory cell infiltrates. The area (um?)
was calculated from stained slides, selecting venules with
diameter of 100-200 pm and bronchi with 150-300 pum of
diameter. Four blood vessels or bronchi from four to six lung
sections were analyzed for each experimental group, and
results were expressed as average and standard deviations of
infiltrated area (um?). Mucus production was assessed from
lung sections stained with periodic acid Schiff (PAS). The PAS-
positive material was measured in pm in bronchi with 150—
300 um. Five bronchi from four to six lung sections were
analyzed for each experimental group and the results were
expressed as average and standard deviations of PAS-positive
area (um). Mason's trichrome (MT) was used to determine
collagen deposition in the lung. The histological analyses
were preformed by observers who were not aware of the
groups of mice from which the samples originated.

Bronchoalveolar lavages (BAL)

After the mice were sacrificed by exsanguination, the
tracheas were exposed and intubated with a polyethylene
catheter. The BAL fluid was collected by washing with two
separated aliquots of 1 ml of SS with 2% of FBS through the
trachea. The cells from the first wash were harvested by
centrifugation (500xg for 10 min at 4 °C), counted in a

hemacytometer and adjusted to 1x10° cells/ml. Differential
counts from four to six H/E stained cytospin preparations for
each experimental group were determined by microscopy,
Cells were counted by standard procedures at 40x magnifica-
tion. Results are presented as cells/ml averages from all the
slides per group (200 cells/slide).

Immunocytochemistry

For immunohistochemistry of VEGF or HIF-1a and type IV
collagen, the deparaffinized 4-um sections were incubated
sequentially in accordance with the instructions of the LSAB
kit from DAKO corporation (Carpinteria, CA, USA). In brief,
antigen retrieval was performed by immersing the slides in
0.01% sodium citrate pH 6.0 incubated for 5 min in boiling
water. The endogenous peroxidase activity was inhibited by
immersing the slides in 3% H,0,-methanol for 25 min, and
the background non-specific binding was reduced by
incubating with 1% BSA in PBS for 60 min. The slides were
incubated overnight at room temperature with antibodies
against HIF-1 « (1:250) (Santa Cruz Biotechnology, Santa
Cruz, CA), VEGF (1:750) (Santa Cruz) or type IV collagen
(1:500) (Santa Cruz). Finally, the slides were washed five
times in PBS 0.1 M pH 7.4 for 8 min. In order to reduce the
variability, all samples from each group were processed at
the same time in a single experiment using a single batch of
antibody diluted in PBS-normal swine serum. After washing,
the slides were incubated with a biotinylated secondary
antibody container in the LSAB kit from DAKO corporation
for 30 min at r.t. followed by an incubation with a
streptavidin-HRP conjugate container in the LSAB kit for
30 min at r.t. and then with 3,3’-diaminobenzidine tetra-
hydrochloride (liquid DAB, DAKO corporation) for 1 to 5 min
in the dark. The reaction was arrested with distilled water
and the slides were counterstained with hematoxylin.
Thereafter, the tissues were washed in tap water for
5 min, dehydrated through ethanol baths (70, 90 and
100%) in xylene and mounted with E-2 Mount medium
(Shandon lab, Pittsburgh, PA, USA). Finally, the slides were
analyzed under light microscopy (Olympus BX-40). The
analyses were performed by blinded observers.

Determination of serum OVA-specific IgE

Serum levels of specific anti-OVA IgE were determined by
ELISA. The ELISA kit was purchased from MD Bioscience, St.
Paul, MN (Catalog #OVA IgE 96). The analysis was performed
according to the manufacturer's instructions. The specificity of
the ELISA was corroborated by demonstrating that serum from
naive non-immunized mice did not reveal any detectable
binding to OVA. Color was developed by adding OPD in substrate
buffer (Sanofi Diagnostic Pasteur). The reaction was arrested
with 50 pL H,SO4 and the OD were determined at 495 nm.

Statistical analysis

Data were expressed as mean+S.E.M. Statistical compar-
isons were performed using one-way analysis of variance
followed by the Fisher's test. Significant differences between
groups were determined using the unpaired Student's test.
Statistical significance was set at p<0.05.
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Results

Intratracheal administration of 2-ME reduces OVA-
induced atopic response

Three groups of mice (n=6/group) were examined and were
treated with OVA alone (group one), OVA+ 2-ME (group two)
and with saline (SS) (group three) as described in Materials
and methods. The mice were rendered allergic to OVA with
two i.p. injections of OVA-alum suspension at days 0 and 5
and 2 IT challenges at days 12 and 22. Two days after
sensitization group two mice were treated three times with
2-ME administered by the intratracheal route every other
day. The intensity of allergic inflammation reaction was
evaluated on day 32 at sacrifice. The schematic diagram of
the above treatment schedules is also illustrated in Fig. 1.
The tissue cellular infiltration was assessed based on H&E
staining of the lung sections. Fig. 2 shows a representative
lung section derived from each experimental group. The OVA
challenge in the sensitized mice induced dramatic perivas-

cular (Fig. 2A, d) and peribronchial (Fig. 2A, c) infiltration of
various types of cells as compared with the SS control mice
(Fig 2A, a and b). The 2-ME treatment markedly reduced the
infiltration of inflammatory cells in both the perivascular (Fig.
2A, f) and peribronchial areas (Fig. 2A, e). The quantitative
pulmonary inflammation was estimated by morphological
analysis in the perivascular and peribronchial areas and was
expressed in um? of infiltrate. Allergic mice treated with 2-ME
(OVA/2-ME) showed significant reduction of perivascular cell
infiltrate (Fig. 2B, upper panel) in comparison to untreated
allergic mice (OVA), x=18 um? versus 38 pum? (p<0.05).
Similar results were obtained in the peribronchial areas (Fig.
2B, bottom panel). Mice sensitized and OVA-exposed (positive
control) behaved similarly to group 1 mice (data not shown).
Mice non-immunized and OVA-exposed did not show any
airway inflammation (data not shown).

Mucus production that occurs as a result of allergen
exposure is an important characteristic of the pathogenesis
of asthma, and this production is believed to be highly
associated with Th2-type cytokines namely IL-5 and IL-13
[17]. We have reported in our airway inflammation model the
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Figure 2

2-ME administered intratracheally reduces airway inflammation in OVA-treated mice. (A) Histology and morphometric

analyses of lungs. Representative whole mounts of lung tissues were obtained from OVA-sensitized/challenged mice, in the absence
(c and d) or presence (e and f) of 2-ME administered IT at a dose of 30 mg/kg, or saline-treated mice (a, b). The tissues (b, d, f
blood vessels and a, c, e bronchia) were stained with hematoxylin and examined by light microscopy. OVA-treated mice (b and c)
exhibit a marked dense cellular infiltrate of eosinophils and other inflammatory cells in the interstitium (arrow) of the lungs. In
contrast with OVA treatment alone, OVA-sensitized/challenged mice and administered 2-ME (e and f) have a marked reduction in
the cellular infiltration around blood vessels and bronchi. The control mice have blood vessels and bronchi of normal appearance
and inflammatory cell infiltration is absent in the lung interstitium (a and b). (B) Lung inflammatory infiltrate in allergic mice to
OVA. Lung sections from five to eight mice from each experimental group were stained with H/E and analyzed under light
microscopy (40x), and the inflammatory infiltrate was measured in venules and middle size veins with 100-200 um of diameter, and
bronchi with 150-300 pm diameter using an image analyzer (five venules or bronchi from five to eight lung sections were analyzed
for each experimental group). Results are expressed as averages and standard deviations of infiltrate area. (Upper) Perivascular
infiltrate; (lower) peribronchial infiltrate. **p<0.05 presence of 2-ME vs. absence of 2-ME (ANOVA).
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Figure 3  2-ME reduced mucus production in lungs from allergic mice to OVA. (A) Representative microphotography of periodic acid
Schiff (PAS) staining observed at magnification of 40x. Airway goblet cell hyperplasia (arrows) was observed in the OVA-sensitized/
challenged mice (middle panel). There were no goblet cell hyperplasia and mucus occlusion in the SS control mice (top panel). 2-ME
treatment decreased goblet cell hyperplasia and mucus occlusion in the lung interstitium (arrow) (bottom panel). (B) Mucus
production by histological analysis of lung sections from five to eight mice from each experimental group that were stained with PAS
and analyzed under light microscopy (40x). The PAS-positive material was measured in 200 pm squares (40,000 pm?) using an image
analyzer (five squares from five to eight lung sections were analyzed for each experimental group). Results are expressed as averages
and standard deviations of PAS-positive area (um?). **p<0.05 presence of 2-ME vs. absence of 2-ME (ANOVA).

involvement of the Th2 cytokines (IL-4, IL-5, IL-13), both at the markedly reduced the dense collagen deposit/fibrosis (Fig. 4,
level of transcription and expression [15]. Lungs from the bottom panel). To measure more quantitatively the smooth
different experimental groups were stained with PAS to detect muscle layer thickness of the surrounding airways we used the
mucus-secreting material. Fig. 3A shows representative lung Imagine-pro Plus System. Fig. 4B (upper panel) shows that the
sections stained with PAS from the different experimental thickness of the smooth muscle layer surrounding the airways
groups. Compared to control, the OVA group developed an was markedly increased in the OVA group (11.2+0.4 pm in
intense mucus production, affecting the peribronchial regions vessels and 5.5+ 1.1 um in bronchials) as compared with the
with marked goblet cell hyperplasia and hypertrophy (Fig. 3A, negative control group (SS) (0.15 um=0.012 in vessels and
middle panel) compared to control mice (Fig. 3A, top panel). 0.13+0.009 in bronchials). Treatment with 2-ME induced
The allergic mice treated with 2-ME (Fig. 3A, bottom panel) significant reduction in the thickness of smooth muscle con-
presented significant decrease of mucus production. More- tent in the airway (4.8 pm+1.3in vessels and 2.65 pm 0.5 in
over, morphometric analysis in the epithelial portion of the bronchials) (p=0.0001). To analyze collagen deposition in a
airway wall also revealed that chronic allergen exposure more quantitative manner, subepithelial collagen within the
increased the amount of mucin present in comparison with the bronchial was measured using the Image-pro Plus System and
negative control group (SS), which was significantly (p<0.001) is presented in um. As shown in Fig. 4B (bottom panel) the
decreased following treatment with 2-ME (Fig. 3B). mean of the area of airway fibrosis in OVA mice was signi-
The remodeling airway tissue and fibrosis are important ficantly increased (with 9.9+0.9 um in vessels and 7.6+
processes that result from allergen exposure and are 0.78 pm in bronchials) as compared to the SS group (0.2+
important characteristics of the pathogenesis of asthma. 0.01 pm in vessels and 0.15+0.002 um in bronchials).
We, therefore, determined the effect of 2-ME treatment on Administration of 2-ME resulted in a significant reduction in
airway smooth muscle thickness in our experimental murine the collagen deposition in the lung including the perivascular
model of allergic airway inflammation. Fig. 4A shows and peribronchial areas. The means of the areas of airways
representative lung sections from the different experimental collagen in mice treated with 2-ME were 5.0 um 1.3 in vessels
groups stained with Mason'’s trichrome. In OVA-sensitized and and 2.7+0.2 um in bronchi which were significantly different
challenged mice, dense collagen deposition/fibrosis was seen from the OVA group (p<0.0001).
throughout the lung interstitium surrounding the airways and Altogether, these results demonstrate that treatment with
blood vessels (Fig. 4A, middle panel) as compared with the 2-ME reduce significantly the inflammation, mucus produc-
control SS group (Fig. 4A, top panel). Treatment with 2-ME tion and collagen deposits/fibrosis in the allergic mice.
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Figure 4 2-ME reduced collagen deposit in lungs from allergic mice to OVA. (A) Representative microphotography of Masson's
Trichrome staining (40x). Extensive collagen deposit of airways (arrows) was observed in the OVA-sensitized/challenged mice (middle
panel). There was no deposit of collagen in the SS control mice (top panel). 2-ME treatment decreased collagen deposit in the lung
interstitium around the airways (arrow) (bottom panel). (B) Collagen deposit histological analysis of lung sections derived from five to
eight mice from each experimental group. They were Masson’s Trichrome stained and analyzed under light microscopy (40x). The
collagen was measured in 200 pm squares (40,000 pm?) using an image analyzer (five squares from five to eight lung sections were
analyzed for each experimental group). Results are expressed as averages and standard deviations of blue Masson's Trichrome-positive
area (um?). *p<0.05 presence of 2-ME vs. absence of 2-ME (ANOVA).

2-ME reduces BAL eosinophils the OVA-exposed mice showed a very significant increase of

HIF-1a expression in both the perivascular and the peribron-
Cell infiltration was measured in BAL from allergic mice and  chial areas, and that increase was markedly observed in the
differential cell counts were determined by microscopy in H/E ~ interstitium areas (Fig. 6A, middle panel). Interestingly, IT
stained cytospin preparations. The differential cell counts
revealed a significantly increase in the number of cells

predominantly lymphocytes, neutrophils and eosinophils in 25+ M cosinophils
the OVA-exposed group (15.5x10°+7.8x10° eosinophils/ml; D',:,Vemuf::::,:s
9.8x10%+1.8x10° lymphocytes/ml and 3.1x10%+0.7 x 103 neu- £ 20

trophils/ml), compared with the SS group (0.1x10°+0.03x 103 2

eosinophils; 0.15x103+0.02x103 lymphocytes and 2 15

0.8x10°+0.05x10° neutrophils) (Fig. 5). The OVA-exposed =

group treated with 2-ME showed significant reduction of BAL 2 104

lymphocytes and eosinophils numbers with 11.2+2.4x103 3

eosinophils and 5.1+1.6x10% lymphocytes/ml in the OVA/2- ° sl

ME group versus (15.5x103+7.8x10% eosinophils/ml and

9.8x10%+1.8x 103 lymphocytes/ml in the OVA group (p<0.05). o

2-ME reduces the expression of HIF-1o, VEGF and 5 ovA OVArz-ME

collagen IV in allergic mice Figure 5 2-ME treatment reduces BAL eosinophils in mice

allergic to OVA. Total leukocytes were counted and differential
It has been shown that 2-ME blocks the activity of HIF-1a via cell analysis per milliliter was determined in BAL from mice
disruption of microtubules [18]. In order to delineate if the  allergic to OVA, both treated and untreated with 2-ME. Cytospin
administration of 2-ME also affects HIF-1a expression in the BAL preparations were stained with H/E and the differential
allergic mice, we performed immunohistochemistry to measure count of 200 cells per five to eight mice were analyzed for each
the expression protein in lung tissues. Very low immunoreactive experimental group (100x). Results are presented as the average
HIF-1a localized in epithelial layers around the vessels and and standard deviations (cells/ml). *p<0.05 presence of 2-ME
bronchioles in the SS group (Fig. 6A, upper panel). In contrast, vs. absence of 2-ME (ANOVA; Kruskal-Wallis).
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Figure 6

2-ME treatment reduces the HIF-1 « expression in lung tissue. (A) Immunohistochemical comparison of HIF-1a expression in

lung tissue obtained from OVA-sensitized/challenged mice, in the absence or presence of 2ME2 administered IT at a dose of 30 mg/kg,
and saline-treated mice. Compared with OVA treatment alone (middle panel); OVA-sensitized/challenged mice and administered 2-ME
have a marked reduction in the cellular infiltration HIF-1a positive numbers cells (perivascular, peribronchial and interstitium)
(bottom panel); the control saline-treated mice have very few positive cells (top panel). (B) Percentage of HIF-1a immunostained cells
in several lung compartments, in the absence or presence of 2-ME treatment. Lung sections from five to eight mice from each
experimental group were immunostained with anti-HIF-1« antibodies and analyzed under light microscopy (40x). The percentage
positive cells were measured in surrounded cellular infiltrate in venules, bronchi and interstitium using an image analyzer (five
venules or five bronchi from five to eight lung sections were analyzed for each experimental group). Results are expressed as averages
and standard deviations of positive cells. (Upper) Perivascular infiltrate, (middle) peribronchial infiltrate, (lower) interstitium.

**p<0.05 presence of 2-ME vs. absence of 2-ME (ANOVA).

administration of 2-ME dramatically decreased the HIF-1«
expression in allergen-induced asthmatic lungs (Fig. 6A, bottom
panel). To analyze the HIF-1 expression in a more quantitative
manner, we counted the percent of HIF-1 positive cells in
several lung areas. As shown in Fig. 6B, the mean percentage of
HIF-1a positive cells in the OVA group mice significantly
increased with 10+1.1% (perivascular area), 15.2+5.2% (peri-
bronchial) and 26.5 +4.1% (interstitium), compared with the SS
group that shows almost no expression in the different lung
areas. In contrast, treatment with 2-ME resulted in a significant
reduction in the HIF-1 expression as compared with the OVA
group in the perivascular area (3.9+0.6% versus 10+1.1),
peribronchial area (5+0.1%), and in the interstitium (7.2 +2.2%)
(Fig. 6B).

Recent reports demonstrated that HIF-1 is implicated in the
transcriptional regulation of VEGF and it has been shown that
VEGF participates in the airway remolding process that results
following allergen exposure [6]. To further understand the role
of HIF-1 in this process after allergen exposure, we next
determined the effect of 2-ME treatment on VEGF expression

in our experimental murine model of allergic airway inflam-
mation by immunohistochemistry. Low immunoreactive VEGF
localized in epithelial layers around the vessels and bronch-
ioles in the SS group (Fig. 7A, upper panels). In contrast, the
OVA-exposed mice showed a very significant increase in VEGF
expression in both the perivascular and also in the peribron-
chial areas, and these increases were very significant in the
intesrtitium areas (Fig. 7A, middle panels). The 2-ME treat-
ment dramatically decreased VEGF expression in the allergen-
induced asthmatic lungs (Fig. 7A, bottom panels). To quantify
the VEGF expression, we counted the percent of VEGF positive
cells in several lung areas. Fig. 7B shows that the mean
percentage of VEGF positive cells in the OVA group mice
significantly increased with 10.5+1.3% (perivascular area),
7.5+1.2% (peribronchial) and 38.7+4.5% (interstitium), com-
pared with the SS group with 3.3 +0.8% (perivascular area), 1.5+
0.2% (peribronchial) and 14.7 £2.5% (interstitium). In contrast,
treatment with 2-ME resulted in a significant reduction in
VEGF expression as compared with the OVA group in the
perivascular area (3.2+0.5% versus 10.5+1.3%), peribronchial
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Figure 7 2-ME treatment reduces VEGF expression in lung tissue. (A) Immunohistochemical comparison of VEGF expression in lung

tissue obtained from OVA-sensitized/challenged mice, in the absence or presence of 2-ME administered IT at a dose of 30 mg/kg, and
saline-treated mice. Compared with OVA treatment alone (middle panel), OVA-sensitized/challenged mice administered 2-ME have a
marked reduction in the cellular infiltration of VEGF positive numbers cells (perivascular, peribronchial and interstitium) (bottom
panel); the control saline-treated mice have very few positive cells. (B) Percentage of VEGF immunostained cells in several lung
compartments, in the absence or presence of 2-ME treatment. Lung sections from five mice from each experimental group were
immunostained with anti-VEGF and analyzed under light microscopy (40x). The percentage positive cells were measured in surrounded
cellular infiltrate in venules, bronchi and interstitium using an image analyzer (five venules or five bronchi from five to eight lung
sections were analyzed for each experimental group). Results are expressed as averages and standard deviations of positive cells.
(Upper) Perivascular infiltrate, (middle) peribronchial infiltrate, (lower) interstitium. **p<0.05 presence of 2-ME vs. absence of 2-ME

(ANOVA).

(2.2+0.1% versus 7.5+1.2%), and the interstitium (9.3+2.2%
versus 38.7 +4.5%).

In order to determine the effect of 2-ME treatment on
collagen IV expression (as a marker of fibrosis) in our
experimental murine model of allergic airway inflammation,
we performed immunohistochemistry to measure the expres-
sion of this protein. The results were very similar to those
observed for VEGF expression. Fig. 8 shows very low
immunoreactive collagen IV localized in epithelial layers
around the vessels and bronchioles in the SS group (Fig. 8A,
upper panels). In contrast, the OVA-exposed mice showed a
very significant increase in the expression of this protein in
both the perivascular and also in the peribronchial areas, and
these increases were very significant in the intesrtitium areas
(Fig. 8A, middle panels). The 2-ME treatment dramatically
decreased collagen IV expression in the allergen-induced
asthmatic lungs (Fig. 8A, bottom panels). To quantify the
expression of collagen IV, we counted the percent of collagen
IV positive cells in several lung areas. Fig. 8B shows that the
mean percentage of collagen IV positive cells in the OVA group

mice significantly increased with 17.2+3.2% (perivascular
area), 10.1+1.4% (peribronchial) and 36.7+6.5% (intersti-
tium), compared with the SS group with 2.8+0.8% (perivas-
cular area), 2.5+0.2% (peribronchial) and 4.1+1.5%
(interstitium). In contrast, treatment with 2-ME resulted in
a significant reduction in collagen IV expression as compared
with the OVA group in the perivascular area (4.2+0.3% versus
17.2+3.2%), peribronchial (3.5+0.1% versus 2.5+1.2%), and
the interstitium (6.7+1.2% versus 36.7+6.5%). The above
results, altogether, demonstrate that 2-ME inhibits signifi-
cantly the expression of HIF-1a, VEGF and collagen VI in the
OVA asthma murine model.

2-ME inhibits circulating IgE anti-OVA antibody in
the sera of OVA allergic mice

We examined whether the marked reduction in eosinophil
recruitment into the airways of OVA-challenged mice
conferred by 2-ME was associated with a defect in sensitiza-
tion to OVA and resulting in a defect in IgE production.
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Figure 8

2-ME treatment reduces the collagen IV expression in lung tissue. (A) Immunohistochemical comparison of collagen IV

expression in lung tissue obtained from OVA-sensitized/challenged mice, in the absence or presence of 2-ME administered IT at a dose
of 30 mg/kg, and saline-treated mice. Compared with OVA treatment alone (middle panel), OVA-sensitized/challenged mice
administered 2-ME have a marked reduction in the cellular infiltration collagen IV positive numbers cells (perivascular, peribronchial
and interstitium) (bottom panel); the control mice have very few positive cells (top panel). (B) Percentage of collagen IV
immunostained cells in several lung compartments, in the absence or presence of 2-ME treatment. Lung sections from five mice from
each experimental group were immunostained with anti-collagen IV antibodies and analyzed under light microscopy (40x). The
percentage of positive cells was measured in surrounded cellular infiltrates in venules, bronchi and interstitium using an image
analyzer (five venules or bronchi from five lung sections were analyzed for each experimental group). Results are expressed as
averages and standard deviations of positive cells. (Upper) Perivascular infiltrate, (middle) peribronchial infiltrate, (lower)

interstitium. **p<0.05 presence of 2-ME vs. absence of 2-ME (ANOVA).

Circulating levels of OVA-specific IgE were measured by ELISA
in the sera of allergic mice before and after treatment with
2-ME. Fig. 9 shows that 2-ME caused a slight but significant
decrease of specific IgE antibody.

Discussion

The present findings provide for the first time evidence that
intratracheal (IT) administration of 2-ME was effective in
preventing the pathogenesis of asthma in a murine model of
atopic asthma. Administration of 2-ME markedly diminished
the inflammatory pulmonary response, eosinophil infiltra-
tion in the lung tissue, goblet cell hyperplasia with airway
occlusion with mucus and reduction in collagen IV expres-
sion. The above findings also correlated with inhibition of
circulating level of anti-ovalbumin IgE antibody. In addition,
2-ME inhibited HIF-1 expression concomitantly with inhibi-
tion of VEGF expression in the same tissues. It has been well
documented that VEGF and HIF-1« are intimately involved in
the pathogenesis of asthma and 2-ME has been reported to
inhibit both HIF-1« and VEGF [16,19]. The present findings

corroborate these results in our murine airway inflammation
model. Currently, 2-ME is being clinically tested in several
diseases, including cancer, diabetes, rheumatoid arthritis,
etc [3,16,20]. In addition, the present findings suggest the
potential therapeutic application of 2-ME in the treatment of
asthmatic patients with airway inflammation.

Epithelial goblet cells and mucus-secreting sub-mucosal
glands are the major sources of luminal mucus. Goblet cell
hyperplasia is a feature of the airways inflammation in asthma
[3]. 2-ME significantly reduced the allergen-induced goblet
cell hyperplasia and mucus occlusion observed in OVA-
sensitized/challenged mice. Muz et al. [8] have reported
that cysteinyl leukotrienes receptor blockade significantly
reduced the allergen-induced goblet cell hyperplasia and
mucus occlusion in the airway in OVA-sensitized/challenged
mice. Similar findings were previously reported by Henderson
et al. [21]. The present findings demonstrate that the mucus
in epithelial goblet cell hyperplasia is decreased after 2-ME
treatment.

Smooth muscle invasion is usually increased in large and/
or small airways in both fatal and non-fatal cases of asthma
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Figure 9 Intratracheal administered of 2-ME reduces IgE. ELISA

for serum IgE levels was performed as described in Materials and
methods. We analyzed the IgE serum levels (ug/ml) in the
experimental and control groups. Each column represents the
mean and S.M.E. of five to eight mice in each group. *p<0.05 in
comparison with the control group (U Mann Whitney).

[22]. In asthma, remodeling is usually present in biopsies as
shown by collagen deposits on the reticular basement
membrane [22]. Airway thickening beneath the basement
membrane occurs with deposits of collagen and other
extracellular matrix proteins including: fibronectin, tenescin
and laminin [1]. The additional reticulin is largely produced
after activation of myofibroblasts leading to fibrosis of the
airways [23]. Collagen deposition occurs in the connective
tissue layer surrounding the blood vessels and alveolar
interstitial. The present findings demonstrate the airway
collagen deposition/fibrin is specifically reduced in the 2-ME
treated mice.

Exaggerated levels of VEGF are present in persons with
asthma. However, the role of VEGF in normal and asthmatic
lungs has been documented. Lee et al. [24] generated lung
targeted VEGF transgenic mice and evaluated the role of
VEGF in TH-2 mediated inflammation. In these mice,
induction of VEGF resulted in an asthma-like phenotype
with inflammation, parenchymal and vascular remodeling,
edema, mucus, metaplasia, hyperplasia and airway hyper-
responsiveness. VEGF also enhances respiratory antigen
sensitization [24]. In this setting, VEGF was produced by
the epithelial cells and by the TH-2 cells suggesting that
VEGF regulation may be therapeutic in asthma. Clinical
studies suggest, a role for angiogenesis in the development
and persistence of chronic asthma. Suzaki et al. [25], studied
the use of endostatin which is a potent anti-angiogenic factor
in the OVA model, OVA-challenged mice induced immunolo-
calization of numerous VEGF positive cells around airways
and also increased serum level of VEGF. Treatment with
endostatin inhibited the airway hyper-responsiveness, pul-
monary allergic inflammation, production of IgE specific
anti-OVA antibodies and inhibited induction of inflammation.
Our findings herein with 2-ME-induced inhibition of VEGF
corroborate the role of VEGF in asthma. VEGF regulates
angiogenesis and also induces inflammation and remodeling.

The blood vessels formed in asthmatic airways are
involved in inflammation and airway remodeling processes
in current asthma. VEGF and angiopoitin-1 (Ang-1) are
angiogenic factors involved in the formation of blood vessels.
VEGF has been reported to contribute to non-specific airway

hyper-responsiveness, has chemotactic effect on eosinophils
and enhances airway smooth muscle cell proliferation.
Further, TH-2 cells have receptors for VEGF and TH-2-
associated cytokines increase VEGF expression. A study
examined the relationship between VEGF level and clinical
characteristics of VEGF expression and its association with
HIF-1 expression. Bronchoscopy was performed in 30 patients
and VEGF levels were assessed in alveolar lavage and HIF-1«
and HIF-2a were examined by immunohistochemistry. The
results demonstrated that the levels of VEGF were elevated
compared to control. The same was found for HIF-1a and HIF-
2a. The findings demonstrated that VEGF expression
correlated significantly with HIF-1a and HIF-2« [23]. Our
findings here are in agreement with this report.

2-ME is a naturally occurring metabolite of 17 beta-
estradiol which has anti-proliferative, anti-angiogenic and
anti-tumor activity. The anti-angiogenic effect of 2-ME has
been suggested to be due in part to the inhibition of HIF [6].
HIF is a transcription factor which mediates the adaptation of
cells and tissues to low oxygen concentration by upregulating
genes involved in angiogenesis and glycolysis [26]. The
oxygen-dependent regulation of HIF-1a occurs at the level
of protein stability. In normoxia, HIF-1« is targeted for rapid
degradation [27]. Mabjeesh et al. [6], reported that 2-ME
inhibits HIF-1a protein cell disease and proposed that this
effect is at the expense of microtubule disruption by 2-ME.
Hagen et al. [11], however, reported that 2-ME prevents HIF-
1a stabilization and rapid degradation. 2-ME exhibited anti-
proliferative and cytotoxic effects in head and neck
squamous cell lines [16]. 2-ME inhibited HIF-1a DNA binding
and affected the expression of downstream genes such as
BH3 interactin domain death agonist (BID) and VEGF.

Several mechanisms have been proposed for 2-ME activity
including those mediated by its ability to bind to the
colchicine-binding site of tubulin and the inhibition of
superoxide dismutase enzymatic activity [18,28]. 2-ME
destabilizes microtubules at doses that are efficacious in
vivo. 2-ME blocks HIF-1a nuclear accumulation and HIF-1
activity by oxygen and proteasome-independent pathways
[6,11]. This mechanism is shared by other microtubule-
targeting drugs, such as taxol. 2-ME depolymerizes micro-
tubules and downregulates HIF-1a protein levels and HIF
transcriptional activity in an oxygen and proteasome-
independent manners. The mechanism by which 2-ME
inactivates HIF-1alpha is not fully understood. It has been
reported that 2-ME induces superoxide radicals [29] and HIF-
1a is shown to be downregulated by oxygen reactive species
[30]. 2-ME anti-angiogenic activity is not solely attributed to
its inhibition of VEGF but also to other effects. Pharmaco-
logical inhibitors of HIF-1a regulated genes are more
advantageous than HIF-1 gene inactivation for therapeutic
application [31].

Long-acting (-agonists produce broncho-dilation and
improve asthma symptoms, effects that are maintained
with regular use over time. However, monotherapy with beta
agonists has consistently been shown to be inferior to inhaled
corticosteroids, which can reduce the underlying inflamma-
tion associated with the disease. For these reasons, inhaled
corticosteroids are recommended as first line maintenance
treatment for asthma. For patients whose condition is
inadequately controlled with inhaled corticosteroids alone,
the addition of a longer acting p agonist is recommended as

Please cite this article as: S. Huerta-Yepez, et al., 2-Methoxyestradiol (2-ME) reduces the airway inflammation and remodeling in an
experimental mouse model, Clin. Immunol. (2008), doi:10.1016/j.clim.2008.07.023



http://dx.doi.org/10.1016/j.clim.2008.07.023

Inhibition of experimental asthma by 2-ME

11

symptoms are improved. However, much controversy exists
in the use of {3 agonists in patients with asthma ever since its
application over 50 years ago. Regular 3 agonists usage is
associated with tolerance to the drug and a worsening of
disease control. Several deaths have been reported with the
long-acting  agonists Salmeterol and there was a four fold
increased risk for asthma related death. The FDA in July of
2005 issued a strong warning of increased risk that should be
placed on the labels of all long-acting  agonists with a
recommendation that they be used only after other drugs
have failed. A meta analysis pooled from 19 treatments with
33,826 patients from long-acting 2 agonists increased
exacerbation and life threatening conditions compared
with placebo [32]. Similar results were found with Salme-
terol and Formoterol and in both children and adults.
Concomitant inhaled corticosteroids do not adequately
protect against these effects.

Our present findings here demonstrate that 2-ME is an
effective agent in the treatment of airway inflammation
associated with asthma. 2-ME is currently in clinical trials for
other diseases and thus toxicity studies are being performed
[33, 34]. A phase 2 trial of 2-ME was conducted in 60 patients
with multiple myeloma (MM). 2-ME was administrated orally
at 1000 mg/daily for the first 39 patients and increased to
800 mg twice daily for the remaining patients. No partial
responses were observed, although minor responses and
prolonged, stable disease were noted. Plasma level of 2-ME
was not adequate [33]. Another study investigated the
maximum tolerated dose (MTD) and toxicity of 2-ME
administered orally in 20 patients with solid tumors. The
MTD for 2-ME was not reached and the trial was closed due to
low plasma concentration of 2-ME relative to the doses
administered. The investigators are currently examining new
formulation of 2-ME with improved bio-availability [34]. A
clinical study compared the therapeutic effect of 2-ME alone
or in combination with docetaxel in patients with metastatic
breast cancer. 2-ME alone or in combination with docetaxel
was well tolerated [35]. Although these studies were not
promising for 2-ME administered orally, we propose that the
preferred route of 2-ME administration in asthma is via
inhalation using different carriers. Further, this study
suggests that HIF-1a and VEGF are biomarkers in the
development and response to treatment in asthma.
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