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Recently, we have suggested that down-regulation of homeostatic
mesenchymal peroxisome proliferator-activated receptor vy signal-
ing after in utero nicotine exposure might contribute to asthma.
Here, we have exploited an in vivo rat model of asthma to determine
if the effects of perinatal nicotine exposure on offspring pulmonary
function and mesenchymal markers of airway contractility in both
tracheal and lung parenchymal tissue are sex specific, and whether
the protection afforded by the peroxisome proliferator-activated
receptor y agonist, rosiglitazone (RGZ), against the perinatal
nicotine-induced effect on offspring lung is also sex specific. Preg-
nant rat dams received placebo, nicotine, or nicotine plus RGZ daily
from Embryonic Day 6 until Postnatal Day 21, at which time lung
resistance, compliance, tracheal contractility, and the expression
of structural and functional mesenchymal markers of pulmonary
contractility were determined. Compared with control animals, peri-
natal nicotine exposure caused a significant increase in airway resis-
tance and a decrease in airway compliance after a methacholine
challenge in both male and female offspring, with more pronounced
changes in the males. In contrast to this, the effects of perinatal
nicotine exposure on acetylcholine-induced tracheal constriction,
along with the expression of its mesenchymal markers, were ob-
served exclusively in the male offspring. Concomitant treatment
with RGZ normalized the nicotine-induced alterations in pulmonary
function in both sexes, as well as the male-specific effects on
acetylcholine-induced tracheal constriction, along with the affected
mesenchymal markers. These data suggest that perinatal nicotine
exposure causes sex-specific perinatal cigarette smoke exposure-
induced asthma, providing a powerful phenotypic model for un-
equivocally determining the underlying nature of the cell molecular
mechanism for this disease.

Keywords: nicotine; asthma; pregnancy; peroxisome proliferator-activated
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There is strong epidemiologic (1-3) and experimental (4-6) evi-
dence that perinatal exposure to maternal smoking results in
detrimental long-term effects on lung growth and function,
including significant suppression of alveolarization (7, 8), and
increased predisposition to asthma (9) in the offspring. Because
the mechanisms underlying these adverse pulmonary effects
remain incompletely understood, there are no effective preven-
tive or therapeutic interventions. Based on both in vitro and
in vivo studies from our laboratory, we have suggested that
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CLINICAL RELEVANCE

The data presented in this article suggest that perinatal
nicotine exposure causes sex-specific perinatal cigarette
smoke exposure—induced asthma. These data also provide
a powerful phenotypic model for unequivocally determin-
ing the underlying nature of the cell-molecular mecha-
nism for the cigarette smoke exposure-induced asthma in
offspring.

down-regulation of homeostatic lung mesenchymal peroxisome
proliferator-activated receptor (PPAR) -y signaling might be a key
contributor to chronic lung diseases, such as bronchopulmonary
dysplasia and asthma (9-11). We have also shown that perinatal
treatment with nicotine increases lung resistance (Rrs), and de-
creases lung compliance in association with increased tracheal
constriction (11), an effect that is blocked by the PPARYy ago-
nist, rosiglitazone (RGZ) (11). Mechanistically, we have shown
that both in vitro and in vivo nicotine exposures result in the
down-regulation of pulmonary mesenchymal PPARy (12, 13)
and the up-regulation of myogenic signaling pathways (11-14),
triggering the transdifferentiation of lipid-rich alveolar inter-
stitial fibroblasts to myofibroblasts (13, 15). Furthermore, by
up-regulating PPARYy signaling in vitro and in vivo, nicotine-
induced alveolar interstitial fibroblast-to—myofibroblast trans-
differentiation can be blocked (11-15). Herein, using a rat model,
we show that the proximal airway molecular, structural, and func-
tional effects of perinatal nicotine exposure are sex specific, con-
sistent with the sex-specific effects of smoke-induced asthma, and
that these changes can effectively be blocked by the concomitant
systemic administration of RGZ to stimulate PPAR‘y, providing
a mechanistic basis for this phenomenon.

MATERIALS AND METHODS

Animals

Time-mated Sprague Dawley rat dams weighing 200-250 g received
either placebo (diluent, n = 16), nicotine (1 mg/kg, subcutaneously;
n = 16), or nicotine (1 mg/kg, subcutaneously) plus RGZ (3 mg/kg,
intraperitoneally; n = 16) in 100-pl volumes daily from Embryonic Day
6 of gestation to Postnatal Day (PND) 21. After spontaneous delivery
at term, the pups were allowed to breast feed ad libitum. Experimental
animals were maintained on a 12-hour light:12-hour dark cycle, pair-
fed in accordance with the previous day’s food consumption by the
nicotine-alone—treated group, and allowed free access to water. At
PND 21, the pups were killed and lungs and tracheas collected for
tracheal tension studies, Western analysis, and immunofluorescence
staining. In another set of animals, at PND 18-21, pulmonary function
was evaluated as described subsequently here. Male and female ani-
mals were studied separately. All animal procedures were performed
following National Institutes of Health guidelines, and were approved
by the institutional Animal Care and Use Committees at both the
LABioMed at Harbor-UCLA Medical Center and the University of
Southern California.
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Figure 1. Effect of rosiglitazone (RGZ) on perinatal nicotine exposure—ind

Methacholine (mg/ml)

uced alterations in total resistance and compliance of the lung after

methacholine (Mch) challenge in male and female rats. Compared with the control group, with nicotine administration there was a significant
increase in resistance and a decrease in compliance of the lung after an Mch challenge, which were both blocked by concomitant RGZ adminis-
tration in both the males (A and D) and females (B and E). Please note that, compared with the female group, with nicotine administration there was
a significant increase in resistance (C), and a significant decrease in compliance (F) of the lung after an Mch challenge in the male rats. Values are
means (+SE) (n = 5-6 for each group). *P < 0.05, **P < 0.01 versus control; *P < 0.05, *P < 0.01 versus nicotine group; *P < 0.05, ¥¥P < 0.01

versus female group.

Pulmonary Function Testing

Measurement of respiratory function was performed with a plethysmo-
graph for restrained animals (Buxco Inc., Troy, NY); pups were deeply
anesthetized and sedated with ketamine (70 mg/kg; Bioniche Teoranta
Inverin, Co., Galway, Ireland) and xylazine (7 mg/kg; Akorn, Inc., Dec-
atur, IL), tracheostomized, and ventilated. Rats were exposed to increas-
ing concentrations of aerosolized methacholine (Mch; 0, 1.25, 2.5, 5, and
10, and 20 mg/ml) over a period of 3 minutes. In these experiments, the
flow was measured using the plethysmograph chamber, and the pressure
was determined using an external transducer. We continuously computed
Rrs and dynamic compliance by fitting flow, volume, and pressure data to
an equation of motion. We plotted changes in Rrs and dynamic compli-
ance as a function of the Mch concentration administered.

Tracheal Tension Studies

The tracheal tensions studies were performed as described previously

(11).

Immunoblot Analysis

Isolated tracheas and lungs were flash frozen separately in liquid nitrogen,
homogenized, and the tissue lysates were processed for immunoblot analysis,
as previously described (11), with the additional antibodies for this study
being anti-B-catenin antibody (1:1,000, cat. no. sc-7963), anti-lymphocyte
enhancer factor (LEF)-1 antibody (1:500, cat. no. sc-28687), both from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and anti—phospho-
PPARYy (S-112) (1:1,000, cat. no. ab60953; Abcam PLC, Cambridge, MA).
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Dilution of horseradish peroxidase—conjugated anti-mouse or anti-rabbit
secondary antibody was 1:2,500.

Immunofluorescence Staining

Immunofluorescence staining was performed as previously described
(11), and was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD).

Tracheal Smooth Muscle Thickness

Tracheas were paraformaldehyde fixed, paraffin embedded, and then lon-
gitudinally sectioned to generate 5-pm sections, which were hematoxylin
and eosin stained. Smooth muscle thickness was determined using Axi-
oVision image analysis software (Carl Zeiss, Inc., Oberkochen, Germany).
In brief, slides were examined at 100-fold magnification and the thickness
between the two adjoining cartilages in the mid-tracheal region was
determined by drawing a straight line crossing the whole muscle length
at its widest point. At least five pups from each condition, three sections
from each pup, and five measurements from each section were obtained
to calculate average smooth muscle thickness for each condition.

Statistical Analysis

All values shown are expressed as means (=SE). Comparisons between
the different groups were performed using either Student’s ¢ test or
a mixed model repeated measures ANOVA with unstructured covari-
ance. A P value of less than 0.05 was considered statistically significant.

RESULTS

Initially, we examined the sex-specific effects of nicotine on the
airway resistance of the total respiratory system after a Mch chal-
lenge (Figure 1A). Compared with controls, Mch challenge
increased airway resistance in both males (Figure 1A) and
females (Figure 1B), but the increase was significantly greater
in males (Figure 1C). Concomitant RGZ administration blocked
the nicotine-induced increase in airway resistance in both males
and females. Accompanying the nicotine-induced increase in
total airway resistance, there were significant decreases in total
airway compliance in both sexes after a Mch challenge in the
nicotine-treated group (Figures 1D and 1E), which were nor-
malized by RGZ administration. In accordance with the greater
increase in total airway resistance in males (Figures 1C) after an
Mch challenge, the total airway compliance was significantly
decreased in the males versus the females (Figure 1F). We then
determined the sex-specific effect of nicotine on the tracheal
constriction response to an acetylcholine (Ach) challenge. The
patterns of the tracheal constriction responses to graded doses
of Ach were compared between groups using a mixed model
repeated measures ANOVA with unstructured covariance that
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accounts for the increasing variability in constriction among
animals within groups as the dose increases. Both the males
and females showed a dose-dependent increase in tracheal con-
striction in response to Ach doses between 3 X 1077 and 1 X
10~* M (Figures 2A and 2B). However, there was no effect of
nicotine or RGZ on tracheal constriction in response to Ach in
the females (Figure 2B), whereas there was a significant in-
crease (~30%) in the males over this dose range (Figure 2A);
the nicotine effect on tracheal constriction was normalized by
concomitant treatment with RGZ.

To determine the sex-specific effects of perinatal nicotine ex-
posure on airway resistance and compliance, we next examined
the protein levels of the mesenchymal-specific markers, fibronec-
tin, a-smooth muscle actin (a-SMA), calponin, and collagens I
and III, as well as nicotinic Ach receptors (AChR) a3 and o7
in the lung tissue of nicotine-treated males (Figure 3A) and
females (Figure 3B). The levels of all of these proteins increased
significantly in both sexes, but were more pronounced in
the males. Consistent with the functional data, all of these
nicotine-induced changes were blocked by concomitant RGZ
administration in both the males and females. The perinatal
nicotine-induced increases in the protein levels of fibronectin,
a-SMA, calponin, and collagen III were corroborated with im-
munohistochemistry (Figure 4).

We then examined the sex-specific effects of perinatal nico-
tine exposure on the mesenchymal-specific markers fibronectin,
a-SMA, calponin, and collagen I, as well as nicotinic AChRs, o3
and a7, in the tracheas of the males (Figure 5A) and females
(Figure 5B) by Western analysis and immunohistochemistry
(Figures SC-5E). Representative hematoxylin and eosin, a-SMA,
and calponin-stained cross-sections of tracheas from different
experimental conditions are shown for males (Figure 5C) and
females (Figure 5D). The levels of all of these proteins in-
creased significantly in the males, but not in the females (Fig-
ures SA-5E). In line with these data, after perinatal nicotine
exposure, tracheal smooth muscle thickness also increased only
in males. All of these changes were blocked by concomitant
RGZ administration in the males, but this had no effect in the
females. For clarity, representative hematoxylin and eosin—
stained longitudinal tracheal sections and a bar graph showing
tracheal smooth muscle thickness data are shown (Figure 5F).

To determine a possible mechanism for the sex-specific molec-
ular and functional pulmonary responses to perinatal nicotine ex-
posure, we examined the protein expression of total B-catenin,
LEF-1, and total and phospho-PPARYy, key molecular determi-
nants of the pulmonary mesenchymal myogenic phenotype. The
B-catenin (Figure 6A) and LEF-1 (Figure 6B) protein levels in-
creased, and the total (Figure 6C) and phospho-PPARYy (Figure

Figure 2. Effect of RGZ on peri-
natal nicotine exposure-induced
alterations in tracheal constric-
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constriction response to Ach with nicotine administration, and there was no effect of RGZ on the tracheal constriction response to Ach (B). Values are
means (+SE) (n = 6-10 for each group). *P < 0.05, **P < 0.01 versus control group; *P < 0.05, P < 0.01 versus nicotine group.
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Figure 3. Effect of RGZ on perinatal nicotine exposure-induced alterations in mesenchymal markers of airway reactivity in the male (4) and female
(B) rat lung. Compared with the control group, with nicotine administration the protein levels of fibronectin, a-smooth muscle actin (a-SMA),
calponin, collagens | and I, and Ach receptors (AChRs) a3 and a7 were increased significantly, effects which were blocked in the RGZ-treated group
in both the male (A) and female (B) rats. Upper panels show representative Western blots for these markers and for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Lower panels show the densitometric values of the markers normalized to GAPDH. Values are means (= SE) (n = 4 for each
group). **P < 0.01 versus control group; *#P < 0.01 versus nicotine group.

6D) protein levels decreased in the tissue lysates from lungs and
tracheas of males, but only in the tissue lysates from lungs of
females. There was no effect on the female tracheas (Figures
6A—6D). Consistent with the rest of the functional and molecular
data, all of these changes were blocked by concomitant RGZ
administration in the males, but had no effect in the females.

DISCUSSION

Using a well established rat model of perinatal nicotine exposure—
induced asthma (10, 11), in the present study we have deter-
mined that perinatal nicotine treatment results in sex-specific
effects on Rrs and compliance, both molecularly and function-
ally, with males being more greatly affected than the females.
Furthermore, only the male offspring showed an increased

tracheal constriction response, providing invaluable insights
for determining the lung tissue—specific, cell-molecular mecha-
nism for the nicotine effects. Moreover, all the effects of nico-
tine on lung function were normalized by RGZ treatment,
indicating the centrality of PPAR<y to the mechanism of nico-
tine action on the lung. As previously shown by us, under both
in vitro and in vivo conditions, nicotine down-regulates alveolar
mesenchymal PPARYy expression, causing alveolar interstitial
lipofibroblasts to transdifferentiate to myofibroblasts (9, 11—
15), an effect that is blocked in both males and females by
up-regulating PPARy expression by concomitantly using a
PPARYy agonist treatment. This leads us to hypothesize that the
sex-specific response of the developing lung to nicotine seems to be
due to its sex-specific effects, primarily on the developing upper
airway, rather than on the developing lung parenchyma.
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Figure 4. Effect of RGZ on perinatal nicotine exposure-induced alterations in mesenchymal markers of airway reactivity in paraformaldehyde-fixed, paraffin-
embedded male and female rat lung sections. Compared with the control group, with nicotine administration the staining for fibronectin (red stain) (A), «-SMA
(green stain) (B), calponin (green stain) (C), and collagen IIl (red stain) (D) increased significantly in both male and female lung, effects that were blocked in the RGZ-
treated group. Mean fluorescence intensity of 15-17 comparable lung fields from each group, quantified using Image]J software, is shown (E). Values are means
(==SE). In general, in the nicotine-treated group there was more intense staining of these markers in the male lungs than in the female lungs; there was a significant
increase upon nicotine exposure, which was normalized with RGZ treatment in both groups. **P < 0.01 versus control group; *P < 0.01 versus nicotine group.
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Itis well established that perinatal exposure to tobacco smoke
profoundly affects the developing lung of the offspring (4-6),
predisposing them to asthma (1-3), resulting in increased hos-
pital visits and admissions due to respiratory problems (16, 17).
Consistent with these observations, we have previously found
that, compared with the control group, with perinatal nicotine
exposure there was evidence of a significant increase in total
pulmonary resistance and a decrease in total compliance under
basal conditions (11). Upon Mch challenge, compliance further
decreased significantly, whereas resistance increased signifi-
cantly, changes consistent with airway hyperresponsiveness af-
ter perinatal nicotine exposure (11). Concomitant treatment
with RGZ normalized the nicotine-induced alterations in
pulmonary compliance and resistance under both basal and
Mch-challenge conditions (11). Furthermore, perinatal nicotine
exposure resulted in a significant increase in the expression of
mesenchymal markers of airway reactivity in both the trachea
and lung parenchyma, which were also normalized by the con-
comitant administration of RGZ (11). These data have led us to
suggest that PPAR<y agonists are a promising intervention to
prevent tobacco smoke—induced asthma in offspring (10, 11).
It is important to point out that the mesenchymal markers of
airway reactivity chosen by us are markers of myofibroblast
differentiation (a-SMA and calponin), a hallmark of chronic
lung diseases, such as asthma, and/or have been shown to have
increased matrix deposition (fibronectin and collagen III) in the
subepithelial space of the airways in asthma (18-20). Further-
more, the other markers used by us, such as B-catenin and LEF-
1, are functional intermediates in the Wnt signaling pathway,
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a key mediator of myogenesis, justifying their inclusion in our
analysis (21-23). However, it must be pointed out that, in our
analysis of the myogenic markers of airway reactivity by both
Western blotting and immunofluorescence, we did not differen-
tiate between the mesenchymal and vascular compartments.
Therefore, we can’t conclude with certainty that the changes
in the myogenic markers observed by us in the different treat-
ment groups were entirely due to the changes in the mesenchy-
mal compartment.

The influence of the child’s sex on the asthma risk due to
exposure to cigarette smoke during pregnancy is complex. The
increased risk of bronchial hyperresponsiveness after perinatal
smoke exposure has previously been reported for both boys (24)
and girls (25). Because there is emerging evidence to suggest
that finely balanced developmental programs, such as that of
the lung, may be sensitive to specific environmental chal-
lenges in a sex-specific manner, particularly during the stages
of developmental programming and gametogenesis (26), it begs
the question as to whether there is a sexual dimorphism in the
risk of asthma after smoke exposure during pregnancy. Because
maternal smoking affects fetal growth in a sex-specific manner,
with more profound effects in the male fetus (27), and because
lung function is linked to body growth (28, 29), it seemed likely
that there would be increased susceptibility to asthma in male
offspring after in utero smoke exposure. Such speculation is
supported by our data showing effects of nicotine on both sexes
with regard to airway resistance and compliance. In contrast
to the ubiquitous effects of nicotine on the lung parenchyma
in both sexes, the stimulatory effects of nicotine on the
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Figure 5. Effect of RGZ on perinatal nicotine exposure-induced alterations in mesenchymal markers of airway reactivity and muscle thickness in male
and female rat tracheas. Compared with the control group, with nicotine administration the protein levels of fibronectin, a-SMA, calponin, collagen
I, and nicotinic receptors AChRa3 and -a7 increased significantly in males (A), but did not change in females (B); using Image] software, a-SMA and
calponin immunostaining was also quantified (E). Representative hematoxylin and eosin—, a-SMA-, (green staining), calponin- (red staining), and
a-SMA + calponin- (merged) stained cross-sections of tracheas from different experimental conditions are shown for males (C) and females (D).
After perinatal nicotine exposure, tracheal muscle thickness increased only in males (F). Moreover, all of these nicotine-induced changes were
blocked in the RGZ-treated group in males, but there was no effect of RGZ on females (A-F). Upper panels for the Western data show representative
immunoblots for the specific markers and GAPDH. Lower panels show the densitometric values of the markers normalized to GAPDH. Values are
means (+SE) (n = 4 for each group). **P < 0.01 versus control group; *P < 0.05, *P < 0.01 versus nicotine group. Mean fluorescence intensity of

13-22 fields for each group is shown (E).

mesenchymal proteins and AChR levels exclusively in the male
trachea are provocative, offering the opportunity to indepen-
dently compare the effects of nicotine on the smooth muscle
cells of the upper and lower airways of both affected and unaf-
fected littermates to unequivocally determine the cell-molecular
basis for these differences. Moreover, such effects are mediated

by endogenous nicotinic (30) and/or androgen (31, 32) recep-
tors, begging the question as to the underlying nature of the
adaptive selection pressure. How and why a male-specific tra-
cheal contractility response would be biologically advantageous
is not known. However, there is evidence for the differential
effects of androgens on the upper (33) and lower airways (34)
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Figure 5. (Continued).

directly, as well as indirectly through the increased upper airway
constriction affecting lower airway growth and development
(35). One possible scenario is that, because lung functional re-
sidual capacity must keep pace with body weight (36), the
androgen stimulation of tracheal contractility might increase
upper airway resistance (37), which is known to developmen-
tally increase lower airway size and functional residual capacity
by increasing lung fluid distention in utero (38), possibly phys-
iologically compensating for the simultaneous androgen inhi-
bition of parenchymal lung maturation (31, 39, 40). This
biologically based model of male-specific asthma predisposition
provides a novel working model for identifying equally novel
candidate genes for asthma.

It should also be noted that, although our study showed ef-
fective RGZ normalization of pulmonary structural, molecular,
and functional changes after in utero nicotine exposure, this
therapy cannot currently be recommended for pregnant smok-
ers, as there are no safety or efficacy data for RGZ use in
human infants. In contradistinction to this, we have merely
used RGZ primarily to establish a precedent for the proximate
cell-molecular nature of the nicotine effect on the asthma phe-
notype. Future studies will not only further elaborate on this
mechanism and its normalization to effectively alleviate or
vanquish the risk of childhood asthma, but also on targeted
interventions to examine the possibility of the reversibility of
an established asthma phenotype.

Author disclosures are available with the text of this article at www.atsjournals.org.
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Figure 6. Effect of perinatal nicotine exposure on B-catenin, lymphocyte enhancer factor (LEF)-1, total, and phospho (S-112) —peroxisome proliferator—
activated receptor (PPAR) vy expression in male and female rat lung and trachea. Compared with the control group, with nicotine administration the
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and phospho-PPARy, and GAPDH. Lower panels show the densitometric values of these proteins normalized to GAPDH. Values are means (£SE) (n =4
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