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Previous studies have demonstrated afemale disadvantage in airway
diseases, such as asthma and bronchiectasis. The basis for this sex
disparity is unknown. We hypothesized that the female sex hor-
mone, progesterone (P4), inhibits functions of the normal airway
mucociliary apparatus. P4 receptor (PR) expression was evaluated in
human lung and cultured primary human airway epithelial cells
isolated from male and female lung transplant donors. PR expression
was restricted to the proximal region of the cilia of airway epithelia,
and was similar in men and women. Expression of isoform PR-B
was more abundant than PR-A in cells from both sexes. Airway
epithelial cell exposure to P4 decreased cilia beat frequency (CBF) by
42.3% (*+7.2). Inhibition of CBF was prevented by coadministration
of P4 with the active form of estrogen, 17B-estradiol, or the PR an-
tagonist, mifepristone. P4 inhibition was time and dose dependent,
with asignificant decrease by 8 hours and maximal effectat 24 hours,
accompanied by translocation of PR from the cilia to the nucleus.
Inhibition of cilia beat was also prevented by treatment of cells with
actinomycin D, suggesting that CBF inhibition is a transcriptionally
mediated event. Together, these findings indicate that sex hor-
mones influence the function of a key component of the mucociliary
apparatus. These mechanisms may contribute to the sex disparity
present in airway diseases and provide therapeutic targets for the
treatment of these debilitating airway diseases.
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Multiple epidemiologic studies have established that women
have more severe airway disease than men (1, 2). Women with
asthma and chronic obstructive lung disease have more frequent
and severe exacerbations than men, and a lower disease-specific
quality of life (1, 3). Bronchiectasis affects women more com-
monly, and is more aggressive than in men (2, 4). For example,
in cystic fibrosis (CF), a disease in which the impact of bronchi-
ectasis has been extensively studied, women have worse outcomes
and a decreased life expectancy compared with men, despite
a similar cause of disease. This has been attributed specifically
to a greater severity of lung disease, and is present even after
adjusting for potentially confounding morphometric, nutritional,
compliance, and microbial factors (4, 5). In addition, in models of
Pseudomonas aeruginosa infection, one of the most common
pathogens found in bronchiectasis, female mice are more affected
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CLINICAL RELEVANCE

Women have an increased incidence and greater severity of
airway diseases than men. However, mechanisms to explain
this sex disparity remain unknown. Here, we demonstrate
that expression of the progesterone (P4) receptor in cilia of
airway epithelium is regulated by sex hormones, and that P4
inhibits cilia beat frequency. This effect may impact muco-
ciliary clearance and thus contribute to the female disad-
vantage in airway disease, suggesting hormone receptors as
a therapeutic target.

than males, again for unclear reasons (6). Defects in mucociliary
clearance are a central component to the development of bron-
chiectasis. We, therefore, hypothesize that female sex hormones
regulate the mucociliary apparatus.

The major female sex hormones, estrogen and progesterone
(P4), vary in levels during ovulatory cycles, pregnancy, meno-
pause, and with exogenous delivery. Although their roles in
the uterus, ovary, oviduct, and breast have been well studied,
expression and function in other tissues are less well described
(7-10). The classic mechanism of steroid hormone action in-
volves binding to specific intracellular receptors that translocate
to the nucleus and regulate cell-specific transcription. However,
it is now broadly accepted that steroid hormones also function
via nongenomic mechanisms (11-15).

The two major subtypes of estrogen receptors (ERs), ER-a
and ER-B, each have a high affinity for 178-estradiol (E2), the
predominant form of estrogen (7, 16). Both receptors are
expressed in normal lung. ER-B is more abundant and
expressed in bronchial epithelial cells (16). Experimental stud-
ies show that E2 regulates CF transmembrane conductance reg-
ulator (CFTR) function, potentially affecting the course of
bronchiectasis. E2 may be beneficial in CF lung disease by pre-
venting the degradation and promoting trafficking of the mutant
AF508 CFTR (17). Furthermore, E2 inhibits IL-8 release from
CF bronchial epithelial cells (18). However, other work shows
that E2 decreases the height of the airway epithelial surface
liquid layer by inhibiting a non-CFTR, calcium-associated chlo-
ride channel (19). These findings are intriguing, but their clinical
impact remains unknown (5, 18).

Although early work in this field has focused on estrogens, the
role of P4 in the airway has garnered less attention. P4 acts via
two main receptors, P4 receptor (PR)-A and PR-B, transcribed
from a single gene. PR-B differs from PR-A by a 164 amino acid
extension at the aminoterminus (8). These receptors induce
both overlapping and distinct responses that are promoter
and cell context dependent. For example, PR-A is necessary
and sufficient for female fertility, whereas PR-B is required
for mammary gland alveologenesis during pregnancy (8, 9). In
endometrial tissue, PR-A and PR-B dually serve an anti-
inflammatory role (20). Expression of PR in the lungs has been
reported, but cell-specific localization and function has not been
characterized (12, 13, 16, 21).


mailto:raksha.jain@utsouthwestern.edu
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2011-0107OC

Jain, Ray, Pan, et al.: Sex Hormones Modulate Airway Cilia Function

Our prior studies in ciliated epithelial cells led us to investi-
gate potentially shared features of airway and fallopian tube ep-
ithelium, especially given the common ciliated surface (22, 23).
Evidence supports critical roles for sex hormone regulation of
cilia function in the fallopian tubes (15, 24-26). Fallopian tube
cilia are lost after ovariectomy in baboons and rabbits, and in
postmenopausal women (24). Notably, studies report that P4,
but not E2, regulates cilia beat frequency (CBF) in the fallopian
tubes, presumably to optimize conditions for fertilization (12, 15,
25, 26). The goal of our study was, therefore, to determine the
impact of E2 and P4 on cilia function in the airways to improve
the understanding of sex disparities in airway diseases and as
a foundation for the development of novel therapies.

MATERIALS AND METHODS

Cell Culture and Lung Tissues

Cell lines T-47D (human breast cancer; ATCC, Manasas, VA), and
SW480 (human colon adenocarcinoma; provided by Brian Dieckgraefe,
Washington University, St. Louis, MO) were cultured in RPMI-1640
medium supplemented with 0.2 U/ml insulin and 10% FBS. Primary hu-
man tracheal epithelial cells (hnTECs) from healthy donors for lung
transplantation were cultured on membranes (Transwell; Corning,
Corning, NY) and differentiated using air-liquid interface (ALI) con-
ditions (27, 28). Lung tissues were from healthy donors (provided by
Michael Holtzman and John Battaile, Washington University). The
Institutional Review Committee at Washington University approved
all studies.

Cell Treatments

P4, E2, and mifepristone were solubilized in DMSO. The final DMSO
concentration in medium was 0.2%. Actinomycin D was solubilized in
water (2.5 pg/ml). All reagents were from Sigma-Aldrich (St. Louis,
MO).

Immunofluorescent Staining and Microscopy

See online supplement for details. Briefly, h\TECs on membranes were
fixed with 4% paraformaldehyde and processed on membranes as pre-
viously described (27), or embedded in paraffin and processed for sec-
tioning. hTECs and human lung deparaffinized sections were treated
with Antigen Unmasking Solution, pH 6.0 (Vector Laboratories, Bur-
lingame, CA). Primary antibody, mouse anti-acetylated a«-tubulin
(Sigma-Aldrich), rabbit anti-PR (sc-539; Santa Cruz Biotechnology,
Santa Cruz, CA), and mouse anti-Foxjl (29) were detected using sec-
ondary antibodies with Alexa Fluor dyes (Invitrogen, Carlsbad, CA).
PR was detected in paraffin-embedded tissues using a tyramide ampli-
fication modified from the manufacturer’s protocol (see the online sup-
plement). Immunofluorescent photomicrographs were obtained using
a Retiga 2000R camera and QCapture Pro software (both from Q
Imaging, Surrey, BC, Canada). Images were globally adjusted for con-
trast and brightness and composed using Photoshop and Illustrator
software (Adobe Systems, San Jose, CA).

Quantitative PCR

RNA was isolated using an Illustra RN Aspin kit (GE Healthcare, Buck-
inghamshire, UK). RNA was reverse transcribed using a cDNA Reverse
Transcription Kit, then amplified using the TagMan Fast Universal
PCR Master Mix (both from Applied Biosystems, Carlsbad, CA) with
PR primers 5-TGGAAGAAATGACTGCATCG-3' and 5'-TAGG
GCTTGGCTTTCATTTG-3' and probe (HS00172183_mL; Applied
Biosystems), as used by others to detect both PR-A and PR-B (30).
PR expression was normalized to glyceraldehyde 3-phosphate dehy-
drogenase expression.

Protein Blot Analysis

See the online supplement for details. Briefly, cells lysates were sepa-
rated by PAGE and transferred to polyvinylidene fluoride membranes
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(29). PR was detected using the anti-PR antibody (Santa Cruz Biotech-
nology). Densitometry of scanned immunoblot image was performed us-
ing Image J software (National Institutes of Health, Bethesda, MD) (31).

CBF Assay

See online supplement for details. Briefly, well differentiated hTECs
(ALI culture over 21 d) were imaged at 37°C on membranes using an
inverted microscope with a 20X phase contrast objective (Eclipse Ti-U;
Nikon, Melville, NY). Cilia beat was captured using a high-speed video
camera and analyzed using the Sisson-Ammons Video Analysis system
(Ammons Engineering, Mount Morris, MI) (32). At least five fields per
membrane were captured for whole-field analysis.

Statistical Analysis

For statistical analysis of RT-PCR, densitometry, and CBF data, an un-
paired ¢ test was used to compare two samples. ANOVA was used to
compare greater than two samples, with the Bonferroni correction used
for post hoc analysis.

RESULTS
PR Is Expressed in Cilia of Airway Epithelial Cells

To localize PR expression in lung, and specifically in airway ep-
ithelium, we used tracheal tissue obtained from healthy male and
female lung transplantation donors. PR was clearly present in
airways of samples from both sexes and colocalized with cilia
marker protein, acetylated a-tubulin (Figures 1A and 1B).
Within the cilia, immunostaining was restricted to the proximal
region (Figure 1B, insets). Evaluation of at least three different
donor samples from each sex, consistently revealed this pattern
of expression. This pattern of PR expression in airway epithelia
mirrors that seen in the ciliated epithelial cells of the oviduct
(12).

We next assayed PR expression in airway epithelium using
RT-PCR, immunoblotting, and immunostaining in single-donor
hTEC cultures as an enriched ciliated epithelial cell source (n = 3
independent donor preparations from each sex). Quantitative
PCR assay of PR expression in RNA from normal male and
female hTECs showed that total PR was of similar abundance
(Figure 1C) (33). Protein blot analysis demonstrated that PR-B
is more abundant than PR-A in both male and female hTEC
preparations (Figure 1D). There was a trend toward increased
expression of both isoforms in cells derived from female donors,
but this was not found to be significant (see Figure E1 in the
online supplement). To study PR expression further, we immu-
nostained primary culture hTECs differentiated at ALI. Identi-
cal to expression in lung sections, PR was colocalized with cilia
marker acetylated o-tubulin within the proximal region of the
cilia (Figure 1E). Importantly, all analyses showed similar PR
expression in samples from male and female donors.

PR Localization Is Differentiation and Ligand Dependent
in Airway Epithelial Cells

Given that hormone receptors are classically known to be nu-
clear receptors, we were interested in determining if the state
of differentiation and presence of ligand impacted the cellular
localization of PR in airway epithelial cells (34). Using hTEC
culture as a model of ciliated cell differentiation, we found that
undifferentiated airway epithelium (ALI Day 3) expressed PR
in the nucleus of cells before motile cilia formation (Figure 2A).
As ciliogenesis progressed, PR moved out of the nucleus into
the cytoplasm (e.g., ALI Day 14), and then into the cilia (e.g.,
ALI Day 22). We confirmed PR localization to be in the cyto-
plasm at the earliest stages of ciliogenesis by demonstrating
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cytoplasmic PR staining when the ciliogenesis-related transcrip-
tional factor, Foxjl, localized to the nucleus at a time when
motile cilia were yet to be generated (Figure 2A). The shift in
nuclear to cilia expression was observed in hTEC preparations
obtained from donors of both sexes, and PR remained in the
nucleus of some nonciliated cells.

We next examined PR trafficking under ligand-stimulated
conditions. We evaluated PR localization in well differentiated
hTEC preparations treated with P4 or mifepristone, a synthetic
steroid compound that serves as a competitive PR antagonist and
does not bind to the ERs (35). Although PR was expressed in
the cilia of nonstimulated, mature hTECs, P4 treatment (24 h)
resulted in PR trafficking to the nucleus and cytoplasm, an ef-
fect blocked by the simultaneous addition of mifepristone (Fig-
ure 2B). Similar effects were observed in cell preparations
from both men and women. Protein blot analysis showed no
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Figure 1. Progesterone (P4) receptor (PR) is
expressed in cilia of airway epithelial cells. (A) Lung
tissue from lung transplant donors of indicated sex
immunostained for PR (red) and cilia marker, acet-
ylated a-tubulin (a-tub; green), overlayed with dif-
ferential interference contrast microscopy images
show airway expression of PR in cilia. (B) Represen-
tative high-power images from (A) are shown. Rab-
bit 1IgG was substituted for anti-PR antibody in
samples shown in the far right panel. Image detail
shows PR expression in the proximal cilia (insets,
middle panels). Images are representative of at least
three samples from each sex. (C) Expression of PR
in RNA isolated from human tracheal epithelial cell
(hTEC) preparations relative to that in T-47D and
SWA480 cell lines. Shown are the mean (=SD) of PR
in hTEC preparations derived from three different
male and female donors, normalized to glyceralde-
hyde 3-phosphate dehydrogenase. (D) Protein blot
analysis for PR-A and -B isoforms in hTECs from four
different donors. (E) PR expression in cilia of fully
kDa differentiated hTEC preparation (male, air-liquid in-
terface [ALI] Day 70) immunostained as in (A),
viewed en face. Inset shows PR expression in hTECs
-75 sectioned from cells on membrane. Scale bars,
100 wm (A), 30 um (B), 10 wm (E).

significant change in PR expression during ligand stimulation
or antagonism (Figures 2C and 2D). These observations provide
further support for the hypothesis that one component of re-
ceptor engagement is ciliated cell specific.

P4 Decreased CBF in Airway Epithelial Cells

Prior studies in oviduct epithelium have shown that P4 inhibited
CBF, whereas E2 has little impact on CBF (25, 26). We thus
sought to determine if P4 also inhibits CBF in airway epithe-
lium under similar conditions. The mean (+SD) baseline CBF
in hTECs, before any treatment, was 9.8 (+0.9) Hz in 28 inde-
pendent preparations (female, 10.4 * 0.9 Hz, 12 independent
preparations; male, 9.3 = 0.2 Hz, 16 independent preparations;
P = 0.081). CBF preparations after application of P4 resulted
in a dose-dependent decrease in CBF compared with vehicle-
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treated samples, with a maximal nadir at 20 pM when mea-
sured at 24 hours (Figure 3A). The CBF inhibition by P4 was
time dependent, with the nadir occurring after 24 hours of
exposure, and was reversible 24 hours after the P4-containing
medium was replaced with fresh complete medium (washout
[WO]; Figure 3B). The effect in hTEC preparations from male
and female donors was not significantly different: the CBF after
20-uM P4 treatment for 24 hours was 4.75 (£0.38) in cells from
females and 5.51 (%0.45) in male donors (P = 0.22), but both
were significantly decreased compared with vehicle treatment
(Figure 3C). Additional CBF measurements obtained 5, 15,
and 30 minutes after P4 exposure showed no significant change
from baseline (Figure E2). Treatment with mifepristone
blocked the P4 inhibition of CBF, suggesting that the inhibition
is PR dependent (Figures 3D and 3E). We were also interested
in the effect of E2 on CBF and P4-mediated inhibition. E2
alone did not affect CBF. However, E2 prevented the P4-
mediated inhibition of CBF when added concurrently, reveal-
ing a balance in sex hormone function (Figure 3F).

Having observed the loss of P4-dependent inhibition of CBF
after WO (Figure 3B) and concurrent E2 treatment (Figure 3F),

mPR-B mBPR-A
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Figure 2. PR localization is differentiation and
ligand dependent in airway epithelial cells. (A)
Differentiation-dependent PR expression of hTEC
preparations immunostained for PR (red) and
acetylated a-tubulin (green) shown en face. Nu-
clei are stained with DAPI (blue). ALI Day 3 shows
PR in the nuclei of all cells. As differentiation pro-
ceeds, PR moves to the cytoplasm in some cells
(ALI Day 14). Inset shows hTECs immunostained
for PR (red) and Foxjl1 (green) during differentia-
tion, demonstrating cytoplasmic PR during early
ciliogenesis (ALI Day 11). In differentiated hTECs,
PR is expressed in the cilia (ALl Day 22). Top right
panel shows PR expression in cilia, and top left
panel shows PR expression in nuclei of nonciliated
cells, within a plane of focus below the level of the
cilia. (B) P4-induced nuclear localization of PR in
fully differentiated hTEC preparations. hTECs
treated with P4, mifepristone (Mife), or P4 plus
mifepristone, and immunostained as in (4). (C)
Protein blot analysis of hTECs treated as in (B)
show no change in the expression of PR isoforms.
(D) Densitometry analysis of studies in (C)
expressed as the mean (£SD) of fold change of
PR-A and -B normalized to actin and relative to
vehicle-treated samples from three independent
experiments. Scale bars, 10 um in (A and B).
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we next evaluated the associated changes in PR localization
within the cell. Consistent with the loss of inhibition of CBF
observed 24 hours after WO of P4, there was decreased nuclear
expression and return of PR to the cilia (Figure 3G). After WO,
some PR expression remained present within the cytoplasm and
nucleus. As expected, E2 did not change PR localization, and
P4 did not induce PR trafficking in the presence of E2 (Figure
3H). These observations further support an interplay of the two
sex hormones and a role for P4-mediated activation of PR in the
regulation of cilia function.

P4-Dependent Inhibition of CBF Is Abrogated
by Actinomycin

Temporal features of P4-mediated inhibition of CBF in mouse and
human fallopian tube suggest that both nongenomic and genomic
mechanisms are at play (36). However, in airway epithelia, the
relatively slow onset of inhibition of CBF and delayed reversal of
the P4 effect (24 h) supports a genomic response. We further
investigated this by pretreating cells for 24 hours with transcrip-
tion inhibitor, actinomycin D. Actinomycin D pretreatment,
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followed by the addition of P4 to actinomycin D for 24 hours,
resulted in the failure of P4 to inhibit CBF in hTECs (Figure 4A).
This effect occurred without a decrease in PR-A or -B expression
under treatment conditions, as determined by protein blot (Fig-
ure 4B) and densitometry analysis (Figure E3). These results
suggest that P4-induced inhibition of CBF is through a transcrip-
tional (genomic) program.

DISCUSSION

It has long been noted that women with asthma, bronchiectasis,
and related airway diseases are prone to a more aggressive
course than men (1-5, 21, 37), although the mechanism behind
this observation remains elusive. Sex hormones, such as estro-
gen and P4, are natural candidates to explain this disparity. In
the human lung, we show, for the first time, localization of PR
to motile cilia of airway epithelial cells and an inhibitory effect
of P4 on CBF that could be blocked by concurrent E2. After P4
ligand incubation, PR trafficked between the cilia and nucleus,
but was blocked by concurrent E2, indicating that the relative
balance of sex hormones could alter epithelial cell function. The
potent effect of P4 alone to slow CBF demonstrates the impor-
tance that shifts in hormones may have on the lung. Given the
critical role of cilia in mucociliary clearance, our observations

Figure 3. P4 decreased cilia

beat frequency (CBF) in hTEC

preparations. Baseline CBF was

s measured at time O before treat-
xx ments. (A) Dose-response of P4

on change in CBF measured after
24 hours of P4 treatment. *P <
0.001 relative to baseline. (B)
Time-dependent effect of P4 on
CBF relative to pretreatment
baseline with recovery after 24-
hour washout (WO). *P <
0.001 relative to 0-6 hours and
**P < 0.001 relative to 0-12
hours. (C) CBF measured 24
hours after P4 (20 M) or vehicle
of hTECs from female and male
donors. *P < 0.001 relative to
vehicle conditions. Baseline CBF

2 6 12 24 48 WO
Time (hours)

11

Vehicle

of male and female samples
was not different (P = 0.08).
(D and E) Effect of blockade of
P4 by Mife after 24 hours. *P <
0.001 relative to all other condi-
tions on absolute and relative
CBF. (F) 17B-estradiol (E2) pre-
vents P4 inhibition of CBF after
24 hours. *P < 0.001 relative to
all other conditions. Data shown

P4 P4 + Mife Mife

111

Vehicle

are the mean (=SD). CBF mea-
sured at 37°C from 5 to 10 fields
of each sample from 3 to 10
male and female donors. (G)
Representative images of PR lo-
calization after vehicle, P4 treat-
ment, and WO, demonstrating
PR trafficking. (H) E2 inhibits
P4-mediated PR trafficking. Cells
were immunostained as in Fig-
ure 2B. Scale bars, 10 pm in
(G and H).

P4 P4 + E2

contribute to work in this nascent area of investigation, which
we believe will now require concerted in vitro and in vivo stud-
ies to elucidate the biologic roles of the sex hormones in airway
disease.

The PR expression that we observed in the cilia of human air-
way epithelial cells mirrors that of oviduct epithelium (12) and in
the mouse airway (10, 12). PR expression in the airway was
dependent on both cell differentiation state and hormone envi-
ronment, similar to responses in the oviduct (12). In undiffer-
entiated airway epithelial cells, PR localized to the nucleus; as
differentiation progressed, PR trafficked to the cilia, suggesting
a highly regulated process in ciliated cells. However, PR
remained in the nucleus of a subpopulation of nonciliated cells,
as in the oviduct, possibly to engage in a different program.
Trafficking from the cilia back to the nucleus was also ligand
dependent, which may explain the clinical differences in the
severity of airway diseases in men and women. We found that
PR could be stimulated and trafficked in cells from both sexes,
indicating that the hormonal environment results in phenotypic
differences. In addition, we cannot exclude that engagement of
PR-A or -B isoforms may be different between sexes, or that
other endogenous steroids may alter expression. In contrast to
our finding that PR-B was dominant in hTECs, Shao and col-
leagues (13) reported dominant PR-A expression in the mouse
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Figure 4. P4-dependent inhibition of CBF is abrogated by actinomycin
D (AD). (A) CBF of hTEC preparations treated with vehicle, P4, P4 plus
AD, or AD alone at indicated times. *P < 0.001 relative to time 0. (B)
Representative protein blot analysis of PR expression after 24 hours, as
in Figure 2. Cells were exposed to AD for 24 hours before adding P4,
and were then treated for indicated additional times.

lung. This difference might be related to species or strain, tissue
examined, or the stage of development (9, 13).

A significant limitation in this work is that the dose of P4 used
in our experiments is higher than the typical circulating blood
levels in women. We did not perform detailed experiments to
quantify the amount of active P4 in the preparation we used
or receptor-ligand binding affinity assays in our system. How-
ever, the dose was similar to those used in prior studies in
oviduct of CBF (25, 26), and the P4 concentration in lung epi-
thelium or lining fluid is unknown. How the levels of P4 in the
lung surface fluid may affect CBF in vivo remains undefined.
Thus, given that little information is known about the concen-
tration of sex hormones in the lungs, in vivo studies are neces-
sary to confirm the impact of P4 on cilia function in the airway
epithelium.

The degree of P4-mediated inhibition of CBF was similar in
the oviduct and airway epithelia. In the oviduct, CBF was de-
pressed by approximately 50% in the presence of P4 concentra-
tions similar to those that we used (15, 25, 26). In contrast to
a rapid, nongenomic mechanism described in oviduct epithe-
lium, where specific interactions of sperm and ovum are re-
quired (36, 38), we found that the inhibition in the airway
epithelium and reversal was slow (24 h), suggesting that P4
transcriptionally reprograms the cell to regulate CBF. This
was supported by the ability of actinomycin D to completely
block the effect of P4 without diminishing PR expression, al-
though further studies will be required to confirm transcrip-
tional mechanisms. As noted, another class of P4 membrane
receptors, with structures unrelated to classic PR, are also
expressed in oviduct cilia. These may be responsible for rapid
responses (14), but we did not observe a significant acute
change in CBF (0-30 min) after the immediate addition of P4
to our hTEC preparations (Figure E2).

Factors that control PR-mediated CBF in oviduct and lung
are unknown; however, one potential regulator of CBF is the
cilia-based protein known as transient receptor potential cation
channel subfamily V member V4, which binds and is regulated by
PR (39). Transient receptor potential cation channel subfamily
V member V4 is a nonselective calcium channel that increases
intracellular calcium and CBF in response to shear stress and
increased viscosity (39). Several other intracellular signals have
been demonstrated to mediate changes of CBF in response to
stimuli, including B-adrenergic agonists, nitric oxide, and calcium
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(40-42). P4 has been shown to inhibit nitric oxide synthases in a
variety of cell types, and inhibition of these proteins is known to
inhibit CBF (40, 43, 44). It is also noteworthy that the expres-
sion of PR is restricted to the proximal cilia, a region that
corresponds with the transition zone, which, among other
functions, controls entry and assembly of proteins that move
in and out of the cilia, suggesting other mechanisms for CBF
regulation (45).

Physiologic roles for sex hormone receptors are evolving, and
the function of PR in the lung is unclear. In the oviduct, CBF
regulation of the speed at which the oocyte moves to the uterus
is an event without parallel in the lung. We could only speculate
that the effect of P4 on slowing CBF could work in concert with
P4-induced changes in ventilation (46), or with the effects of
estrogen. Regardless, our findings point to a balance between
the major female sex hormones, E2 and P4, which impact CBF.
This may be the case in the oviduct, where ERB is also
expressed in epithelial cell cilia. Although the function of this
ER in the oviduct relative to CBF is not defined, it has recently
been shown that, in the lung, ERPB mediates a rapid, nonge-
nomic effect to speed CBF (47, 48). In our studies, we did not
find that E2 alone directly affects CBF when assayed at 24
hours; however, E2 blocked P4-mediated CBF inhibition at that
time, emphasizing the importance of hormone balance. During
normal ovulatory cycles, both E2 and P4 are increased, whereas,
during pregnancy, P2 serum levels are high and E2 low. Women
with asthma are known to be prone to exacerbations during
pregnancy, but the protean physiologic changes of pregnancy
make it difficult to directly implicate P4 alone. Thus, P4 may
also function as a rheostat in the presence of other hormones
that increase CBF, such as endogenous catacholamines or sex
hormones, as levels change with pregnancy, normal ovulatory
cycles, and postmenopausal states.

The P4-associated fall in CBF that we saw was significant, al-
though CBF is only one tool used to assess mucociliary clearance.
The inhibitory effect of P4 on CBF does not necessarily translate
directly to a decrement in mucociliary clearance in vivo; how-
ever, the 40% fall in CBF is noteworthy relative to previous
studies. Freshly isolated epithelia from patients with chronic
obstructive pulmonary disease and pneumonia showed a 27%
decrease in CBF relative to healthy control subjects, cigarette
smoke condensate decreased forskolin-stimulated CBF by 21%
in human sinonasal epithelia, and alcohol increased CBF by
roughly 40% in isolated, demembranated cilia from bovine tra-
chea (42, 49, 50). In those reports, the effect of sex was not
studied, and we are not aware of studies that have specifically
assessed sex differences in mucociliary clearance.

In summary, this study indicates an important role for PR reg-
ulation in cilia function. Observations here lead to questions of
the role for PR in airway epithelial cell differentiation, injury,
and repair responses, and how this hormone impacts airway dis-
eases. Given the critical role of cilia function in airway clearance,
we suggest that our findings support a role of P4 in the variation
in airway diseases seen between males and females. Interest-
ingly, we are not aware of any published reports indicating
a sex disparity in patients with primary ciliary dyskinesia, possi-
bly due to the immotile state of their cilia being unable to re-
spond to differences in hormone environment, whereas a clear
female disadvantage has been described in other airway diseases,
such as CF and asthma (1-5). Studies to date have focused
primarily on potential advantages of increased CBF as a thera-
peutic intervention, rather than blocking inhibition. Further
work will be required to determine whether hormonal fluctua-
tions in people impact lung function or respiratory symptoms,
and whether hormone receptor manipulation may serve as a po-
tential therapy for patients with airway diseases.
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