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Cystic fibrosis (CF) is the most frequent inherited disease in Caucasian populations and is due to a defect
in the expression or activity of a chloride channel encoded by the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) gene. Mutations in this gene affect organs with exocrine functions and the main
cause of morbidity and mortality for CF patients is the lung pathology in which the defect in CFTR
decreases chloride secretion, lowering the airway surface liquid height and increasing mucus viscosity.
The compromised ASL dynamics leads to a favorable environment for bacterial proliferation and sus-
tained inflammation resulting in epithelial lung tissue injury, fibrosis and remodeling. In CF, there exist
a difference in lung pathology between men and women that is termed the ‘‘CF gender gap’’. Recent stud-
ies have shown the prominent role of the most potent form of estrogen, 17b-estradiol in exacerbating
lung function in CF females and here, we review the role of this hormone in the CF gender dichotomy.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Cystic fibrosis (CF) is the most frequent inherited disease in
Caucasian populations. CF is caused by a mutation in the cystic
fibrosis transmembrane conductance regulator gene (cftr) leading
to a defect in ion transport across the epithelia of organs with exo-
crine function such as the lungs, pancreas, gastrointestinal and
reproductive tract. The CFTR protein is a chloride channel and its
most frequent mutation, resulting from a deletion of a phenylala-
nine in position 508 (F508del), creates a mis-folded protein that re-
mains in the endoplasmic reticulum and is degraded by the cell.
The foremost cause of morbidity and mortality in CF is the lung
pathophysiology [1]. The defect in Cl� secretion generates abnor-
mally thick, dehydrated and viscous mucus at the surface of the
airways preventing ciliary beat and providing a favorable environ-
ment for bacterial proliferation [2,3]. Staphylococcus aureus, Hae-
mophilus influenzae, and Pseudomonas aeruginosa are the main
bacteria found in CF patients lungs and there appearance is corre-
lated with increasing exacerbations and decreased lung function
[4]. The host response to this sustained infection implies a main-
tained inflammatory status characterized by increased levels of
cytokines (InterLeukin (IL)-8, IL-6, TNF-a, IL-1b) and infiltration
of the airways by neutrophils [5,6]. The vicious cycle of infectious
and inflammatory processes leads to structural changes and epi-
thelial tissue damage [7] that fails to repair in these conditions
[8,9]. In the intestines, the lack of CFTR causes meconium ileus in
CF newborns and distal intestinal obstruction syndrome may ap-
pear in CF adults [10]. In the pancreas, the thickened secretions
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block the excretion of digestive enzymes that help during digestion
resulting in damaged pancreatic ducts and pancreatitis [11]. As the
therapies have evolved, life expectancy for CF patients has signifi-
cantly increased and new CF related pathologies have appeared. In-
deed, mutations in CFTR also disrupt the endocrine function of the
pancreas, destructing the islets of Langerhans and leading to a spe-
cific type of diabetes called the cystic fibrosis-related diabetes
(CFRD) that shares specificities from both type I and type II diabe-
tes [12]. The reproductive tract is also affected as more than 95% of
male CF patients are infertile due to an absence of the vas deferens
[13] and female CF patients show a decreased fertility due to a
thickened cervical mucus and/or malnutrition [14].

Although life expectancy has greatly increased over the last
decade, there exist a difference in survival as well as in the patho-
physiology of CF between male and female patients. This difference
is termed the ‘‘CF gender gap’’ and increasing evidence point to-
wards estrogen as the prominent cause of this dichotomy [15–17].
2. The CF gender gap

Epidemiological differences between male and female CF pa-
tients have been observed and reported in the early literature. In
a study from 1996, Corey and Farewell analyzed the data from
3795 CF patients from the Canadian Cystic Fibrosis Foundation
from 1970 to 1989 [18]. They evaluated the frequency, prevalence
and mortality of CF in the Canadian population. Over the 20 year
period, they found an 8 years difference in the median survival
age between males and females. They also reported that until at
least 30 years of age, the difference in survival between sexes in-
creased. According to their study, this sex difference could not be
explained by poorer pulmonary function in females but was asso-
ciated with poorer weight maintenance although the analysis of
these data using a 3-variable model with sex, weight, and FEV1,
suggested a more complex relation between these parameters
and mortality [18]. Worse survival for females was confirmed in
a study from the UK in which the survival and mortality were eval-
uated in CF patients between 1947 and 2003. Their data show that
in their cohort, in 2003, the median age of survival was around
32 years old for females when it was around 42 for males [19].
Other studies from the US [16,20] and Italy [21], also reinforced
the existence of a CF gender gap and although the difference in
median age survival between CF men and women may differ from
one study to another or one country to another, there is now a
strong accumulation of evidence for a lower survival of CF females
compared to males and an association of female gender with worse
prognosis.

The absence of a molecular mechanism of the precise cause of
the CF gender gap as well as the decrease in difference between
males and females survival has recently provoked the re-evalua-
tion of the existence of a female-gender disadvantage. Indeed, Ver-
ma and colleagues, in a study from 2005, performed a retrospective
analysis of annual assessment data for the years 1993 and 2002 as
well as two longitudinal studies each lasting 5 years [22]. Their re-
sults showed no difference in survival between CF females and
males and even reported a better overall FEV1 percent predicted
in females than in males. Another recent study from Italy could
not find any gender difference in their cohort of more than 2000
CF patients although, due to CF, female patients lose their survival
advantage that is found in the general population [23]. Both stud-
ies included survival rates of young CF patients (children and ado-
lescents) and this might explain why the gender difference, likely
to occur after puberty, could not be observed.

In order to evaluate the existence of a CF gender gap in view of
the new types of treatments and the increased overall median age
survival, Kulich et al. used the Cox proportional hazards model to
study a cohort of more than 30,000 CF patients retrospectively
and showed that females had poorer prognosis than males [24].
More recently Jackson et al. reported the same type of results
and showed and improved overall CF survival in Ireland as well
as the existence of a CF gender gap in this cohort of 659 CF patients
[25]. It is therefore clear that female gender is associated with
worse prognosis and this is true in different cohorts and countries.

Recent literature has focused on determining the potential cru-
cial role of estrogen in the establishment of the CF gender gap.
3. Estrogen and the CF lung pathophysiology

Lung pathophysiology is the foremost cause of morbidity and
mortality in CF. Exacerbations in lung function in CF are character-
ized by a airway mucus plugging, a sustained bacterial infection
and inflammation vicious cycle leading to injured epithelium and
tissue destruction. In the following section we review the effects
of the estrogen 17b-estradiol (E2) on airway pathophysiology,
and the mechanisms of action involved in these processes. The pul-
monary epithelium is a target for steroid hormones and their ef-
fects on lung function, inflammatory and immune mechanisms
have been recently studied in-depth and a review is timely.
3.1. Ion transport

CF is caused by a defective Cl� channel resulting in imbalanced
ion transport across the epithelia lining the airways. The airway
epithelium is covered by an aqueous film termed the airway sur-
face liquid (ASL) composed of the periciliary layer and the mucus
layer and is the main barrier against the entry of pathogens into
the lungs. In non-CF subjects, the ASL height is tightly regulated
in order to maintain an approximately 7 lm height to allow cilia
beating and removal of trapped particles and pathogens in the mu-
cus layer [2]. Chloride secretion, Na+ absorption and K+ recycling
are mainly responsible for the transport of water and therefore
the hydration of the ASL. As in other epithelia, Na+ is transported
from the apical surface to the blood via apical membrane Na+ chan-
nel and the basolateral Na+/K+-ATPase. The recycling of K+ through
potassium-selective ion channels across the basolateral membrane
provides the driving force for Cl� secretion across the apical mem-
brane. Cl� is secreted from the basolateral to the apical side
through the Na+/K+/2Cl� co-transporter and apical Cl� channels
such as the cystic fibrosis transmembrane conductance regulator
(CFTR) or Ca2+-activated Cl� channels (CaCC). It has been shown
in CF that the ASL height is decreased compared to non-CF epithe-
lium and our group and others have shown that E2 causes a further
decrease in ASL height in CF epithelia. Until recently, little was
known about the effect of female hormones on airway epithelial
ion transport. It has been shown that estrogen may modulate ion
transport in airway epithelial cells and that this can have beneficial
or deleterious effects depending on the tissue compartment and on
the physiology/pathophysiology state of the airways [26–28]. Thus
it would appear that estrogen affects Na+ reabsorption and fluid
clearance in the lung. Indeed, Sweezey et al. in 1998 showed an in-
crease in ENaC activity and mRNA copies in isolated alveolar type II
epithelial cells due to E2 [29]. A later study by Laube et al. de-
scribed that a cocktail of estrogen and progesterone increased ba-
sal short-circuit current as well as amiloride- and ouabain-
sensitive currents in alveolar epithelial cells. This study also
showed, that these hormones increased the mRNA expression lev-
els of a- and b-ENaC subunits and the Na+/K+-ATPase b1 subunit
[27]. These results further indicate a regulatory role for female
sex hormones on Na+ absorption in airway epithelium with a phys-
iological consequence for alveolar airway fluid clearance. A recent
study has shown that the amiloride-insensitive nasal potential
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difference (NPD) increased in CF female patients during the luteal
phase (high estrogen + progesterone concentration) of the men-
strual cycle when compared to the follicular phase [30], probably
due to an altered transepithelial Na+ absorption. Other groups have
studied the effect of estrogen on Cl� transport in CF female patients
and in CF bronchial epithelial cell lines. Fanelli et al. showed an in-
crease of Cl� efflux in the CF bronchial epithelial cell line CFBE41o-
after 17b-estradiol treatment. This effect was due to an increase in
F508del-CFTR in the apical membrane through the up-regulation
of NHERF1 [31], although this does not correlate with different
studies supporting the deleterious effect of E2 in CF bronchial epi-
thelia. In 2008, Tarran’s group showed a decrease in UTP induced
nasal potential difference during high estrogen blood levels in CF
and non-CF female patients. From this observation, they studied
the effect of estrogen on nucleotide-mediated ASL regulation and
found that E2 decreased Ca2+ signalling and impaired ASL volume
homeostasis through the estrogen receptor ERa [32]. This group
had also shown recently that E2 inhibits Store-Operated Calcium
Entry (SOCE) through ERa, the inhibition of STIM oligomerization
and activation of Orai1. This prevents the activation of Ca2+ acti-
vated Cl� channels and could therefore further decrease ASL height
in CF female patients [33]. Results from our group, published very
recently, show that, in CF bronchial epithelial cell lines as well as
primary bronchial cells from CF female patients, E2 decreased sig-
nificantly ASL height and targeting specifically ENaC and the Na+/
K+ATPase through the activation of the PKCd in order to increase
Na+ and obligatory water absorption [34]. The rapid action of E2
on ASL height was shown to involve the activation of an extra-nu-
clear ERa with similar responses generated by a non-nuclear estro-
gen dendrimer conjugate [34], a compound allowing the
discrimination between genomic and non-genomic effects of E2
[35].
3.2. Infection and inflammation

A decisive predictive marker of the decline of pulmonary func-
tion in CF patients is the colonisation of the airways by P. aerugin-
osa (Psa), especially the mucoid form of this bacterium. Psa is a
gram-negative, monoflagellated bacterium that can switch from a
non-mucoid to a mucoid form through a large production of a poly-
saccharide, the alginate, which protects the biofilm bacteria
against the host’s innate immune system. Early cohort studies
showed an association between female gender and an earlier med-
ian age of chronic infection with mucoid Psa [15]. More than
15 years later, these results were reproduced in a study from Pitt-
man et al. in which they showed that there exist a stronger associ-
ation between the age of persistent Psa infection (as well as the age
at first Psa infection) and the severity of lung disease in females
than in males. These results have led some groups to study the po-
tential effect of E2 on the host innate immune system when chal-
lenge with Psa.

Estrogen has been shown to modulate the innate immune re-
sponse in macrophages [36]. In a very interesting study from
2010, CF mice, when injected with estrogen and then infected with
P. aeruginosa, showed an increase number of white blood cells and
PMN (polymorpho nuclear neutrophils) in the whole lung and in
the broncho-alveolar lavage. E2 exposure in the lung of CF mice in-
creased the inflammatory infiltrate, mucin and the mRNA levels of
Toll Like Receptor 2, InterLeukin (IL)-23 and IL-17A [37]. Secretory
leucoprotease inhibitor (SLPI) is an anti-protease that has shown
anti-inflammatory effects and is able to competitively bind to the
nuclear factor (NF)-jB DNA binding sites thus inhibiting this tran-
scription factor activation [38]. The study by Chotirmall et al.
(2010), showed that E2 up-regulates SLPI to inhibit NF-jB thus
reducing IL-8 production and compromising a protective
inflammatory processes leading to a rise in Psa infection and colo-
nization [39].

A more recent study from Chotirmall et al. reported that estro-
gen induced the production of alginate from the PAO1 Pa strain and
clinical isolates from CF patients as well as the transformation of
Psa from a non-mucoid to a mucoid form. The underlying molecu-
lar mechanism was shown to involve the spontaneous mutation in
mucA caused by the inhibition of catalase activity and increased
production of hydrogen peroxide by the Psa bacterium. In this pa-
per, the authors also report a very interesting correlation between
the concentration of plasma E2 from CF females and the number of
lung exacerbations. This correlation was not found in women using
oral contraceptives and these women showed lower rates of lung
function exacerbations. Of clinical significance, the study also
showed that mucoid bacteria were predominantly isolated during
high-estradiol phases of the menstrual cycle in CF females [40].

Although these studies already depict the deleterious effects of
estrogen on the infectious and inflammatory processes in CF fe-
male lungs, there exist more actors of the innate immunity and
the effect of the female hormone on these remain unknown. In-
deed, in non-CF healthy subjects, the eradication of bacteria such
as Psa involves the recognition of Pathogen Associated Molecular
Patterns (PAMPs) by the Pattern Recognition Receptors (PRRs). In
this innate immune system, the Toll-Like Receptors (TLRs) play
an important role in initiating the immune response by recogniz-
ing, in the case of Psa, the LPS or the flagellin [41]. Moreover, the
balance between proteases and anti-proteases also plays an impor-
tant role in the protection of the airways. Indeed, bacteria are able
to secrete virulence factors such as proteases in order to enhance
its survival. On the other hand, airway cells produce and secrete
anti-proteases such as a-1-antitrypsin, SLPI or elafin in order to
counter-balance the production of proteases by the pathogens or
the neutrophils and regulate their activity. Finally, epithelial cells
produce anti-microbial peptides that help to protect the lungs
against infection. These peptides, such as b-defensins, have been
reported to be decreased in bronchoalveolar lavages from CF pa-
tients [42]. These effects of estrogen on different aspects of the
lung immune system have not been reported so far and further
analysis is needed in order to evaluate their potential contribution
to the CF gender dichotomy.
3.3. Epithelial repair

Estrogen differently modulates cell proliferation and migration
depending on the tissue and the environment according to its ben-
eficial or deleterious effects in cancers [13,43,44]. In non-cancer
cells, E2 has been shown to regulate these processes and although,
to our knowledge, the effect of E2 on CF pulmonary epithelial re-
pair has yet to be evaluated, recent studies in other tissues suggest
that it could negatively regulate wound healing. A study from
Wang et al. showed that E2 delayed corneal epithelial wound re-
pair and that this process is mediated by ERa and ERb. This process
was correlated with a down-regulation of lipoxin A4 (LXA4)
expression and the E2-induced decrease in wound healing rate
was reversed by LXA4 [45]. Moreover, Buchanan et al. recently
showed that LXA4 activated K+ currents lead to an increased capac-
ity for epithelial repair in CF bronchial cell cultures [46]. Taken into
account the inhibitory effect of E2 on K+ channels shown by our
group [34], the overall picture strongly suggests that E2 could neg-
atively regulate epithelial wound healing of CF bronchial epithelia.
4. Other organs

As survival increases, CF patients are more at risk to develop
non-pulmonary CF-related diseases such as CF bone disease (CFBD)



Fig. 1. Molecular mechanisms of action of 17b-estradiol (E2) in CF lung involving:
(1) E2-membraneERa induced PKCd signal transduction to cause a compromised
airway liquid dynamics (ASL – airway liquid height, CBF – ciliary beat frequency)
and ion transport dysfunction (inhibited Cl� channels, activated Na+ channels); E2-
ERb induced stimulation of secretory leucoprotease inhibitor leading to inhibition
of NF-jB activation and IL-8 production/secretion leading to a compromised innate
immunity. Estrogen also enhances Pseudomonas aeruginosa mucoidy and biofilm
production.
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and CF related diabetes (CFRD). With improved health and in-
creased survival, more CF women have the desire to become preg-
nant but they face many more complications than non-CF pregnant
women.

Estrogen has been shown to regulate multiple physiological and
pathophysiological processes in many organs. Although, the effect
of E2 in organs affected by CF, other than the lungs, has been poorly
evaluated, there exist some interesting studies that can help in
understanding the cellular response to E2. In 2008, Fahey et al.
showed that in non-CF uterine epithelial cells, E2 blocked LPS-in-
duced cytokine secretion and induced SLPI secretion, as well as
increasing the production of antimicrobial peptides [47]. Taken to-
gether with the study from Chotirmall et al. [39], it may be envis-
aged that E2 could decrease uterine inflammation in CF females
which may in turn favor infection and modulate fertility.

It is widely known that, in the general population, the drop of
estrogen after menopause increases bone loss in women. In 2009,
Pashuck et al. showed, in a CF murine model, that female CF mice
had reduced mineralizing surface and bone formation rates than
their male counterparts [48].

Finally, 20% of CF adolescents and 40–50% of adult CF patients
develop CFRD [49]. A diagnosis of CFRD has been reported to be
associated with a worsened nutritional status, more severe lung
disease, and greater mortality [50]. Moreover, it has been shown
that diabetes is linked with a decreased survival in CF females
[51] although the sex difference between male and female mortal-
ity rates appear to narrow considerably [49].
5. Conclusions

There is now strong evidence from epidemiology, molecular
endocrinology and physiological studies that raised plasma levels
of estrogen can exacerbate lung pathophysiology and function in
CF females. The molecular basis for the CF gender gap involves a
compromised innate immune response via E2-ERb receptor signal
transduction to inhibit NF-jB transcription factor activation and
IL-8 production combined with a reduced airway surface liquid
dynamics arising from E2-ERa receptor signal transduction to acti-
vate ENaC Na+ absorption and dehydration of the periciliary layer
(Fig. 1). In addition, estrogen acts directly on P. aeruginosa conver-
sion to mucoid form and biofilm production completing a vicious
cycle of compromised mucocilairy clearance, infection and
inflammation.
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