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A B S T R A C T

Liver disease is a severe complication in patients with Cystic Fibrosis (CF), a genetic disease caused by mutations
in the gene encoding for cystic fibrosis transmembrane conductance regulator (CFTR) channel. The sequence of
events leading to CFLD is still unclear and has limited the development of more specific treatments other than
the bile acid UDCA. However, in the last twenty years, several gaps have been filled, which have mainly been
possible due to the availability of different animal models that mimic CF. CF mice, although they lack a spon-
taneous liver manifestation, have been essential to better understand the multiple functions of CFTR expression
on the apical membrane of cholangiocytes, from chloride channel to regulator of epithelial innate immunity.
Additionally, we have learned that the gut microbiota might be a pathogenetic factor for the development of
liver disease. The recent creation of novel CF animal models (i.e. pig and ferret) that better reproduce the human
disease, will allow for comparative studies with species that spontaneously develop the liver disease and will
hopefully lead to novel therapeutic treatments. In this review, we have compared and summarized the main
features of the current available CF animal models and their applicability for the study of the liver phenotype.

1. Introduction

Cystic Fibrosis (CF) is a life-threatening autosomal recessive disease
with high incidence in the Caucasian population [1]. CFTR, the gene
mutated in CF encodes a PKA/cAMP-activated chloride ion channel
belonging to the family of the ATP binding cassette (ABC) transporter
superfamily. CFTR is commonly expressed by secretory epithelia and CF
is considered a multi-organ disease [1–3].

Liver disease is a severe complication in cystic fibrosis and re-
presents the third most common cause of death for non-pulmonary
causes [4]. Cystic Fibrosis Liver Disease (CFLD) is phenotypically
characterized by distinct liver alterations that may vary from abnormal
liver enzymes, cholestasis, sclerosing cholangitis type of lesions that
progress to focal biliary cirrhosis and often in association with micro
gallbladder and liver steatosis [5,6].

CFTR is specifically expressed on the apical membrane of biliary
epithelial cells (i.e. cholangiocytes) where it maintains the chloride ion
gradient that drives the secretion into the bile of bicarbonate by anion

exchange-2 (AE2) and consequently the level of alkalization and hy-
dration of the bile [7,8].

The pathogenetic mechanisms leading to the liver disease are still
under investigation. A defective biliary secretion caused by the CFTR
dysfunction is the primary event but secondary insults are at a play to
drive the progression and severity of the disease [9,10].

Important advances in the field have been possible thanks to the
availability of animal models. CF researchers have made available a
wide range of animal models that include different species from small
rodents to larger mammals. Each of these models reproduce different
aspects of the disease, however, together they can be informative on the
impact of CFTR function in pathophysiology of the disease and how it
correlates with different phenotypes [11,12]. The development of novel
genome targeting technique will bring new advances to already existing
models and possibly help the search for curative options [13].

This review will make a critical comparison of the different ex-
perimental animals available or in development to model CF with
particular emphasis on their capability to reproduce the liver

https://doi.org/10.1016/j.bbadis.2018.07.026
Received 12 June 2018; Received in revised form 18 July 2018; Accepted 19 July 2018

Abbreviations: CF, Cystic Fibrosis; CFTR, Cystic Fibrosis Transmembrane Conductance Regulator; CFLD, Cystic Fibrosis Liver Disease; UDCA, ursodeoxycholic acid;
AE2, anion exchanger 2; DSS, dextran sodium sulfate; CaCC, Calcium activated Chloride Conductance; BAC, bacterial artificial chromosome; YAC, yeast artificial
chromosome; DIOS, distal intestinal obstruction syndrome; SIBO, small intestine bacterial overgrowth
☆ This article is part of a Special Issue entitled: Animal Models in Liver Disease edited by Peter Fickert and Martin Wagner
⁎ Corresponding author at: Section of Digestive Diseases, Liver Center, Yale University School of Medicine, Cedar Street 333, New Haven, CT 06511, USA.
E-mail address: carlo.spirli@yale.edu (C. Spirli).

BBA - Molecular Basis of Disease 1865 (2019) 965–969

Available online 30 July 2018
0925-4439/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2018.07.026
https://doi.org/10.1016/j.bbadis.2018.07.026
mailto:carlo.spirli@yale.edu
https://doi.org/10.1016/j.bbadis.2018.07.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2018.07.026&domain=pdf


phenotype.

2. Murine models and hepatobiliary disease development

Mutations of CFTR result in different grades of dysfunction of the
channel at the membrane of secretory epithelia [14]. To date, ap-
proximately 2000 mutations have been identified, but unfortunately
the functional importance is known for only about 200 of them. Based
on their functional alterations, most common mutations have been
grouped into six different classes that include mutations with a com-
plete absence of CFTR protein (Class I), with an altered traffic of a
misfolded protein that does not reach the apical membrane (Class II),
where CFTR protein is produced and inserted at the membrane but
lacks channel function (Class III), and with different degree of reduction
of the channel function (Classes IV–VI) [15]. The most common mu-
tation is the deletion of a phenylalanine at the position 508 (F508del)
that accounts for about 75% of mutated alleles in the European and
North American population. This class II mutation produces a misfolded
protein (not trafficking to the plasma membrane), with defective gating
and decreased CFTR half-life when rescued. Class I-III mutations are
causing the most severe defects [14,15].

An important landmark in CF research has been the cloning of the
CFTR gene in 1989 [16]. Soon later, several CF mutant mouse models
were generated [17]. Initially researchers concentrated their efforts on
the production of null mice by deleting specific portions of the murine
homolog gene to CFTR (cftr). In these mice, the CFTR protein is not
detectable and therefore they are comparable to a stop codon (Class I)
mutation [18]. CFTR null mice were generated in different genetic
backgrounds [19]. Since these models were not completely re-
presentative of the complexity of the CF human disease with the dif-
ferent spectrum of mutations, other models were created that mimic the
class II mutations F508del and G480C and the class III mutation G551D
[20–22].

The use of the mouse to model CF has certain advantages including
the short time to generate the animals and the relatively contained cost
of maintenance. However, physiological differences between the
human and the mouse species and the restricted environment to which
mice are exposed to has been a major challenge in the attempt to re-
produce a complex multi-organ disease as CF. Indeed, CF mice present a
mild (i.e. G480C, G551D) to severe (i.e. null, F508del) intestinal phe-
notype, similar to human patients, with intestinal obstructions at the
weaning, nutrient malabsorption, mucus accumulation and small in-
testinal bacterial overgrowth (SIBO) [17,20–22]. The incidence of de-
veloping intestinal obstruction (i.e. meconium ileum, MI) at the time of
weaning is quite high and to decrease the rate of mortality in these
mice, their diet is supplemented with laxatives (i.e. Poly Ethylene
Glycol; PEG) or substituted with a complete liquid diet (Peptamen,
Nestle) [17]. To overcome this complication, Whitsett lab was able to
introduce the expression of human CFTR using a fatty acid-binding
protein promoter in intestinal villus cells in null mice and generated a
gut-corrected strain where the intestinal phenotype is completely re-
covered [23]. Although not many studies have been performed using
the gut corrected strain, this is the first proof that transfer of the human
CFTR gene in epithelia that lack the expression of the protein can
correct the physiologic defect.

Despite the intestinal disease, CF mice lack the spontaneous devel-
opment of lung, pancreas and liver phenotypes unless they are aged
(12–24months) or challenged with toxic agents [24]. However, the
G551D mice represent an exception; in fact, a liver phenotype is de-
scribed although in a small percentage of animals [21]. The failure of
these models to reproduce the human CF disease has been mainly at-
tributed to the physiological differences in species. Specifically, mice
show a higher presence of CFTR-independent Calcium activated
Chloride Conductance (CaCC) that can mediate chloride efflux when
CFTR is not functional [11]. More recently, a discovery of TMEM16A as
the possible chloride channel that mediates CaCC [25] and its

expression has also been confirmed in biliary cells [26].
Pulmonary disease is the primary cause of mortality in CF patients

and therefore the need to reproduce the lung phenotype in CF animal
models is a high priority and has dictated most of the advances in the
field.

Studies of the lung have shown that when CF mice are challenged
with either bacterial pathogens or their components (i.e. Pseudomonas
aeruginosa, LPS), they develop an excessive inflammatory response
with a decreased clearance of bacteria as compared to normal mice
[27]. This observation suggests that the inflammatory response to pa-
thogens in the lung of CF mice is altered compared to normal mice, and
that external challenges are essential toward the development of a
phenotype.

The liver complication has often been overshadowed, however,
mice models have also been used to study the liver disease and despite
the lack of a spontaneous phenotype, several physiological similarities
are in common with the human disease.

Bile efflux and bicarbonate secretion are both decreased in CFTR
null and ΔF508 mice confirming the presence of a secretory defect
[28,29] and providing an in vivo model to test molecules or drugs able
to correct the defect. In this regard, our group has identified glib-
enclamide, a compound belonging to the family of sulfonylureas and
known to potentiate insulin secretion in β-cells, as a choleretic agent
that stimulates bile flow with a mechanism independent of CFTR
function. Our findings suggest that glibenclamide acts by stimulating a
Ca2+ and cAMP independent vesicular transport pathway that is pre-
served in the biliary epithelium of CFTR null mice [29].

CF mice were also useful to clarify the pharmacologic action of bile
acids (i.e. UDCA and nor-UDCA). UDCA is the elective treatment for CF
patients [30], however, a recent revision of the literature has shown a
lack of long-term clinical studies that support the efficacy of this
treatment [31]. UDCA has shown to stimulate bile secretion in vivo in
mice, but CFTR null and ΔF508 mice lack its choleretic effect. Indeed,
data from our group show that the mechanism of action of UDCA relies
on a CFTR-dependent secretion of ATP that stimulates purinergic sig-
naling on the apical membrane of cholangiocytes and that this effect is
blunted in CF [32]. On the contrary, nor-UDCA, (a side chain-modified
UDCA derivate, whose chemico-physical properties predispose to cho-
lehepatic shunting), was able to stimulate cholangiocyte secretion in
CFTR-KO mice, suggesting its potential beneficial effect in CF [28].

Despite the presence of a secretory defect, Bodewes et al. have also
shown that the bile acid composition of CFTR null mice differs from
normal mice [33]. The defect starts from the intestine, with an in-
creased fecal bile acid loss similar to what is seen in clinic in CF pa-
tients. On the other hand, this decreased amount of intestinal bile salt is
followed by a compensatory hepato-biliary production of primary bile
acids enriched in hydrophilic bile salt such as ursocholic acid (UCA)
and cholic acid (CA) [33]. A similar bile salt composition is also present
in the feces of these mice. Since a more hydrophilic bile is con-
ventionally less toxic, contrary to their expectations, the authors ex-
clude bile salt cytotoxicity as a main pathogenetic mechanism in CFLD.
Remarkably, this study points out that the different bile pool compo-
sition might be the result of a different biotransformation of bile acids
by an intestinal microflora with distinctive metabolic properties in CF
mice [33]. Similar alterations in the bile acid composition of CF mice
were described also by Debray et al. and explained by an alternative
mechanism. The authors show that the gallbladder of CFTR null mice is
enlarged and defective in emptying. This defective function of the
gallbladder results in a reduction of bile acid flux into the intestine that
reduces their enterohepatic circulation and favors a colecystohepatic
shunt that results in a decreased formation of secondary bile acids [34].

Among the different gastrointestinal manifestations, the presence of
a dysbiotic gut accompanied with increased intestinal permeability has
been described in CF patients and further confirmed in CF mice, and
represents an important factor in explaining the development of CFLD
[35,36].
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In this regard, our group and others have shown that in the CFTR-
KO model, induction of colitis with dextran‑sodium-sulfate (DSS), a
protocol known to cause increased intestinal permeability and portal
release of bacterial products, triggers biliary damage and inflammation
in CFTR-KO, but not in WT mice exposed to the same treatment
[37,38]. DSS induces a biliary damage, characterized by the expansion
of the ductular reactive component and portal inflammation, with ex-
tensive infiltration of neutrophils, similar to the focal lesion described
in patients. However, in this DSS model, administration of choleretic
bile acids (i.e. nor-UDCA) that improve bile secretion, has no effect on
the liver damage, suggesting that the secretory defect itself is not suf-
ficient to develop the liver disease. Instead, treatment with broad-
spectrum antibiotics causes a significant improvement of both the liver
damage and inflammation further reinforcing the link between the gut
and the liver [38]. Preliminary unpublished observations from our
group show that the gut microbiota component might not only have a
local effect on the bile acid metabolism as shown in the study by
Bodewes et al. [33], but possibly also play a causal role in the devel-
opment of the liver disease. Indeed, our data not only confirm the
presence of a dysbiotic gut in CFTR-KO mice but also point out the
presence of a more pro-inflammatory microflora that in the setting of
increased intestinal permeability would activate specific immune re-
sponses when translocated to the liver.

Remarkably, the original manuscript from 1996, describing the
presence of focal biliary cirrhosis in a small percentage of G551D mice,
reports that these mice were first generated in a pathogen-free facility
and followed by a move to a normal facility, where they were fed a
different diet [21]. Two decades later, our knowledge in the microbiota
field would certainly confirm that these mice were exposed to micro-
biota changes further suggesting the involvement of a liver-gut axis.

CF mice are also being used as an important source for cell isolation.
Our group has used both null and F508del mice for the isolation of
primary cultures of cholangiocytes [38–40]. In vitro data using isolated
cholangiocytes show that loss of CFTR at the membrane causes im-
portant structural and innate immune changes that predispose the
biliary cells to overreact when exposed to gut-derived endotoxin. These
results are a confirmation of the liver phenotype previously described in
CF mice treated with DSS. In fact, cholangiocytes isolated from CFTR-
KO mice have increased NF-kB activation and secrete more pro-in-
flammatory cytokines compared to normal ones that would create a
local inflammatory milieu [38]. Interestingly, our molecular data show
that CFTR is part of a complex at the membrane, with proteins that are
important to maintain an endotoxin tolerance against gut-derived en-
dotoxins. In CF cholangiocytes, this mechanism of tolerance is altered
and when the cells get in contact with bacterial derived components
they over-react [40]. These observations impose that CFLD might be the
result of a double component that involves the biliary cell in the liver
and the microbiota in the gut and explain how a second “hit” in addi-
tion to the genetic mutation is necessary to develop the liver disease.
New studies in the mouse model are needed to address the potential
causative role of the microbiota in the liver disease.

3. Large animal models

The use of mouse models in the last decade or so has undoubtedly
contributed to the understanding of many aspects of CF pathology and
has clarified that dysfunctions of different organs might be somehow
linked. However, the fact that several important biologic divergences
exist between mice and humans, together with a lack of spontaneous
manifestation of the CF disease in the mouse, has prompted researchers
to search for larger and more representative mammal models such as
the pig and the ferret [41].

Both these models are more representative of the CF manifestations
seen in patients but still present some challenges [11].

Pigs have several analogies with humans in terms of life span,
anatomy, physiology, size and genetics. The first CFTR null piglets were

born about ten years ago at the University of Iowa [42]. They presented
a very severe intestinal phenotype at birth characterized by meconium
ileus similar to what is observed in about 15% of CF patients. However,
in the piglets the defect is even more severe with a penetrance of 100%,
and they require almost immediate surgical procedure to alleviate the
intestinal obstructions and increase their survival. The same group also
generated the pig model carrying the most common ΔF508 CFTR mu-
tation [43]. Similar to the null allele, these piglets also suffered from
meconium ileus, which suggested that the residual activity of CFTR
protein that escape the ER and reach the membrane is not sufficient to
prevent the intestinal phenotype. Besides the disadvantage of the in-
testinal complication, as predicted, both pig models spontaneously
develop lung disease and present significant alterations of the pancreas
and liver similar to human patients [42–45].

The histological evaluation of the liver shows the presence of
chronic cellular inflammation at the level of the portal space with a
focal distribution in both null and ΔF508 mutated piglets [42–45].
More interesting is the finding that a few months after birth there is a
progression of the liver phenotype with the appearance of bridging fi-
brotic areas and steatosis, very consistent with what is seen in patients.
Also similar to CF patients, the CF piglets present a micro gallbladder
filled with a dense mix of mucus and bile [42–46].

Additional analysis of different epithelia, other than the intestine, in
piglets carrying the ΔF508 mutation confirmed the presence of a re-
sidual CFTR function (about 6% of the wild-type function), as result of a
small fraction of ΔF508-CFTR that escapes the ER and reaches the
apical membrane [44]. This result confirms previous in vitro data in cell
lines carrying the same mutation and suggests that such a CFTR residual
activity is not sufficient to prevent the different phenotypes in the pig.

An interesting anatomical feature of the pig is that the common bile
duct and the pancreatic duct openings to the intestine are anatomically
distinct [45]. Therefore, researchers were able to perform a detailed
analysis of the pancreatic and biliary fluid separately in CFTR-KO ani-
mals. The volume and pH of pancreatic fluid was found to be lower
compared to WT, and protein content was increased. Bile volume in
resting conditions was similar between CF and WT and the increase in
response to the physiologic hormone secretin was observed only in WT
piglets confirming the secretory defect in CF pigs [45].

Although the CF pig model is probably the most representative of
the human disease, it is also the most difficult to work with. The hus-
bandry cost and the specialized facilities needed for these large animals
certainly limit the widespread use of these animals by researchers in the
field.

A second CF animal model recently generated is the ferret [47]. The
ferret was chosen because, contrary to the mouse, its lung anatomy and
cell biology closely resemble those of humans. Their gestation time of
42 days is close to the mice. The first ferret was obtained by insertion of
a stop codon and the neomycin cassette into exon 10 of CFTR gene that
generates a null genotype.

Similar to the mice and the pig, the intestinal phenotype in the
CFTR-KO ferret is severe and about 75% of the kits dye within 24 h after
birth. A disadvantage of the ferret, compared to the pig is that the small
size of a ferret kit prevents the possibility of a surgical treatment. In
addition to the development of meconium ileus, the nutritional status of
newborn CF ferrets is severely compromised and reflects anatomical
differences in their intestinal tract, mainly the lack of a cecum and a
shorter intestinal transit. In those animals that were able to survive, the
pancreas shows histological lesions as seen in CF patients but less severe
compared to the pig model. While the liver histology of CFTR-KO fer-
rets appears normal, the serum analysis reveals increased levels of ALT
and bilirubin with decreased levels of cholesterol [12,47].

The CFTR-KO ferrets were treated with UDCA and proton-pump
inhibitors that were able to normalize the liver enzymes and improve
their nutritional status, but the cholesterol remained low [47]. Survival
in these animals was also compromised by development of multifocal
bronchopneumonia with severe lung damage, inflammation and
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bacterial colonization. Interestingly, a second study has shown that
several inflammatory pathways and airway innate immune mechanisms
are altered in the KO ferret before and immediately after birth.

Certainly the ferret has given encouraging results in reproducing CF
human disease and represents a good compromise compared to the pig
and its demanding costs. However, less tools are available to study the
ferret (i.e. specie-specific antibodies, growth factors, recombinant pro-
teins), which limit the isolation of cells. In addition, more work has to
be done to create ferret models carrying different CFTR human muta-
tion.

4. New models and future directions

With the advantage of novel genetic engineering approaches, new
CF animal models are currently under development (i.e. rat, rabbit)
[13]. These animals are still being characterized and there are no data
related to the liver phenotype.

The rat CFTR-KO model has been generated using Zinc-finger en-
donuclease (ZFN) technology [48]. This model has all the advantages of
the mouse including the short time for breeding, contained husbandry
costs and the availability of specie-specific molecular tools that for
example are still missing for the ferret (i.e. antibodies, recombinant
proteins). Some anatomical similarities with the humans, not present in
the mouse, such as the presence of submucosal glands were attracting
for lung researchers.

Indeed, the first results report that the rat reproduces several fea-
tures of CF human airway disease (i.e. mucus plugging, nasal and tra-
cheal electrophysiological defects). However, similar to the mouse
there was no evidence of spontaneous infections or inflammation in rat
airways [49].

A second model recently developed using CRISPR/Cas9 is the CF
rabbit, both CFTR null or carrying the ΔF508 mutation [50]. This model
was also generated because of the need of an easy animal model that
reproduces the lung phenotype. The CF rabbit is still at the initial
characterization stage, but preliminary evidence shows development of
a lung phenotype including the presence of bacterial infection in the
airways.

More recently CF researchers have been trying to generate a hu-
manized mouse model that expresses the human CFTR gene [51]. This
has been possible by using bacteria artificial chromosomes (BAC) or
yeast artificial chromosome (YAC) that allow the transfer of a large
genomic sequence, including regulatory elements such as promoters,
introns and flanking regions [52,53]. In the future, it will be likely
possible to use the CRISP/Cas9 gene editing technology to introduce
specific CFTR mutations and use this system for testing new treatments.

5. Conclusions

CF is a multi-organ disease and the use of in-vivo animal models is
necessary to have a more comprehensive understanding of the disease
to apply for the search of new therapies. Both small animal models (i.e.

mouse, rat) and larger mammals (i.e. rabbit, ferret, pig) have been
developed. Although all of these models have limitations and do not
fully recapitulate the human disease, the comparative analysis of CF
biology among species has been the most useful tool to understand the
pathophysiologic processes of CFTR in different organs (see Table 1).

In regard to the liver, most of these models have been shown to
recapitulate the secretory defect of the biliary epithelium. In the mouse,
the biliary secretory defect is not sufficient to spontaneously develop
the liver disease but it can be induced by treatment with DSS. In both
pigs and ferrets, that have a more severe intestinal phenotype, the liver
disease, similar to what is seen in the CF patients, appears earlier in life
and in the pig can progress to fibrosis. Several observations have sug-
gested that changes in the liver-gut axis play a role in the pathogenesis
of liver disease in CF and future studies will better clarify this aspect.

In summary, all the CF animal models developed so far will continue
to be an important tool to assist the CF researchers and in the era of
genome editing we expect they will generate new systems to test po-
tential treatments.
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