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ABSTRACT
Dramatic changes in the life expectancy of cystic fibrosis (CF) patients are occurring, creating a cohort of aging individuals experiencing long-

term complications of this chronic disease. The two most common of these complications include CF-related diabetes and CF bone disease. The

clinical implications of each have become better understood, as have potential therapies. However, data obtained from the basic science

studies of both diseases have not been widely recognized. In this review, we focus on the known and hypothesized pathogenesis of these two

disorders. Additionally, the molecular underpinnings of CF will be explained along with the potential interactions with endocrine disease

phenotypes. J. Cell. Biochem. 108: 353–361, 2009. � 2009 Wiley-Liss, Inc.
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R ecently the cystic fibrosis (CF) Foundation reported that the

current median life expectancy for CF patients in the United

States is now 37.4 years [Cystic Fibrosis Foundation Patient

Registry, 2008]. This is remarkable, considering that 70 years ago

the life expectancy was less than 1 year, and had only improved to

16 years by the mid-1970s [Orenstein et al., 2002]. Affecting one in

3,500 children born each year, currently there are about 30,000

individuals with CF in the United States [Cystic Fibrosis Foundation

Patient Registry, 2008]. It continues to be the leading single gene

life limiting disorder in Caucasians. Some manifestations of CF

are due to defective chloride channel function of the CF

transmembrane conductance regulator (CFTR), while others are

believed to be the result of cellular responses to mutant CFTR

[Orenstein et al., 2002; Sagel and Accurso, 2002; Virella-Lowell

et al., 2004; Cystic Fibrosis Foundation Patient Registry, 2008;

Stalvey et al., 2008]. As patients continue to increase in age, new

complications are emerging. Presently, endocrine disorders asso-

ciated with CF are more common than other disease related co-

morbidities [Cystic Fibrosis Foundation Patient Registry, 2008]. This

review will discuss the two most common endocrine complications

observed in CF and the biological theories behind them.

Before beginning the discussion of the endocrine defects, one

must first consider the basic metabolic abnormality in CF. The CFTR

protein is a transmembrane glycoprotein from the ABC transporter

superfamily [Guggino and Stanton, 2006; Cheung and Deber, 2008].

Its 1,480 amino acid sequence resides on chromosome 7 in humans.

CFTR functions as an ATP-dependent regulator of chloride transport

at the apical surface of the epithelium of the airways and many
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exocrine gland ducts. Normal CFTR function allows for the regulated

flux of water into the lumen, bathing the epithelial surface.

Abnormalities of this airway surface fluid are implicated in the thick

viscous mucous accumulation observed in CF airways. Analogous

dysregulation of chloride and water results in the blockage of the

pancreatic ducts (thus earlier names: mucoviscidosis and mucoviscidosis

of the pancreas). The activity of the CFTR channel has been shown to

regulate the activity of other channels, such as ENaC, the calcium-

activated chloride channel, and the outwardly rectifying chloride

channel [Guggino and Stanton, 2006]. Although the significance of

many of these activities is still unknown, we will discuss potential

implications as they pertain to the endocrinologic system.

In the United States and Northern Europe, defects in CFTR most

commonly result from one specific mutation (DF508), which

demonstrates a strong founder effect [Rowntree and Harris, 2003;

O’Sullivan and Freedman, 2009]. This particular mutation results in

a misfolding of the CFTR protein, resulting in an endoplasmic

reticulum (ER) overload response. Misfolded CFTR is a target for

ubiquitination and proteosome mediated degradation. This inter-

rupts the normal trafficking of CFTR from the ER through the Golgi.

A small percentage of DF508 mutant CFTR molecules make it to the

surface of the cell, and demonstrate partial transporter activity.

In addition to trafficking mutants like DF508, there are four other

classes of mutations within the more than 2,000 that have been

identified [Rowntree and Harris, 2003; O’Sullivan and Freedman,

2009]. An abbreviated description of the class mutations follows.

Class I mutations are characterized by truncated and non-functional

CFTR proteins stemming from large deletions or stop codons. Class II
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mutations (which include DF508) result in CFTR proteins incapable

of proper folding, and are degraded by the cellular machinery,

resulting in absence of the CFTR at the cell surface. Class III

mutations are capable of reaching the cell surface, but are

unresponsive to regulation by ATP–cAMP interactions. Mutants

from Class IV also reach the cell surface, but do not demonstrate

normal chloride conductance. Finally, Class V mutations demon-

strate normal chloride conductance and regulation, but with a

quantitative reduction in the synthesis of the protein, and

subsequently a reduction in functional CFTR.

The discussion of class mutations illustrates one of the challenges

in translational research in CF. The earliest mouse models of CF

utilize a Cftr insertion, frame-shift and termination (an example of a

Class I mutation) [Snouwaert et al., 1992], whereas the most

common mutation seen worldwide in CF individuals are Class II

(DF508 frequency varies from 87% in Northern Europe to 28% in

Asia, worldwide 66%) [Dawson and Frossard, 2000]. The mutations

G542X and G551D have the greatest frequency following the DF508

(worldwide 2.4% and 1.6%) but depend on the individual population

background. Whereas the G542X mutation is a Class I defect (similar

to the animal model genotype), the G551D mutation is a Class III

defect [Rowntree and Harris, 2003; O’Sullivan and Freedman, 2009].

Given the potential for implications from the different mutation

classes, throughout this review we will attempt to specify and relate

back to them when relevant.

CYSTIC FIBROSIS RELATED DIABETES

A pediatric gastroenterologist named Harry Shwachman first

reported CF related diabetes (CFRD) in 1955 [Shwachman et al.,

1955]. At that particular time, the life expectancy of CF was less than

10 years. Since CFRD does not typically present prior to the second

decade of life, it is not surprising that Dr. Shwachman described the

case in a 5-year-old boy as follows:

The appearance of diabetes mellitus in a patient with

mucoviscidosis probably represents the superimposition of

one serious disease on another. Because of the rarity of this

combination of diseases, we present a case, perhaps the first

recorded instance of diabetes mellitus occurring with

mucoviscidosis [Shwachman et al., 1955].

Later, Rosan et al. [1962] reported 10 cases of CFRD out of

1,300 reviewed patients with CF. As the life expectancy of CF

increased, CFRD increased in frequency as well. It is the leading

co-morbidity associated with CF (20.6% of all individuals) [Cystic

Fibrosis Foundation Patient Registry, 2008]. It is a disorder that

increases in frequency as individuals age: 9% between the age of

5 and 9 years, 26% in 10 and 20 years of age [Moran et al., 1998], and

50% by the age of 30 years [Lanng et al., 1993a]. Even worse than the

increasing frequency of CFRD, is the impact on the underlying

health state. CFRD is associated with declines in weight, BMI,

lung function and overall clinical health [O’Riordan et al., 2008].

Interestingly, the most devastating finding may be limited to

women. In a study by Milla et al. (cohort of 1,081 subjects), they

reported the mean survival of men with CFRD was reduced by
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2 years from those unaffected, however a 16-year reduction in

survival was found in women with CFRD [Milla et al., 2005]. In a

separate, smaller study of 237 subjects, no difference in survival was

found between sexes [Bismuth et al., 2008]. Although a rationale for

these findings has not been established, there are other clinical and

phenotypical examples of differences in men and women with CF.

The pathogenesis of CFRD (as well as the clinical characteristics)

is unlike either type 1 diabetes (T1D) or type 2 diabetes (T2D). There

is no correlation with the genes that convey susceptibility to T1D

[Lanng et al., 1993a]. Additionally, unlike T2D, CF patients are

insulin sensitive at baseline [O’Riordan et al., 2008]. This can change

dramatically during exacerbations of endobronchial infection,

pregnancy or other intercurrent conditions. Ketoacidosis is rare with

CFRD, and diabetes-related complications are less frequent, as well.

Microvascular complications are rare prior to 10 years into the disease,

and macrovascular complications have not yet been reported.

Despite the description by Shwachman in 1955, it was not until

1969 that Handwerger et al. [1969] first described histologic findings

of the pancreatic islets in CF. In that article, they describe an

anatomic disruption of the islets, with total atrophy of the exocrine

gland tissue due to enzymatic digestion. In contrast, they reported

that the islets were intact, but condensed into small areas

surrounded by scarring. Handwerger postulated that the scarring

and disruption of the normal architecture resulted in decreased islet

action. Later investigators [Iannucci et al., 1984; Abdul-Karim et al.,

1986; Lohr et al., 1989] further described the CF chronic scarring and

replacement of acinar tissue by adipose tissue [Iannucci et al., 1984;

Abdul-Karim et al., 1986; Lohr et al., 1989]. Unlike the reports by

Handwerger, these studies detailed variable changes in the islets,

such as reductions in the insulin producing b cell numbers, while a

relatively unchanged or increased percentage of non-b cells (a and

d cells, discussed further later). An example of the chronic scarring

and adiposity, with close approximation of pancreatic islets is seen

in Figure 1 [Lohr et al., 1989].

During this time period, studies into insulin production and

sensitivity began. Wilmshurst et al. [1975] compared insulin

secretion and responses in eight male subjects with CF. Despite a

reduction in insulin levels during oral and intravenous glucose

tolerance testing, they described normal glucose clearance in

response to intravenous insulin [Wilmshurst et al., 1975]. Later Lippe

et al. [1980] reported an increase in insulin receptors, but decreased

receptor affinity, on peripheral monocytes. This finding was in the

presence of diminished insulin secretion and mild hyperglycemia

during oral glucose tolerance testing.

The primary characterization of CFRD is that of a partial insulin

deficiency and pancreatic islet b cell failure that worsens with

increasing age and glucose intolerance [Moran et al., 1991; Lanng

et al., 1993b]. This defect in insulin secretion is further delineated by

primarily a loss of first phase insulin, which precedes the diagnosis

of CFRD by multiple years [Hamdi et al., 1993; Cucinotta et al., 1994;

Garagorri et al., 2001]. Couce et al. describe an additional finding of

b cell dysfunction (consistent with T2D), with the presence of

amyloidosis in 69% of pancreatic samples obtained from individuals

with CFRD. They reported the presence of amyloid in 17% of samples

from patients with borderline CFRD and none in the non-diabetic CF

patients [Couce et al., 1996].
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Fig. 2. Proposed mechanistic development of CFRD: The development of

CFRD is a multifactoral process. It involves a complex dynamic of intermittent

insulin sensitivity and resistance with decreased insulin production, compli-

cated by the Cftr�/� mice to beta cell insult suggests an inherent defect in

islet function. (Broken lines represent potential contributions to disease.)

Reproduced from Stalvey et al. [2006] with permission.

Fig. 1. Pancreas section from a 16-year-old CF patient that reveals grouping

of islets, surrounded by fibrotic tissue and fat saponification. Immunohisto-

chemical staining for insulin markedly demonstrates the dense collection of

islets. Reproduced from Lohr et al. [1989] with permission.
More recently there is an emergence of research into the

mechanisms associated with CFRD. We have turned for a more

detailed understanding, from the cellular to the translational level.

In 2006, our laboratory reported an increased sensitivity to injury of

islets from Cftr-deficient (Cftr�/�) mice [Stalvey et al., 2006].

Following a low-dose chemical insult with streptozotocin (STZ),

Cftr�/� mice had an increased fasting glucose and greater overall

glucose concentrations after challenge with intraperitoneal glucose

challenge compared to control strains. Additionally, the degree of

hyperglycemia correlated with the number of residual islets in the

Cftr�/� mice following STZ. This correlation was not seen in the

control strains, maintaining normal blood glucose concentrations

despite similar numbers of islets. Based on our data, we concluded

an underlying defect in the Cftr�/� islets exists, that could

predispose towards CFRD (Fig. 2) [Stalvey et al., 2006]. Previously,

the assumption was the progressive pancreatic scarring resulted in

an eventual loss of islets. Since Cftr�/� mice do not develop

pancreatic scarring and loss, this could not be the sole mechanism.

That study further provoked a question long asked by

investigators: Is CFTR expressed on b cells? An answer was finally

supported by the identification CFTR in the islets of rat pancreas.

Boom et al. [2007] described the expression of CFTR via mRNA from
JOURNAL OF CELLULAR BIOCHEMISTRY
isolated islets as well as immunolocalization. This was further

detailed by the flow cytometry-separated islet cells, demonstrating a

greater expression of CFTR transcripts in non-b cell populations. In

situ immunocytochemistry with CFTR, somatostatin and glucagon

antibodies revealed the greatest accumulation of CFTR existing

on glucagon secreting a cells, less expression on b cells, and no

expression by somatostatin producing d cells.

Given these recent findings of CFTR expression in the pancreatic

islet, can the alterations in glucose metabolism found in CF be traced

back to molecular alterations as an effect of an aberrant CFTR?

Interestingly, the sulfonylurea receptor (SUR, which is integral to

b cell function) is part of the same ABC transporter subclass as the

CFTR, with high homology [Aguilar-Bryan and Bryan, 1999;

Gadsby et al., 2006; Aittoniemi et al., 2009]. As implied by Boom

et al. [2007], these findings have implications beyond the simple

expression of CFTR on islets, or even b cells. Similarly noted in the

lung of subjects with CF, the overall impact of dysfunctional

transporters is not directly related to the quantity of its expression.

This concept is further supported by the fact that CFTR coregulates

the activity of other ion channels [Guggino and Stanton, 2006].

Although b cells do not express a large amount of CFTR, the ability

to influence other channel activities could explain a significant role

of CFTR in insulin secretion. The secretion of insulin is dependent on

membrane depolarization, which is governed by ATP-sensitive

potassium channels (formed by two subunit proteins, SUR1 and

Kir6.2) [Nichols, 2006; Aittoniemi et al., 2009]. This depolarization

results in an influx of calcium via the opening of voltage-dependent

calcium channels, triggering the exocytosis of secretory granules

containing insulin. Alterations in the membrane potentials due to

defective CFTR, or other channels it regulates, could thus lead to

aberrant regulation of insulin secretion.

Potentially correlating CFTR genotype with phenotype, there is a

reduced frequency of CFRD in pancreatic sufficient patients

[Marshall et al., 2005; O’Riordan et al., 2008]. Previous theories

attributed this to the lack of pancreatitis and scarring. Not
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surprisingly, there is an association of pancreatic disease and the

‘‘more severe’’ Cftr mutations (Class I, II, or III), resulting from either

a homozygous or compound heterozygous state [Rowntree and

Harris, 2003]. At least one ‘‘mild mutation’’ is found in pancreatic

sufficient patients. As mentioned in the beginning of this review,

Classes I, II, and III are consistent with absent or the least functional

forms of CFTR. Could the class defect of the Cftr mutation directly

relate to the degree of functionality and control of the b cells? Is the

reduction in CFRD found in pancreatic sufficient patients a factor of

reduced pancreatic damage, or a product of a less severe impedance

of normal cellular function?

Furthermore, in the study of the pathogenesis of CFRD, we cannot

overlook the need for an improved understanding of the

consequences. As mentioned previously, evidence indicates a

reduction in overall health, lung function and potentially survival,

following the diagnosis of CFRD [O’Riordan et al., 2008]. This

mechanism is not entirely clear, especially given the mild

derangements of glucose control typically seen in CFRD patients.

Additionally, these additional CF-related complications found with

CFRD are not consistent with complications found in either type 1 or

type 2 diabetes. Outside of the contribution to a catabolic state by

hyperglycemia, or lack of an anabolic state by insulin deficiency,

little is understood about the mechanism corresponding to the

downward course seen after CF patients acquire CFRD. Earlier this

year however, we demonstrated a connection between hypergly-

cemia and immunologic changes utilizing our CFRD mouse model

[Stalvey et al., 2008]. In a comparison of Cftr�/� mice to C57BL/6J

and FVB/NJ, both normoglycemic and with our hyperglycemic

model, we found an increase in stimulated spleenocyte proliferation.

This Con-A stimulated response further correlated with degree

of fasting hyperglycemia found in the animal. Furthermore, we

reported increased levels of stimulated IL-10 concentrations in the

STZ-treated Cftr�/� compared to control strains and non-treated

Cftr�/� mice. IL-2 concentrations were also increased in Cftr�/�
mice, but were unrelated to STZ-treatment. Additionally, IL-10 has

previously been noted to increase lymphocyte proliferation in the

presence of IL-2. We concluded that newly increased IL-10 levels

worked in conjunction with the pre-existing IL-2, resulting in the

upregulation of the immune reactivity. Unfortunately, increased

levels of IL-10 have also been reported to suppress macrophage

activation and induce tolerance. In sum, we hypothesize that CFRD

results in a proinflammatory state that is less effective at clearance

of bacterial pathogens.

The further study of CFRD, outside of the clinical research arena,

will focus on additional genotype characterization in mouse models

and cellular pancreatic endocrine interactions (a, b, and d). As

we continue to learn more about the various CF genotypes, the

interaction of the CFTR beyond the epithelial surface, and the

embryological differentiation of the pancreas (as well as pancreatic

stem cells), we must return our attention to the cellular aspects of

the investigation. Outdated is the concept of simple long-term

pancreatitis, architectural remodeling and eventual loss of the

pancreatic islets by adipose replacement. New theories into

pancreatic stem cells, b cell reserve, islet regeneration and cross-

communication of pancreatic endocrine cells should instruct us to

revisit our understanding of CFRD pathogenesis.
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CYSTIC FIBROSIS BONE DISEASE

Mischler et al. [1979] detailed the first laboratory evidence, if not

also clinical findings, of bone disease in CF. In their article, they

describe the clinical observation of osteopenia in the routine chest

roentgenograms of 15 (out of 25) patients with CF. This observation

led to their study of bone mineral content (BMC) by direct photon

absorptiometry of the nondominant arm. The authors compared

63 measurements, from 27 subjects with CF. They contrasted these

findings to healthy control data obtained previously from 968 age

and sex matched individuals. Twelve of the 27 individuals studied

(44%) were found to have a BMC more than 2 SDS below control

subjects. Since bone width was reduced in CF, a correction of BMC

by bone width led to a reduction in this finding to nine of the CF

subjects. Additionally, reduction in BMC was more prominent in

females with (63%) than males (37%), although these differences

were not statistically significant. The most convincing evidence of

demineralization was found in the children greater than 13 years of

age (thus adolescent girls being of greatest risk). Furthermore, short

stature and delayed bone age complicated the picture with the

findings in the adolescent girls. Lastly, reduction in BMC directly

correlated with the extent of weight reduction.

The above study presented not only the first data consistent with

CF bone disease, it also began to note the chronic problems and

multiple systemic influences complicating the assessment of bone in

CF still noted today. Since this early report, there are now hundreds

of case reports, research articles and reviews. CF bone disease now

closely trails CFRD for the leading comorbidity in CF at 20.6% in

patients greater than 17 years of age [Cystic Fibrosis Foundation

Patient Registry, 2008]. Bone disease appears to be related to lung

health and malnutrition. Multiple studies describe the reduced bone

mineral density in children and adults with CF, however controversy

exists over the true risk of fracture for individuals with CF [Rossini

et al., 2004; Rovner et al., 2005; Stephenson et al., 2006]. Occurring

in males and females, conflicting data suggests that the risk of

fracture is greater in females [Aris et al., 1998]. In an extreme case

of pathologic fracture, Latzin et al. [2005] detail the fatal case of a

16-year-old girl with CF. Following a history of previous vertebral

fractures, she presented with severe respiratory distress secondary to

spontaneous sternal fracture.

CF bone disease is a classic example of a multifactoral disorder.

The early focus of CF care, and subsequent comorbidity care, was on

the nutritional aspect. Since more than 90% of CF individuals are

pancreatic exocrine insufficient, improving nutrition impacts a

large percentage of affected individuals [Cystic Fibrosis Foundation

Patient Registry, 2008]. Despite correction by enzyme and vitamin

replacement, increased demands and chronic catabolism still exist.

Deficiencies in vitamin D and calcium remain in CF patients,

complicating the overall picture. Data provided by Schulze et al.

[2003] demonstrated no difference in calcium absorption from the

gut in clinically stable CF girls. Additionally, Haworth et al. [2000]

examined postmortem vertebral samples from individuals with CF.

The authors found no changes consistent with vitamin D deficiency

osteomalacia, but severe osteopenia in trabecular and cortical

bone. Furthermore, there was evidence of decreased osteoblast and

increased osteoclast activity. In the next few factors of bone
JOURNAL OF CELLULAR BIOCHEMISTRY



disease, the major influence discussed will be the effects on those

same cells.

Abnormalities in vitamin D and calcium will imply interactions

with parathyroid hormone (PTH), and thus affect bone health in CF.

In response to reduced total body calcium, whether from reduced

vitamin D levels or increased calcium losses, increased levels of PTH

have been detected [Aris et al., 1999, 2002; Greer et al., 2003; Rovner

et al., 2007]. Increasing PTH will stimulate the conversion of the

storage form of vitamin D (25-OH vitamin D) to the active form

(1,25-OH vitamin D) and increase the resorption of bone to produce

calcium for the internal total body stores.

For many years, chronic use of corticosteroid therapy was blamed

for CF bone disease, a very rational point, especially in subjects

following lung transplantation. However, this cannot be the only

contribution to bone disease in CF, since it occurs across many

individuals with CF who do not receive glucocorticoids. Corticos-

teroids reduce calcium absorption from the gut, and increase urinary

calcium excretion. Additionally, there is suppression of gonadal

hormone production, as well as osteoblast formation of new

bone [Goodman et al., 2007]. Moreover, corticosteroids increase

osteoclastogenesis via increased production of receptor activator of

nuclear factor-kappa B ligand (RANKL) [Hofbauer et al., 1999].

Evidence suggests that the nuclear factor-kappa B (NFkB)

pathway is overall upregulated in individuals with CF [DiMango

et al., 1998; Rottner et al., 2007]. Thus, the influence of

inflammation, and a chronic pro-inflammatory state, may be

driving the increased osteoclast activity described by Haworth et al.

[2000] above. On a gross level, bone mineral content correlates

with mean IL-6 and CRP levels, as well as the number of days on

antibiotics, corticosteroids and colonization with Burkholderia

cepacia [Ionescu et al., 2000; Haworth et al., 2004; King et al., 2005].

At the cellular level, Shead et al. [2006] suggested an upregulation of

osteoclast precursors in CF patients during infective exacerbations,

specifically cells possessing the following molecular profile:

CD14þCD33þCD45þCD34�. Another study by Haworth et al.

[2004] reported increased levels of urinary markers for osteoclast

activity related to serum levels of IL-6.

Influences on the osteoblast cell line are primarily pro-anabolic

factors. Insulin stimulates endochondral bone growth, osteoblast

proliferation and function. Insulin deficiency, whether autoimmune

(in mouse or man) or chemically induced (in the mouse), it results in

reduced bone density and an increased risk of fractures [Botolin and

McCabe, 2007; Hamilton et al., 2009; Vestergaard et al., 2009]. The

deficiency noted in T1D appears to include diminished linear

bone growth during adolescence and puberty, decreased adult

bone density, increased risk of fracture and reduced bone healing

[Hadjidakis et al., 2006]. As described previously, CFRD is a

chronically progressive state of insulin deficiency that increases in

frequency and severity as patients age [Wilmshurst et al., 1975;

Dobson et al., 2004; O’Riordan et al., 2008]. Further echoing the

impact of insulin deficiency, data suggests there is an increase in

BMD in individuals with type 2 diabetes, but still an increase in

fracture risk [Hofbauer et al., 2007; Hadzibegovic et al., 2008; Rakel

et al., 2008; Melton et al., 2008a,b].

Animal studies of bone mineral disease and induced diabetes

have utilized the model of STZ-induced diabetes. Bone mineral
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density is significantly reduced in STZ models of diabetes [Hamada

et al., 2007]. Intuitively, one might expect that this reduction in bone

mineral density would be corrected by the replacement of insulin,

and this was observed in the model. Amylin, another product of

insulin producing b cells has been shown in improve bone mineral

density in the animal model [Horcajada-Molteni et al., 2001].

Pancreatic transplants in STZ-induced diabetic rats, normalizes

glucose tolerance and improves bone alkaline phosphatase (a

marker of bone formation) [Kato and Nozawa, 1994]. Insulin therapy

is associated with improved collagen production in these mice

[Umpierrez et al., 1989]. Additionally, insulin receptors are present

on osteoblasts and osteoblast-like cells with a high capacity for

insulin binding [Thomas et al., 1996; Fulzele et al., 2007]. Osteoblast

differentiation is decreased in STZ-induced diabetic animals

[Goodman and Hori, 1984; Lu et al., 2003]. Inversely, osteoblasts

increase proliferation when cultured with physiologic doses of

insulin.

Another pro-anabolic factor that appears to be decreased in CF is

insulin-like growth factor I (IGF-I). Laursen et al. [1999] reported

decreased IGF-I concentrations, despite normal stimulated growth

hormone (GH) responses, in a study of 20 individuals with CF.

They speculated a condition of GH resistance was the cause. Later,

in a multicenter trial by Hardin et al. [2005b], the authors reported

reduced concentrations of IGF-I in CF children despite nutritional

supplementation. GH supplementation, which effectively increases

concentrations of IGF-I, improves bone mineral accrual in CF

[Hardin et al., 2005a]. Furthermore, Gordon et al. [2006] demon-

strated a correlation between IGF-I concentrations and bone density

in CF. Similarly, Rosenberg et al. found decreased levels of IGF-I

concentrations and IGF-I mRNA in Cftr�/� mice.

Finally, one cannot overlook the pro-anabolic component of the

sex hormones on bone density in CF. Hypogonadism, whether

primary (such as in post-menopausal women) or secondary (such as

chronic disease or anorexia), is well associated with decreased bone

density. Both men and women with CF suffer significantly from

states of hypogonadism [Stead et al., 1987; Leifke et al., 2003].

Additionally, these findings are associated with an increase fractures

in adults with CF [Rossini et al., 2004].

Modeling this clinical entity in the laboratory has enhanced

both a direct and indirect understanding of disease. The first animal

study to examine bone disease in CF was performed by Dif et al.

[2004]. They examined 3-week-old female Cftr�/� mice. Mice

utilized by this particular experiment develop intestinal obstruction

and die when weaned to a normal chow diet. Evaluating the

animals at 3 weeks of age allowed for the comparison of wildtype,

heterozygote, and homozygote Cftr�/� animals maintained on

the same diet. These investigators discovered a reduction in bone

density in the Cftr�/� mice by Dual-energy X-ray absorptiometry

(DXA). Although this observation was confounded by the

reduced size and weight of Cftr�/� animals, further analysis

through covariance analysis and bone histomorphometry

revealed reduced bone density (as well as reduction in trabecular

bone volume, thickness and increased trabecular separation)

despite the small size. Additionally, the authors utilized a double

fluorochrome labeling technique to demonstrate a reduction in bone

formation.
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Fig. 3. Histomorphological sections obtained from distal femurs of

14-week-old male C57BL/6J (A), male C57BL/6J Cftr�/� (B), female

C57BL/6J (C), and female C57BL/6J Cftr�/� (D) mice. C57BL/6J Cftr�/�
mice have decreased trabecular bone volume as well as decreased trabecular

width. The reduced number of black-stained cancellous bone spicules is

especially apparent in the female C57BL/6J Cftr �/� mouse.

Magnification¼ 20�, Scale bars¼ 1 mm. Reproduced from Pashuck et al.

[2009] with permission.
Haston et al. [2008] later demonstrated the persistence of

osteopenia into adulthood of Cftr�/� mice. In that study, the

authors utilized a Cftr�/� mouse on a BALB background. Affected

mice were not gut-corrected and required additional therapy to

prevent intestinal obstruction. This therapy requires the addition of

polyethylene glycol to the animal’s drinking water. To control for

effects of the polyethylene glycol on bone mass, it was added to the

drinking water of the control animals as well. They evaluated

three time points (8, 12, and 28 weeks). Haston et al. evaluated bone

architecture through both micro-computed tomography (micro-CT)

and histomorphology. The use of micro-CT nullifies differences in

size and weight. Cftr�/� mice at all three time points were found to

have a reduced bone density, based on micro-CT and histomor-

phometry. At 8 weeks of age, they utilized only female mice (six CF

and six controls), whereas comparisons of BMD made at 12 and

28 weeks were made utilizing mixed male and female groups.

One major difficulty with studying mice at the age of 8 weeks is

the variability of pubertal development in Cftr�/� mice. Much like

the pubertal delay seen in humans with CF, Cftr�/� mice have

delayed puberty as determined by vaginal opening. Jin et al. [2006]

reported the mean timing of vaginal opening in wildtype animals

was delayed by a mean of nearly 18 days (from an age of 31.3 to

48.9 days) in Cftr�/� mice. This delay would confound the analysis

at 8 weeks of age. Wildtype mice will have 4 weeks of pubertal

hormone exposure at 8 weeks of age, and CF mice may be only

beginning puberty at that time.

In a recent investigation by our laboratory, we described reduced

bone mineral density in Cftr�/� mice, despite the fact that this

strain had undergone correction of the gut with the human CFTR

[Pashuck et al., 2009]. In our study, we compared 14-week-old

C57BL6 Cftr(�/�) FABP-hCftr(þ/þ) mice (male and female) against

C57BL/6J mice, for bone mineral density (by peripheral quantitative

computed tomography or pQCT and histomorphology) as well as

dynamic states of bone. Both male and female Cftr�/� mice had

reduced bone density compared to control mice (Fig. 3) [Pashuck

et al., 2009]. Additionally, male Cftr�/� mice revealed an increased

bone formation rate (via double-flourochrome labeling) when

compared to both control male mice as well as female Cftr�/� mice.

A major significance of this report, in addition to the findings

of sex differences that is commonly seen in clinical CF care, was

the finding of reduced bone density despite correction of the

gastrointestinal defect of previous animals. Our animals are able

to tolerate a normal diet, removing the confounding effects of

nutritional inadequacies.

The summative findings of the murine data, given the ability to

remove other clinical variables, imply an inherent defect in the

CF genotype. These findings are further supported by detection of

the CFTR transporter at the site of bone growth and metabolism.

Shead et al. in Thorax [2007] reported expression of CFTR on both

human osteoblasts and osteoclasts. This expression further echoes

the increasing number of locations demonstrating CFTR expression

beyond epithelial cells, and directly links the genotype to bone

metabolism. The significance of this expression remains unclear.

However, given the ability of CFTR to regulate other ion channels,

the possibility of a direct effect on cellular differentiation, bone

matrix maturation and calcification cannot be ignored.
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The future of bone research in CF will focus on two major

aims. The first major unknown is the influence and activity of the

CFTR transporter on the osteoblasts and osteoclasts. This may be

elucidated through in vitro analysis of osteoblast and osteoclast

differentiation, cellular expression and activity. This question could

be explored further by the use of CFTR inhibitors, as well as by

correction of the CFTR defect. Secondly, the in vivo study of the CF

phenotype and potential confounding variables should lead to an

improved understanding of the impact and predictors of clinical

disease. Additionally, new research techniques into limited

expression of the CF genotype may provide further knowledge to

the significance of in vivo expression.

OTHER ENDOCRINOPATHIES

Additional endocrine disorders are associated with CF, but much less

descriptive data is available at this time. Disorders of sex-hormone

production occur, as mentioned previously in regards to the impact

on bone health, however limited data exists to the exact frequency

or etiology. Leifke et al. [2003] reported a finding of low testosterone
JOURNAL OF CELLULAR BIOCHEMISTRY



levels in 28% of the CF men they studied, and years earlier Stead

et al. reported 27% of adolescent and adult women had amenorrhea

[Stead et al., 1987; Leifke et al., 2003]. These findings are likely a

reflection of central hypogonadism, from chronic inflammation

and/or total body wasting. Similarly, abnormalities in thyroid

function are documented, but limited to mostly case reports and

probably also driven by chronic inflammation and wasting as

well [Segall-Blank et al., 1981; De Luca et al., 1982; Knopfle, 1985].

Furthermore, abnormalities in PTH production have a clear

physiologic link to circulating calcium levels.

SUMMARY

As the life expectancy of individuals with CF continue to grow, the

incidence of endocrinologic comorbid disorders will increase. This

review focused primarily on the two most prominent, CFRD and CF

bone disease. The frequency of both disorders appears to be directly

related to the increasing age of the CF population. Moreover, both

disorders appear to have a pathogenesis and overall impact on

disease that is directly related to the genetic defect in CFTR.

Additional studies are necessary to fully appreciate the molecular

interactions and etiologies of these problems. In some cases, it is the

next logical step in the understanding of the disorder, its systemic

consequences, and the potential for intervention. In other instances,

it will be necessary to reject our preconceptions about disease

pathology, and embrace new understandings of molecular inter-

actions on cellular differentiation. Only then will we be able to keep

up with the growing problems associated with our expanding

patient population.

REFERENCES

Abdul-Karim FW, Dahms BB, Velasco ME, Rodman HM. 1986. Islets of
Langerhans in adolescents and adults with cystic fibrosis. A quantitative
study. Arch Pathol Lab Med 110:602–606.

Aguilar-Bryan L, Bryan J. 1999. Molecular biology of adenosine
triphosphate-sensitive potassium channels. Endocr Rev 20:101–135.

Aittoniemi J, Fotinou C, Craig TJ, de Wet H, Proks P, Ashcroft FM. 2009.
Review. SUR1: A unique ATP-binding cassette protein that functions as an
ion channel regulator. Philos Trans R Soc Lond B Biol Sci 364:257–267.

Aris RM, Renner JB, Winders AD, Buell HE, Riggs DB, Lester GE, Ontjes DA.
1998. Increased rate of fractures and severe kyphosis: Sequelae of living into
adulthood with cystic fibrosis. Ann Intern Med 128:186–193.

Aris RM, Lester GE, Dingman S, Ontjes DA. 1999. Altered calcium home-
ostasis in adults with cystic fibrosis. Osteoporos Int 10:102–108.

Aris RM, Ontjes DA, Buell HE, Blackwood AD, Lark RK, Caminiti M, Brown
SA, Renner JB, Chalermskulrat W, Lester GE. 2002. Abnormal bone turnover
in cystic fibrosis adults. Osteoporos Int 13:151–157.

Bismuth E, Laborde K, Taupin P, Velho G, Ribault V, Jennane F, Grasset E,
Sermet I, de Blic J, Lenoir G, Robert JJ. 2008. Glucose tolerance and insulin
secretion, morbidity, and death in patients with cystic fibrosis. J Pediatr 152:
540–545, 545 e1.

Boom A, Lybaert P, Pollet JF, Jacobs P, Jijakli H, Golstein PE, Sener A,
Malaisse WJ, Beauwens R. 2007. Expression and localization of cystic
fibrosis transmembrane conductance regulator in the rat endocrine pancreas.
Endocrine 32:197–205.
JOURNAL OF CELLULAR BIOCHEMISTRY
Botolin S, McCabe LR. 2007. Bone loss and increased bone adiposity in
spontaneous and pharmacologically induced diabetic mice. Endocrinology
148:198–205.

Cheung JC, Deber CM. 2008. Misfolding of the cystic fibrosis transmembrane
conductance regulator and disease. Biochemistry 47:1465–1473.

Couce M, O’Brien TD, Moran A, Roche PC, Butler PC. 1996. Diabetes mellitus
in cystic fibrosis is characterized by islet amyloidosis. J Clin Endocrinol
Metab 81:1267–1272.

Cucinotta D, De Luca F, Arrigo T, Di Benedetto A, Sferlazzas C, Gigante A,
Rigoli L, Magazzu G. 1994. First-phase insulin response to intravenous
glucose in cystic fibrosis patients with different degrees of glucose tolerance.
J Pediatr Endocrinol 7:13–17.

Cystic Fibrosis Foundation Patient Registry. 2008. 2007 Annual Data Report.
Bethesda, Maryland: Cystic Fibrosis Foundation Patient Registry.

Dawson KP, Frossard PM. 2000. The geographic distribution of cystic fibrosis
mutations gives clues about population origins. Eur J Pediatr 159:496–499.

De Luca F, Trimarchi F, Sferlazzas C, Benvenga S, Costante G, Mami C,
Di Pasquale G, Magazzu G. 1982. Thyroid function in children with cystic
fibrosis. Eur J Pediatr 138:327–330.

Dif F, Marty C, Baudoin C, de Vernejoul MC, Levi G. 2004. Severe osteopenia
in CFTR-null mice. Bone 35:595–603.

DiMango E, Ratner AJ, Bryan R, Tabibi S, Prince A. 1998. Activation of
NF-kappaB by adherent Pseudomonas aeruginosa in normal and cystic
fibrosis respiratory epithelial cells. J Clin Invest 101:2598–2605.

Dobson L, Sheldon CD, Hattersley AT. 2004. Understanding cystic-fibrosis-
related diabetes: Best thought of as insulin deficiency? J R Soc Med 97(44):
26–35.

Fulzele K, Digirolamo DJ, Liu Z, Xu J, Messina JL, Clemens TL. 2007.
Disruption of the IGF-1 receptor in osteoblasts enhances insulin signaling
and action. J Biol Chem 282:25649–25658.

Gadsby DC, Vergani P, Csanady L. 2006. The ABC protein turned chloride
channel whose failure causes cystic fibrosis. Nature 440:477–483.

Garagorri JM, Rodriguez G, Ros L, Sanchez A. 2001. Early detection of
impaired glucose tolerance in patients with cystic fibrosis and predisposition
factors. J Pediatr Endocrinol Metab 14:53–60.

Goodman WG, Hori MT. 1984. Diminished bone formation in experimental
diabetes. Relationship to osteoid maturation and mineralization. Diabetes
33:825–831.

Goodman SB, Jiranek W, Petrow E, Yasko AW. . The effects of medications on
bone. J Am Acad Orthop Surg 15:450–460.

Gordon CM, Binello E, LeBoff MS, Wohl ME, Rosen CJ, Colin AA. 2006.
Relationship between insulin-like growth factor I, dehydroepiandrosterone
sulfate and proresorptive cytokines and bone density in cystic fibrosis.
Osteoporos Int 17:783–790.

Greer RM, Buntain HM, Potter JM, Wainwright CE, Wong JC, O’Rourke PK,
Francis PW, Bell SC, Batch JA. 2003. Abnormalities of the PTH-vitamin D
axis and bone turnover markers in children, adolescents and adults
with cystic fibrosis: Comparison with healthy controls. Osteoporos Int 14:
404–411.

Guggino WB, Stanton BA. 2006. New insights into cystic fibrosis: Molecular
switches that regulate CFTR. Nat Rev Mol Cell Biol 7:426–436.

Hadjidakis DJ, Raptis AE, Sfakianakis M, Mylonakis A, Raptis SA. 2006. Bone
mineral density of both genders in Type 1 diabetes according to bone
composition. J Diabetes Complications 20:302–307.

Hadzibegovic I, Miskic B, Cosic V, Prvulovic D, Bistrovic D. 2008. Increased
bone mineral density in postmenopausal women with type 2 diabetes
mellitus. Ann Saudi Med 28:102–104.

Hamada Y, Kitazawa S, Kitazawa R, Fujii H, Kasuga M, Fukagawa M. 2007.
Histomorphometric analysis of diabetic osteopenia in streptozotocin-
induced diabetic mice: A possible role of oxidative stress. Bone 40:1408–
1414.
ENDOCRINE PARAMETERS OF CYSTIC FIBROSIS 359



Hamdi I, Green M, Shneerson JM, Palmer CR, Hales CN. 1993. Proinsulin,
proinsulin intermediate and insulin in cystic fibrosis. Clin Endocrinol (Oxf)
39:21–26.

Hamilton EJ, Rakic V, Davis WA, Chubb SA, Kamber N, Prince RL, Davis TM.
2009. Prevalence and predictors of osteopenia and osteoporosis in adults
with Type 1 diabetes. Diabet Med 26:45–52.

Handwerger S, Roth J, Gorden P, Di Sant’ Agnese P, Carpenter DF, Peter G.
1969. Glucose intolerance in cystic fibrosis. N Engl J Med 281:451–
461.

Hardin DS, Ahn C, Prestidge C, Seilheimer DK, Ellis KJ. 2005a. Growth
hormone improves bone mineral content in children with cystic fibrosis.
J Pediatr Endocrinol Metab 18:589–595.

Hardin DS, Rice J, Ahn C, Ferkol T, Howenstine M, Spears S, Prestidge C,
Seilheimer DK, Shepherd R. 2005b. Growth hormone treatment enhances
nutrition and growth in children with cystic fibrosis receiving enteral
nutrition. J Pediatr 146:324–328.

Haston CK, Li W, Li A, Lafleur M, Henderson JE. 2008. Persistent osteopenia
in adult cystic fibrosis transmembrane conductance regulator-deficient mice.
Am J Respir Crit Care Med 177:309–315.

Haworth CS, Webb AK, Egan JJ, Selby PL, Hasleton PS, Bishop PW, Freemont
TJ. 2000. Bone histomorphometry in adult patients with cystic fibrosis. Chest
118:434–439.

Haworth CS, Selby PL, Webb AK, Martin L, Elborn JS, Sharples LD, Adams JE.
2004. Inflammatory related changes in bone mineral content in adults with
cystic fibrosis. Thorax 59:613–617.

Hofbauer LC, Gori F, Riggs BL, Lacey DL, Dunstan CR, Spelsberg TC, Khosla S.
1999. Stimulation of osteoprotegerin ligand and inhibition of osteoprote-
gerin production by glucocorticoids in human osteoblastic lineage cells:
Potential paracrine mechanisms of glucocorticoid-induced osteoporosis.
Endocrinology 140:4382–4389.

Hofbauer LC, Brueck CC, Singh SK, Dobnig H. 2007. Osteoporosis in patients
with diabetes mellitus. J Bone Miner Res 22:1317–1328.

Horcajada-Molteni MN, Chanteranne B, Lebecque P, Davicco MJ, Coxam V,
Young A, Barlet JP. 2001. Amylin and bone metabolism in streptozotocin-
induced diabetic rats. J Bone Miner Res 16:958–965.

Iannucci A, Mukai K, Johnson D, Burke B. 1984. Endocrine pancreas in cystic
fibrosis: An immunohistochemical study. Hum Pathol 15:278–284.

Ionescu AA, Nixon LS, Evans WD, Stone MD, Lewis-Jenkins V, Chatham K,
Shale DJ. 2000. Bone density, body composition, and inflammatory status in
cystic fibrosis. Am J Respir Crit Care Med 162:789–794.

Jin R, Hodges CA, Drumm ML, Palmert MR. 2006. The cystic fibrosis
transmembrane conductance regulator (Cftr) modulates the timing of pub-
erty in mice. J Med Genet 43:e29.

Kato H, Nozawa M. 1994. Effects of pancreatic transplantation on osteopenia
in streptozotocin-induced non-insulin-dependent diabetic rats. Nippon
Seikeigeka Gakkai Zasshi 68:970–977.

King SJ, Topliss DJ, Kotsimbos T, Nyulasi IB, Bailey M, Ebeling PR, Wilson
JW. 2005. Reduced bone density in cystic fibrosis: DeltaF508 mutation is an
independent risk factor. Eur Respir J 25:54–61.

Knopfle G. 1985. The thyroid hormone system in mucoviscidosis. Klin
Padiatr 197:481–488.

Lanng S, Thorsteinsson B, Pociot F, Marshall MO, Madsen HO, Schwartz M,
Nerup J, Koch C. 1993a. Diabetes mellitus in cystic fibrosis: Genetic and
immunological markers. Acta Paediatr 82:150–154.

Lanng S, Thorsteinsson B, Roder ME, Orskov C, Holst JJ, Nerup J, Koch C.
1993b. Pancreas and gut hormone responses to oral glucose and intravenous
glucagon in cystic fibrosis patients with normal, impaired, and diabetic
glucose tolerance. Acta Endocrinol (Copenh) 128:207–214.

Latzin P, Griese M, Hermanns V, Kammer B. 2005. Sternal fracture with fatal
outcome in cystic fibrosis. Thorax 60:616.
360 ENDOCRINE PARAMETERS OF CYSTIC FIBROSIS
Laursen EM, Lanng S, Rasmussen MH, Koch C, Skakkebaek NE, Muller J.
1999. Normal spontaneous and stimulated GH levels despite decreased IGF-I
concentrations in cystic fibrosis patients. Eur J Endocrinol 140:315–321.

Leifke E, Friemert M, Heilmann M, Puvogel N, Smaczny C, von zur Muhlen A,
Brabant G. 2003. Sex steroids and body composition in men with cystic
fibrosis. Eur J Endocrinol 148:551–557.

Lippe BM, Kaplan SA, Neufeld ND, Smith A, Scott M. 1980. Insulin receptors
in cystic fibrosis: Increased receptor number and altered affinity. Pediatrics
65:1018–1022.

Lohr M, Goertchen P, Nizze H, Gould NS, Gould VE, Oberholzer M, Heitz PU,
Kloppel G. 1989. Cystic fibrosis associated islet changes may provide a basis
for diabetes. An immunocytochemical and morphometrical study. Virchows
Arch A Pathol Anat Histopathol 414:179–185.

Lu H, Kraut D, Gerstenfeld LC, Graves DT. 2003. Diabetes interferes with the
bone formation by affecting the expression of transcription factors that
regulate osteoblast differentiation. Endocrinology 144:346–352.

Marshall BC, Butler SM, Stoddard M, Moran AM, Liou TG, Morgan WJ. 2005.
Epidemiology of cystic fibrosis-related diabetes. J Pediatr 146:681–687.

Melton LJ III, Leibson CL, Achenbach SJ, Therneau TM, Khosla S. 2008a.
Fracture risk in type 2 diabetes: Update of a population-based study. J Bone
Miner Res 23:1334–1342.

Melton LJ III, Riggs BL, Leibson CL, Achenbach SJ, Camp JJ, Bouxsein ML,
Atkinson EJ, Robb RA, Khosla S. 2008b. A bone structural basis for fracture
risk in diabetes. J Clin Endocrinol Metab 93:4804–4809.

Milla CE, Billings J, Moran A. 2005. Diabetes is associated with dramatically
decreased survival in female but not male subjects with cystic fibrosis.
Diabetes Care 28:2141–2144.

Mischler EH, Chesney PJ, Chesney RW, Mazess RB. 1979. Demineralization in
cystic fibrosis detected by direct photon absorptiometry. Am J Dis Child
133:632–635.

Moran A, Diem P, Klein DJ, Levitt MD, Robertson RP. 1991. Pancreatic
endocrine function in cystic fibrosis. J Pediatr 118:715–723.

Moran A, Doherty L, Wang X, Thomas W. 1998. Abnormal glucose
metabolism in cystic fibrosis. J Pediatr 133:10–17.

Nichols CG. 2006. KATP channels as molecular sensors of cellular meta-
bolism. Nature 440:470–476.

Orenstein DM, Winnie GB, Altman H. 2002. Cystic fibrosis: A 2002 update.
J Pediatr 140:156–164.

O’Riordan SM, Robinson PD, Donaghue KC, Moran A. 2008. Management of
cystic fibrosis-related diabetes. Pediatr Diabetes 9:338–344.

O’Sullivan BP, Freedman SD. 2009. Cystic fibrosis. Lancet 373:1891–1904.

Pashuck TD, Franz SE, Altman MK, Wasserfall CH, Atkinson MA, Wronski TJ,
Flotte TR, Stalvey MS. 2009. Murine model for cystic fibrosis bone disease
demonstrates osteopenia and sex-related differences in bone formation.
Pediatr Res 65:311–316.

Rakel A, Sheehy O, Rahme E, LeLorier J. 2008. Osteoporosis among patients
with type 1 and type 2 diabetes. Diabetes Metab 34:193–205.

Rosan RC, Shwachman H, Kulczvcki LI. 1962. Diabetes mellitus and cystic
fibrosis of the pancreas. Laboratory and clinical observations. Am J Dis Child
104:625–634.

Rossini M, Del Marco A, Dal Santo F, Gatti D, Braggion C, James G, Adami S.
2004. Prevalence and correlates of vertebral fractures in adults with cystic
fibrosis. Bone 35:771–776.

Rottner M, Kunzelmann C, Mergey M, Freyssinet JM, Martinez MC. 2007.
Exaggerated apoptosis and NF-kappaB activation in pancreatic and tracheal
cystic fibrosis cells. FASEB J 21:2939–2948.

Rovner AJ, Zemel BS, Leonard MB, Schall JI, Stallings VA. 2005. Mild to
moderate cystic fibrosis is not associated with increased fracture risk in
children and adolescents. J Pediatr 147:327–331.
JOURNAL OF CELLULAR BIOCHEMISTRY



Rovner AJ, Stallings VA, Schall JI, Leonard MB, Zemel BS. 2007. Vitamin D
insufficiency in children, adolescents, and young adults with cystic
fibrosis despite routine oral supplementation. Am J Clin Nutr 86:1694–
1699.

Rowntree RK, Harris A. 2003. The phenotypic consequences of CFTR muta-
tions. Ann Hum Genet 67:471–485.

Sagel SD, Accurso FJ. 2002. Monitoring inflammation in CF. Cytokines. Clin
Rev Allergy Immunol 23:41–57.

Schulze KJ, O’Brien KO, Germain-Lee EL, Baer DJ, Leonard A, Rosenstein BJ.
2003. Efficiency of calcium absorption is not compromised in clinically
stable prepubertal and pubertal girls with cystic fibrosis. Am J Clin Nutr
78:110–116.

Segall-Blank M, Vagenakis AG, Shwachman H, Ingbar SH, Braverman LE.
1981. Thyroid gland function and pituitary TSH reserve in patients with
cystic fibrosis. J Pediatr 98:218–222.

Shead EF, Haworth CS, Gunn E, Bilton D, Scott MA, Compston JE. 2006.
Osteoclastogenesis during infective exacerbations in patients with cystic
fibrosis. Am J Respir Crit Care Med 174:306–311.

Shead EF, Haworth CS, Condliffe AM, McKeon DJ, Scott MA, Compston JE.
2007. Cystic fibrosis transmembrane conductance regulator (CFTR) is
expressed in human bone. Thorax 62:650–651.

Shwachman H, Leubner H, Catzel P. 1955. Mucoviscidosis. Adv Pediatr 7:
249–323.

Snouwaert JN, Brigman KK, Latour AM, Malouf NN, Boucher RC, Smithies O,
Koller BH. 1992. An animal model for cystic fibrosis made by gene targeting.
Science 257:1083–1088.
JOURNAL OF CELLULAR BIOCHEMISTRY
Stalvey MS, Muller C, Schatz DA, Wasserfall CH, Campbell-Thompson ML,
Theriaque DW, Flotte TR, Atkinson MA. 2006. Cystic fibrosis transmembrane
conductance regulator deficiency exacerbates islet cell dysfunction after
beta-cell injury. Diabetes 55:1939–1945.

Stalvey MS, Brusko TM, Mueller C, Wasserfall CH, Schatz DA, Atkinson MA,
Flotte TR. 2008. CFTR mutations impart elevated immune reactivity in a
murine model of cystic fibrosis related diabetes. Cytokine 44:154–159.

Stead RJ, Hodson ME, Batten JC, Adams J, Jacobs HS. 1987. Amenorrhoea in
cystic fibrosis. Clin Endocrinol (Oxf) 26:187–195.

Stephenson A, Jamal S, Dowdell T, Pearce D, Corey M, Tullis E. 2006.
Prevalence of vertebral fractures in adults with cystic fibrosis and their
relationship to bone mineral density. Chest 130:539–544.

Thomas DM, Hards DK, Rogers SD, Ng KW, Best JD. 1996. Insulin receptor
expression in bone. J Bone Miner Res 11:1312–1320.

Umpierrez GE, Zlatev T, Spanheimer RG. 1989. Correction of altered collagen
metabolism in diabetic animals with insulin therapy. Matrix 9:336–342.

Vestergaard P, Rejnmark L, Mosekilde L. 2009. Diabetes and its complications
and their relationship with risk of fractures in type 1 and 2 diabetes. Calcif
Tissue Int 84:45–55.

Virella-Lowell I, Herlihy JD, Liu B, Lopez C, Cruz P, Muller C, Baker HV, Flotte
TR. 2004. Effects of CFTR, interleukin-10, and Pseudomonas aeruginosa on
gene expression profiles in a CF bronchial epithelial cell Line. Mol Ther
10:562–573.

Wilmshurst EG, Soeldner JS, Holsclaw DS, Kaufmann RL, Shwachman H,
Aoki TT, Gleason RE. 1975. Endogenous and exogenous insulin responses in
patients with cystic fibrosis. Pediatrics 55:75–82.
ENDOCRINE PARAMETERS OF CYSTIC FIBROSIS 361


