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Abstract

:

Cystic fibrosis (CF) is a multisystem autosomal recessive disease caused by mutations that lead to deficient or dysfunctional CF transmembrane conductance regulator (CFTR) proteins. Patients typically present malnutrition resulting from the malabsorption of fundamental nutrients and recurring lung infections, with a progressive worsening of the respiratory function. For these reasons, the clinical management of CF requires a multidisciplinary team. From an endocrinological point of view, patients often present major complications, such as diabetes, bone disease, thyroid disorders, delayed growth and puberty, hypogonadism and infertility, which negatively affect their quality of life and, in some cases, significantly reduce life expectancy. These complications can arise as a direct result of CFTR dysfunction and/or as a consequence of a deterioration in the function of the organs affected. The objective of this review is to analyze all the possible endocrinological complications that can occur in patients with CF by evaluating the most recent papers in the literature.
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1. Introduction


Cystic fibrosis (CF; OMIM # 219700) is a genetic autosomal recessive disease, caused by a defect in the cystic fibrosis transmembrane conductance regulator (CFTR) protein, an anionic channel present in the apical membrane of various epithelial cells, where it regulates electrolytic exchanges [1,2]. The main actions of the CFTR channel are the secretion of water in the epithelial tissues by generating secretions of chloride and the maintenance of depolarization in the plasma membrane through the efflux of chloride [1]. The CFTR gene coding for this protein is found on the long arm of chromosome 7 (7q.31.2; OMIM * 602421) [3]. More than 2000 gene mutations are known to cause the disease; the F508del mutation is the most frequent [4] and accounts for about two-thirds of mutated alleles in northern European and North American cohorts [5]. In Italy, it is less frequent; it is present in fewer than 50% of patients with CF [6].



CF is a multisystemic and progressive disease, making it fundamental for patients to receive an early diagnosis so that therapeutic and prophylactic measures can be implemented. Patients diagnosed during neonatal screening have better clinical outcomes and experience a slower progression of the disease [7,8,9]. The most affected apparatuses are the respiratory system, which presents recurrent infections, and the gastrointestinal system, with clinical manifestations that include recurrent meconium ileus at birth and malabsorption, which leads to growth retardation caused by progressive pancreatic insufficiency [10]. The life expectancy of individuals with CF remains variable, even though. In recent decades, new pharmacological therapies have increased the lifespans of many patients [11]. The main clinical manifestations of a deficit in CFTR protein are connected with altered exocrine glandular function in the pancreas and the dysfunction of pulmonary defense mechanisms, but other systems may be involved [10]. Patients can present with endocrinological conditions, such as diabetes, thyroid disorders, poor weight gain and linear growth, pubertal delay and hypogonadism, as well as with bone pathologies [12]. It is now widely recognized that more severe endocrinological complications are associated with a greater loss of functionality in the respiratory and gastrointestinal systems [13]. For example, worsening clinical symptoms of pulmonary distress and a decreased forced expiratory volume in the first second (FEV1) have been associated with the onset of diabetes [14].



The aim of this review is to analyze the endocrinological complications associated with CF and their possible impact on the clinical status of patients.




2. Cystic Fibrosis-Related Diabetes (CFRD)


2.1. Epidemiology


The prevalence of CFRD increases with age and is present in 2% of children, 19% of adolescents and 40–50% of adults with CF [15]. According to the European Foundation for Cystic Fibrosis Patient Registry, the prevalence of CFRD in 2015 was 0.8% in patients under the age of 10; 9.7% between 10 and 19 years; 24.1% between 20 and 29 years; and 32.7% in individuals aged ≥30 years [16].



Yi Y et al. [17] found that 39% of children between 3 months and 5 years with CF have reduced glucose tolerance and many children with normal tolerance have reduced stimulated insulin secretion after 2 years of age [18].



Among the predisposing factors for the development of diabetes are severe CFTR mutations (80% of subjects with severe mutations develop CFRD after the age of 40 [19]), a family history of type 2 diabetes, systemic use of corticosteroids, organ transplantation, CF-related liver disease and the development of pancreatic insufficiency [20].



A slowdown in growth may indicate diabetes. The appearance of CFRD can be preceded and followed by reduced gains in height and weight [14].



The prevalence of CFRD may well be set to fall following the introduction of new drugs that modulate the CFTR protein and prevent complications associated with compromised glucose metabolism [15].




2.2. Pathophysiology


There are many hypotheses regarding the mechanism by which diabetes occurs in patients with CF.



CFRD has characteristics of both type 1 and type 2 diabetes mellitus, as it is caused by both a quantitative deficiency of insulin and the development of peripheral resistance to the hormone’s action [15].



The typical characteristics of CFRD are partial loss of insulin production and secretion due to loss/dysfunction of pancreatic beta cells, fluctuating levels of insulin resistance secondary to the state of chronic inflammation and an absence of an autoimmune status shown by levels of autoantibody concentration that are comparable to the general population [21].



The loss of pancreatic cells is secondary to pancreatic fibrotic progression. The abnormal functioning of the anion channels causes the formation and consequent accumulation of viscous material, which leads to damage to and obstruction of the exocrine pancreatic ducts, with subsequent fibrosis and deposition of amyloid in the pancreatic islets. This process causes the loss of pancreatic alpha and beta cells and a consequent reduction in insulin secretion [21].



In some studies [22,23,24], the overall mass of pancreatic islets was found to be uniformly reduced in the autopsy findings of patients with CF with and without CFRD. This would suggest that the development of diabetes is not directly caused by islet loss, but to intrinsic mechanisms of the pancreatic cells of patients with CF. It has been hypothesized that the mutation in the CFTR channel has a negative impact on insulin secretion as it could affect the activation process of intracellular insulin granules and calcium flow by influencing the activity of the Anoctamin-1 protein (ANO1), a voltage-sensitive calcium-activated chlorine channel, which participates in the depolarization of membranes and, thus, in the normal secretion of insulin [25].



One study found that mice with a CFTR mutation were prone to developing diabetes after mild beta-cell injury [26].



Genetic factors also appear to be implicated in the development of CFRD. Susceptibility genes for type 2 diabetes have been related to CFRD, specifically CAPN10 (calpain 10; OMIM * 605286) and TCF7L2 (transcription factor 7-like 2; OMIM * 602228) [27].




2.3. Diagnosis


The guidelines for diagnosis were drawn up jointly by the US Cystic Fibrosis Foundation (CFF), the American Diabetes Association (ADA) and the Pediatric Endocrine Society (PES) [28].



The diagnosis of CFRD is based on the same criteria as other forms of diabetes, specifically: random blood glucose ≥ 200 mg/dl (or ≥11.1 mmol/L) in the presence of suggestive symptoms, such as polyuria/polydipsia, blood glucose level ≥ 200 mg/dL (or ≥11.1 mmol/L) 2 h after an oral-glucose-tolerance test (OGTT), fasting blood glucose ≥ 126 mg/dl (or ≥7 mmol/L) or the finding of glycated hemoglobin ≥ 6.5% (or ≥48 mmol/mol). Any abnormal results must be confirmed by repeating the test on a separate day [28].



The CFF also recommends annual screening using OGTT from the age of 10 at a dose of 1.75 g/kg with a maximum of 75 g, after an overnight fast of at least 8 h [28].




2.4. Therapy


The glycemic goals in patients with CFRD are the same as those for patients with other types of diabetes [28].



The first step in controlling diabetes is commonly diet therapy. There are, however, specific guidelines for patients with CF [28]. Carbohydrate restriction is not recommended, and the elevated fat, salt, and calorie diet recommended for CF should be continued to avoid malnutrition.



The only pharmacological therapy currently recommended for the treatment of CFRD is insulin [11]. In patients with CFRD without fasting hyperglycemia it is possible to use an insulin scheme that includes only meal covers; if fasting hyperglycemia is present, the bolus scheme with the integration of basal insulin in the evening should be implemented [29].



Recent observations suggest that basal insulin alone may be efficacious in patients with CFRD without fasting hyperglycemia [30].



Insulin can also be administered by a continuous pump, which has been demonstrated to be more effective in covering glycemic fluctuations due to snacking during the day [31].



The insulin requirement in patients with CFRD is 0.5–0.8 IU/kg/day, with a greater need for coverage in boluses than in basal administrations. [32] As insulin sensitivity decreases over the years, current recommendations indicate starting insulin therapy at a low dose and increasing the dosage over time if necessary [33].



As malnutrition is a significant risk for patients with CF, it is advisable to modulate insulin dosage to suit carbohydrate intake rather than planning a rigid diet with carbohydrate restriction.



In the course of acute intercurrent illness, patients with CF become extremely insulin-resistant. In such cases, as well as during corticosteroid therapy, it may be necessary to increase the overall insulin dose by 30–40% [34].



Insulin sensitizers are not recommended because of their gastrointestinal side effects (metformin) and the increased risk of osteoporosis (thiazoidinediones) [28].



Other therapeutic options have been suggested for patients with CFRD, including glucagon-like peptide 1 (GLP-1) analogs, which are effective for treating patients with type 2 diabetes [35]. According to Geyer MC et al. [36], the use of GLP-1 analogues can result in reduced glycemic oscillation secondary to delays in gastric emptying. Concerns have arisen about the potential risk of pancreatitis associated with this drug. A possible solution could be the use of dipeptidyl peptidase 4 (DPP-4) inhibitors, which increase endogenous GLP-1 and do not have the same potentially serious side effects, but currently there are no studies in the literature to support their use.



The use of acarbose is not recommended as its action consists in reducing the absorption of carbohydrates, essential i for patients with CF to maintain a correct nutritional state.



CFTR modulator drugs, such as lumacaftor and ivacaftor, have improved insulin secretion and glycemic control in patients with CF [37,38]. However, some patients have experienced hypoglycemic episodes following the introduction of these drugs, and regular blood glucose checks should be performed on patients to whom they are administered [38]. Despite their possible beneficial effects on glycemic balance, currently, they cannot be considered effective in the control of CFRD on their own.




2.5. Complications


CFRD is associated with increased morbidity and mortality. The most important complication is a worsening of CF symptoms, including the deterioration of lung function and the worsening of nutritional status. In patients with CFRD, the annual loss in BMI is estimated to be 0.31 kg/m2, which in turn is associated with increased pulmonary difficulties [39].



Compared to other types of diabetes, microvascular complications are less frequent and less severe in patients with CFRD, probably because of the minimal amount of endogenous insulin secretion in these patients. It is recommended that annual screening for microvascular complications begin 5 years after CFRD diagnosis or immediately if the time of onset is unknown [28].



Patients with CF who develop diabetes are twice as likely to experience pulmonary exacerbations as those who do not have this complication [40]. The increase in blood glucose concentrations leads to the acidification of the fluids of the respiratory-tract epithelia. This causes an increase in lactate production, which favors colonization by Pseudomonas aeruginosa [41].



Insulin resistance has also been correlated with worse quality of sleep. A recent study found that reduced insulin sensitivity leads to shorter total sleep time, longer sleep-onset latency, more frequent awakening after sleep onset and poorer sleep efficiency [42].





3. Cystic-Fibrosis-Related Bone Disease


3.1. Epidemiology & Pathogenesis


Patients with CF frequently present with bone involvement. The microarchitecture of cortical and trabecular bone is compromised in most patients with CF [43]. In a recent systematic review of adults with CF undergoing dual-energy X-ray absorptiometry (DEXA), reduced bone-mineral concentrations (BMD) (T-score < −1 and >−2.5) were observed in 38% of patients and osteoporosis (T-score < −2.5) in 23.5% [44]. Clearly, the T-score (defined as the standard deviation (SD) score of the observed BMD compared with that of a normal young adult) should not be used for children, adolescents and young adults in whom peak bone mass has not yet been reached [45]; however, in paediatrics, a Z-score is used to compare a child’s BMD with an age- and gender-matched normal population, often with the need for appropriate adjustments for height, bone age or pubertal status. In children, low bone density is defined as a BMD Z-score of less than or equal to −2.0 SD [45]. In patients younger than 20 years, DEXA should be measured at the lumbar spine, between L1 and L4.



The pathogenesis of bone disease in patients with CF is multifactorial. The CFTR gene mutation could play a direct role in reducing bone-mineral mass. In mice with two inactivated copies of the gene, alterations in bone microarchitecture, characterized by a reduction in trabecular thickness and cortical width compared to heterozygous and healthy mice, have been observed [46].



Improvements in the strength and quality of bone were noted in a study on rodent models following the introduction of drugs modulating the function of CFTR, although these findings are yet to be confirmed in humans [47].



Malabsorption and malnutrition play a major role in the deterioration of bone health. It is known that the CFTR mutation causes pancreatic exocrine insufficiency, resulting in the reduced absorption of fat-soluble vitamins, especially K and D, which are essential for bone mineral health [48]. Vitamin K is involved in osteocalcin carboxylation and bone formation, while vitamin D is essential for the intestinal absorption of calcium. Vitamin D deficiency leads to a reduced absorption of calcium, with consequent secondary hyperparathyroidism, which in turn causes increased bone resorption through the activation of osteoclasts [48].



Malnutrition prevents patients with CF from reaching peak bone mass, resulting in an early reduction in bone mineral density in adulthood [49].



As in the general population, low levels of physical activity promote a reduction in bone mass in patients with CF.



Glucocorticoids, often given to patients with CF to treat pulmonary conditions, as well as after organ transplantation, are also known to affect bone density. The risk of fracture in patients on steroid therapy increases earlier than the reduction in bone mass becomes visible by DEXA, indicating the presence of microarchitectural alterations that are difficult to observe using traditional diagnostic tools [50]. Glucocorticoids also reduce intestinal calcium absorption and lead to a reduction in kidney function. Low bone calcium levels lead to secondary hyperparathyroidism. In addition, steroids reduce the production of sex hormones and the secretion of growth hormone (GH), which further contributes to a reduction in total bone mass [51].



An association has been observed between recurrent lung infections and decreased bone mass. There seems to be a correlation between the number of osteoclasts and the concentration of tumor necrosis factor alpha (TNF-a) and between their activity and serum interleukin-6 (IL-6) [52].



Other possible risk factors for reductions in bone-mineral mass are depression, the use of proton pump inhibitors, organ transplantation and chronic liver disease.



Patients with CF show more marked bone-resorption activity than the general population and have higher-than-normal serum levels of C-terminal telopeptide (CTX), parathormone (PTH), 1-25-vitamin D and TNF-α. By contrast, their levels of bone formation markers, such as osteocalcin (OC), total alkaline phosphatase (T-ALP) and procollagen type I N-terminal propeptide (P1NP) are normal. These data suggest that patients with CF are unable to compensate for accelerated bone breakdown [53].



Sphingosine 1-phosphate (S1P) also plays a role in bone degeneration in patients with CF. S1P is a lysophospholipid that mediates the passage of osteoclast precursors from bone to blood via the S1PR1 (sphingosine-1-phosphate receptor 1) receptor [54]. A second receptor, S1PR2 (sphingosine-1-phosphate receptor 2), mediates the reverse passage of precursors to the bone. Active vitamin D plays a role in inhibiting the production of this second receptor, thus blocking bone resorption [55]. The dysfunction of the CFTR protein causes a reduction in S1P [56,57], which, combined with the reduced quantity of active vitamin D present in the sera of patients with CF, contributes to the increase in bone resorption.



Some studies found a reduction in osteoprotegerin (OPG) levels in patients with CF compared to healthy subjects [58]. Le Heron et al. [59] suggested that this could be due to an inflammation-mediated increase in bone resorption resulting from the loss of CFTR protein activity.




3.2. Screening


The suggested timing of the first DEXA screening varies according to the guidelines considered: the CF Foundation [59] recommends performing the first DEXA scan at 18 years, or at 8 years in the presence of risk factors such as a history of fractures, delayed puberty or FEV1 < 50%; the European and French guidelines recommend a first DEXA screening at 8–10 years [48,60].



In patients with overt osteoporosis on drug therapy, an annual DEXA is essential for monitoring therapy and for evaluating its duration. Bone-turnover markers can be used to detect non-adherence to therapy, although no guidelines recommend routine testing [61].



Although the association between bone disease and CF is known, it is good practice to rule out other causes of secondary osteoporosis through blood tests to measure blood count, transaminases, alkaline phosphatase, 25OH vitamin D, PTH, urinary calcium and phosphorus and sex hormones.



A reduction in bone-formation indices (serum bone-specific alkaline phosphatase, OC, P1NP) and an increase in bone-resorption indices (CTX and urine N-terminal telopeptide of type 1 collagen) has been observed in patients with CF, especially during infections, but currently there are no recommendations on their use in patients with CF [52].




3.3. Therapy and Management


The first recommended intervention is to carry out physical activity for at least 30–45 min at least three times a week, as recommended by European guidelines [48].



It is of fundamental importance to maintain an adequate dietary intake of calcium and other micronutrients, such as vitamin K, phosphorus and magnesium.



There are various reasons for calcium deficiency in these patients: intrinsic alteration of intestinal permeability [62]; vitamin D deficiency; and calcium malabsorption not adequately corrected by pancreatic enzyme replacement therapy [63]. It is essential to check calcium levels at least once a year; European and French guidelines also suggest measuring calciuria annually with the aim of maintaining a urinary calcium/creatinine ratio of between 0.1 and 0.5. It may be useful to prescribe calcium-rich drinks as a supplement to allow a greater absorption of ions than with tablets [64].



Patients’ daily calcium intake should be adequate for age and, therefore, a calcium-rich diet is recommended. If a deficiency is revealed by blood tests, calcium can be integrated orally in order to maintain the daily intake within the ranges established by the European guidelines, specifically: between 0 and 6 months, 210 mg/day; between 7 and 12 months, 270 mg/day; between 1 and 3 years, 500 mg/day; between 4 and 8 years, 800 mg/day; between 9 and 18 years, 1300 mg/day. It is also important to avoid excessive intake of vitamin A, which could have a negative role in bone mineralization [65].



Serum 25OH vitamin D should be evaluated annually, preferably in winter [66]. The threshold values to be maintained vary according to the guidelines considered: according to the CF Foundation, values above 30 ng/mL should be maintained [59], while according to the European and French guidelines, values above 20 ng/mL are sufficient [48,60]. Vitamin D supplementation should be given together with enzyme-replacement therapy to achieve the desired hormone levels.



Both pediatric and adult patients should take 400–800 IU of vitamin D daily, while serum vitamin D 25OH should be measured annually and possibly 3 months after changing dosage [66].



If dietary control is not sufficient to guarantee good bone health, a pharmacological therapy should be introduced.



Vitamin K deficiency is due to malabsorption, liver disease and the frequent use of antibiotics [67]. Vitamin K is a carboxylase cofactor that transforms the non-carboxylated form of OC into its gamma-carboxylated form. A deficiency in the latter form is frequently found in patients with CF and reduced BMD [68,69,70].



Although the only published study on vitamin K supplementation at a single dose of 10 mg weekly did not show any improvement in BMD or in carboxylated OC levels, the daily administration of vitamin K1 (phylloquinone) is still recommended given its low organic storage capacity [71].



Pediatric patients who can benefit from drug therapy include those with a BMD DEXA Z-score of less than 2 in the spine or whole body minus the head and a history of post-traumatic or vertebral crush fracture. Patients with the same DEXA score who are waiting for or who have received a lung transplant or who are undergoing chronic glucocorticoid therapy at supraphysiological doses for more than three months can also benefit [72].



Bisphosphonates act by inhibiting bone resorption and, thus, inducing apoptosis of the osteoclasts. This leads to increased bone mass, but it appears that there is no reduction in the number of fractures. A Cochrane review of nine randomized controlled trials in individuals with CF concluded that bisphosphonates taken orally and intravenously added mineral bone mass; however, the data did not reveal a significant reduction in the number of fractures these patients experienced [73].



Bisphosphonates can be administered both orally and intravenously, although the former is poorly absorbed. Alendronate, available as a liquid formulation, is the only orally administered bisphosphonate to have been studied in children with CF. Pamidronate is currently the intravenous formulation most commonly used in children, but as zolendronic acid is administered annually, it is slowly replacing pamidronate as the drug of choice [72].



For patients taking bisphosphonates, annual checks on bone-mineral mass with DEXA are recommended.



Denosumab is a monoclonal antibody against the receptor activator of nuclear factor kb ligand (RANKL) that works by blocking the activation of osteoclasts. Unlike bisphosphonates, it can be used in patients with chronic renal failure and does not require a preliminary measurement of creatinine. There are currently no published studies on the use of this drug in patients with CF, but as CFTR may play a role in mediating osteoprotegerin and RANKL in bone, its use could be considered. Denosumab could act on the intrinsic abnormalities of bone turnover resulting from the dysfunction of the CFTR protein.



Currently, however, Denosumab must be considered a second-line therapy in light of concerns about its side effects, such as atypical fractures of the femur, osteonecrosis of the jaw and the suppression of bone turnover after prolonged use.



SERMs (raloxifene in the USA and bazedoxifene in Europe and Japan) are antiresorptive drugs used in postmenopausal women and have not been studied in the CF population. These should never be used in the pediatric population [72].



A single study showed a 7–11% increase in BMD after treatment with teriparatide. As concerns emerged about the possibility that the drug increases the risk of osteosarcoma, its use has been banned in pediatric patients whose growth plates are still open and in patients with bone metastases, Paget’s disease and a history of radiation therapy [72].





4. Growth Failure


4.1. Epidemiology and Pathogenesis


Poor growth and developmental problems in children and adolescents with CF are common. Short stature is defined as a height Z-score of less than −2 standard deviations according to the centile tables of the population considered.



Data from a review dating to 1993 reveal that short stature affects about 20% of subjects with CF [74]. More recent US data indicate that 11.9% of patients with CF are below the 10th percentile and 9.8% below the 5th [75]. However, recent data suggest an improvement in growth over the last few years [76].



Despite improved care over the past few decades and newborn screening, growth throughout childhood is still impaired in many patients with CF [77]. Subsequently, these patients maintain a regular growth trend until puberty, although they remain in the lower percentiles [78]. During adolescence, there is usually a severe restriction of growth with delayed puberty and spurts, delays in bone maturation and a reduction in definitive height [79].



The intrinsic mechanisms of the underlying disease seem to determine the height outcomes for patients with CF. A reduced mean neonatal length (with and without adjustment for gestational age) and reduced blood levels of insulin-like growth factor 1 (IGF-1) have been found in patients with CF [80]. A peripheral resistance to GH was hypothesized in the light of low basal and post-stimulus plasma levels of IGF-1 and IGFBP-3 in patients with CF compared to controls [81].



Growth restriction in mouse models with a loss of function of the CFTR gene at the neuronal level suggests that the protein has a direct role in regulating GH secretion and action [82]. These observations suggest that the impact of CF on height gain starts in the prenatal period and is dependent on pathophysiological mechanisms that are not yet fully understood.



The timing of the diagnosis appears to influence the growth outcomes of children with CF. Recent data show that patients with a late diagnosis achieve lower weight, height, and BMI than those who receive a diagnosis at newborn screening [83].



No statistically significant differences were observed in IGF-I, GHR gene expression or GHBP levels during childhood in children diagnosed early and those diagnosed late [83].



Malabsorption and malnutrition also affect growth (Figure 1a,b). Reduced caloric intake is frequent in CF patients and caused by anorexia secondary to the state of chronic inflammation, cough, and abdominal pain. Patients also have a high energy expenditure, a reduced absorption of nutrients in the intestine due to low levels of hydrochloric acid secretion and, in patients who have undergone intestinal resection for meconium ileus, a reduced intestinal absorbent surface with dysmotility. Pancreatic insufficiency also inevitably leads to a reduction in the absorption of fat-soluble vitamins, proteins and fats.



Patients with CF have reduced leptin secretion, which compromises the regulation of the GH at the hypothalamic level through the leptin receptor and through neuropeptide Y. Leptin suppresses the secretion of neuropeptide Y, which in turn inhibits the secretion of GH [84].



Chronic inflammation can affect growth through the alteration of the GH-IGF-1 axis. IL-6 interferes with the action of GH by disrupting its major signaling pathway (JAK-STAT) and IL-1 disrupts the expression of STAT5 and STAT3 [85].



The therapies used to control CF (including systemic and inhaler-administered glucocorticoids) can lead to growth failure via multiple pathways that interfere with GH secretion and its effect on the formation of collagen and bone and in nitrogen retention [86].



Chronic insulin deficiency may contribute to poor linear growth due to its anabolic effect [87,88].




4.2. Recommendations


Growth in pediatric patients with CF should be closely monitored (with follow-up visits every 6 months) to evaluate any deflections in growth rate or the passage to a lower percentile. The percentiles of height, weight and body-mass index (BMI) should be calculated using the WHO growth charts for children under 2 years [89] and using those of the CDC [90] (or those of Cacciari et al. in Italy [91]) for children between 2 and 20 years of age.



Drugs commonly used to treat CF, such as glucocorticoids, should be administered for the shortest time necessary at the lowest effective dose.



It is always essential to investigate all the possible resolvable causes associated with CF that could influence growth, such as CFRD.




4.3. Therapy


Two recent meta-analyses [92,93] concluded that the use of recombinant GH (rhGH) can increase the height and lean body mass of patients with CF and short stature by 0.2–0.6 standard deviations. Drugs that modulate the CFTR gene seem to have a positive effect on height and weight. A recent study on children treated with ivafactor showed more significant height and weight gain compared to controls. In particular, the weight and height z-scores increased significantly from baseline to 26–48 weeks (1.08–2.10 cm/year height increase) [94]. Currently, it is not possible to draw similar conclusions about other modulator drugs due to a lack of studies on the subject and the more severe target genotype of these drugs.





5. Delayed Puberty


5.1. Diagnosis and Pathogenesis


Delayed puberty is defined in girls as the absence of breast maturation at age 13 or, more generally, by 2 to 2.5 standard deviations from the general population mean. The appearance of pubic hair is not considered indicative of puberty, since it depends on the maturation of the adrenal gland, which occurs separately from the activation of the hypothalamus–pituitary–gonadal axis. Any girl who has not had menses within 4 years of thelarche or who has primary amenorrhea at 16 years should undergo auxological testing [95].



In males, delayed puberty is defined as an increase in testicular volume below 4 mL after the age of 14 years or, by 2 to 2.5 standard deviations from the population mean. Males are often referred to a pediatric endocrinologist for poor growth between the ages of 11 and 13 years due to the absence of a pubertal spurt [95].



Delayed puberty may result from a failure of the hypothalamus–pituitary–gonadal (HPG) axis to mature (hypogonadotropic hypogonadism) or from primary gonadal dysfunction (hypergonadotropic hypogonadism). In the first case, there are often triggering causes such as low weight. Low levels of leptin have been associated with low levels of gonadotropins [96]. Menarche is also associated with reaching a certain weight [97].



The delayed puberty in patients with CF may be connected to malnutrition resulting from the underlying disease (Figure 1b) [95]. Other factors that contribute to late puberty in patients with CF are chronic inflammation and prolonged therapy based on corticosteroids [98].



Delays in testicular development or the onset of menarche [99] and of the pubertal spurt [100,101] has been documented in a number of studies.



Landon et al. [102] showed that in patients with low serum levels of linoleic acid, oral supplementation and a dietary regime aimed at improving the nutritional state can result in weight gain, the resolution of amenorrhea and a normalization of menstrual irregularities in some patients.



CFTR knockout mice have been shown to have delayed puberty, as evidenced by a delayed vaginal opening age compared to healthy mice [103]. The role played by the CFTR protein in the regulation of GnRH secretion has been shown in in vitro studies [104], which demonstrate that the secretion of the hormone is blocked by the inhibition of CFTR in GNRH cell lines.



The literature on puberty in patients with CF is not conclusive. Recent observations indicate that CF patients reach the various Tanner’s stages and menarche at ages comparable to the general population [105,106]. A 2012 French work on a cohort of children with CF showed a timing of peak height velocity that was comparable to that of the control population [107].



Another recent study concluded that puberty in patients with CF with satisfactory nutritional status is delayed by about 2 years, with the most significant delay in patients homozygous for deltaF508 or with pathological OGTT during adolescence [101].



An earlier study suggested that the HPG axis might cause a delayed increase in estradiol and FSH, which would not reach normal values until the age of 16 years [108].



Despite the lack of clarity on the timing of puberty in patients with CF, it is reasonable to monitor development in order to recognize signs of developmental delay that can affect final height and psychological wellbeing. Some surveys show that in 60% of adolescents with CF and pubertal delay, the absence of signs of pubertal development is experienced as a major problem and can even lead to suicide [109].




5.2. Treatment


The treatment of delayed puberty involves the elimination of possible triggering causes such as, in patients with CF in particular, malnutrition. Improving nutritional status is essential to allow the normal mechanisms responsible for growth spurts and sexual development to be activated. It is also important to exclude the coexistence of underlying causes, which, once resolved, could allow normal pubertal development.



If a permanent cause of hypogonadotropic hypogonadism is identified, it is essential to intervene pharmacologically by administering exogenous hormones to achieve an adult stature in line with the familiar target and an adequate bone mass.



In females, estrogens are administered transdermally and the dose adjusted approximately every 6 months for 34 years [110]. After two years of estrogen therapy or after the onset of the first menstrual cycle, progesterone is added.



In males, hormone replacement therapy involves the administration of testosterone. This can be administered intramuscularly or via transdermal gel. The first method is the most studied and used in clinical practice. The dosage is changed every 6–12 months in order to emulate a normally functioning and developing HPG axis [95].



Alternative methods of treating pubertal delay are aimed at mirroring human physiology in this delicate phase of life. Specifically, GnRH, hCG, kisspeptin-10 and recombinant FSH are administered [111].



In patients with poor growth, the study of the growth-hormone axis can be considered. Some authors report that the use of the biosynthetic hormone in otherwise healthy children is associated with improvements in height, weight and lean body mass [112]. However, the data are inconsistent, and the use of recombinant GH should be evaluated on a case-by-case basis.





6. Male Hypogonadism and Infertility


CF is associated with hypogonadism and male infertility. Studies have reported a 98% rate of infertility due to obstructive causes, specifically the congenital bilateral absence of the vas deferens (CBAVD) and the absence or atrophy of the seminal vesicles (Figure 2) [113]. However, patients with CF produce sperm and have histologically normal testes. The diagnosis of the condition is performed by transrectal ultrasound.



Among the various causes related to infertility are a possible obstructive blockage of the seminal ducts due to the extreme viscosity of the semen [114] and the incorrect differentiation of Wolf’s ducts secondary to the CFTR mutation [115].



Hypogonadism is secondary to testosterone deficiency, which causes a delay in the acquisition of the secondary sexual characteristics typical of puberty and a reduction in muscle mass and bone-mineral density. Leifke et al. [116] suggest that approximately 25% of males with CF have low testosterone blood levels.



There are currently no official recommendations on the clinical management of this condition. Hypogonadism associated with CF is multifactorial. Chronic inflammation and the overuse of corticosteroids can lead to both the dysregulation of the HPG axis and primary hypogonadism. Furthermore, CFTR is expressed both in hypothalamic cells and in vas deferens, epididymis, and Sertoli cells and, consequently, the gene mutation could be responsible for the pathological state [117].



The diagnosis involves measuring free and protein-bound testosterone. Blood collection should take place in the morning and not during acute intercurrent illness. The levels of LH and FSH can help to distinguish between primary and secondary hypogonadism, while the levels of sex hormone binding globulin (SHBG) can identify altered levels of testosterone due to causes that alter the plasma levels of this protein. In particular, low levels of SHBG are detectable in patients who are obese, with excess GH, with insulin resistance, with hypothyroidism and who use glucocorticoids. Conversely, high levels are observed in patients with hyperthyroidism, who use antiepileptic drugs or with liver disease [118].



The blood concentration of this hormone has a positive correlation with bone-mineral concentration and, consequently, lower values are associated with an increased number of X-ray-documented vertebral fractures. Therefore, including testosterone testing in follow-up for males with CF and osteoporosis and in patients with symptoms suggestive of hypogonadism is advisable.



Testosterone can be replaced in various ways, the most common being transcutaneous gel and intramuscular injections. Dosage-control tests should be performed 2–3 months after starting therapy and then every 6–12 months. The therapeutic goal is to reach and maintain mid-normal blood levels, i.e., 400–700 ng/dL. Among the side effects associated with testosterone therapy are erythrocytosis, venous thromboembolism, cardiovascular events and sleep apnea [118].




7. Thyroid Function


Thyroid function in patients with CF has been studied over the past few decades, but the literature does not provide clear conclusions. The CFTR is present in the human thyroid epithelium [119].



One of the hypothesized mechanisms underlying the development of hypothyroidism in patients with CF is altered ion transport in the thyroid epithelium [120]. A reduced secretion of chloride activated by cAMP, an ion that can act as a counterion for the accumulation of iodine, leading to the interruption of the accumulation of iodine in the thyroid, has been observed within a completely preserved thyroid histology in a knockout porcine model [120].



Since the 1970s, a time when large quantities of iodine-based expectorants were administered to patients with CF, questions have been raised about the effects of iodine. According to Dolan et al. [121], 44% of patients undergoing this therapy developed goiters, and 83% of these developed hypothyroidism. Similar data were reported by Azizi et al. [122], who documented reductions in total plasma triiodothyronine concentrations (T3). These low levels of T3 could be explained in some cases by the state of malnutrition in patients with CF and, therefore, by selenium deficiency, which results in inadequate activity of hepatic deiodinase, with consequent insufficient synthesis and metabolism of the thyroid hormone [123]. A significant correlation was found between increased selenium levels and decreased TSH, while increases in T3 and decreases in the T4/T3 ratio have been reported in patients with CF treated with oral selenium [124].



Conflicting results are also present in the literature regarding the response of thyrotropin (TSH) to thyrotropin-releasing hormone (TRH) in patients with CF. Segall-Blanck et al. [125] reported a normal response, while De Luca et al. [126] described exaggerated responses.



A more recent study, by Volta et al. [127], performed on a small cohort of patients with CF did not reveal any thyroid dysfunction compared to controls. Among the hypotheses related to this finding, the authors described the improvement in the nutritional status of patients with CF since the 1970s and the discontinuation of the use of iodine-containing expectorants.



A study carried out following the interruption of the administration of iodine-based expectorants showed a reduction of 11% in pediatric subclinical hypothyroidism [128].



The most recent study in the literature on this topic dates back to 2015 and was carried out by Lee et al. [129], on a cohort of 89 patients. In total, 34% of the patients had abnormal T4 levels, even though the vast majority of the patients with altered levels did not present large alterations. A total of 27% of the subjects presented an abnormal response to the thyroid function test. The latter finding, however, could have been related to the chronic state of these patients’ underlying condition.




8. Conclusions


Endocrinological complications in patients with CF are frequent. A child diagnosed with CF must undergo a complete auxological evaluation every six months in order to detect anomalies in height and weight; according to the CFF guidelines, from the age of 10, an OGTT should also be performed annually to evaluate the possible occurrence of CFRD and a DEXA should be performed to assess bone mineralization. The timing of the repetition of the DEXA should depend on the detected Z-score (European CF Society).



The complications we discussed can require therapies that need careful follow-up, to evaluate not only clinical efficacy and the possible need for dosage adjustment, but also the possible appearance of unwanted effects.



The involvement of pediatricians experienced in endocrinology in the global management of patients with CF is of fundamental importance.



From our review of the literature, no unanimity of thought regarding thyroid-function anomalies has emerged so far, although current opinion leans towards the absence of a correlation with CF.



Further evaluations are essential to clarify the role of the mutation responsible for the underlying pathology in the pathogenesis of the complications we analyzed.
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Figure 1. Height, weight and body-mass index (BMI) growth charts of two girls with cystic fibrosis between the ages of 2 and 18 years: a girl with pancreatic insufficiency with good compensation and normal puberty (a) and a girl with severe short stature and pubertal delay and pancreatic insufficiency undiagnosed until 12 years of age (b). 
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Figure 2. A transrectal ultrasound examination demonstrating calcification within the ejaculatory duct (white arrow) with dilatation of the vas deferens proximally (yellow arrow). 
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