Li, Yunjie


Copper Status in Adolescent Females with Cystic Fibrosis

Yunjie Li

9804 Madelaine Court

Ellicott City, MD 21042

(410)480-8281

angel_li@verizon.net
ABSTRACT

Cystic fibrosis is a serious illness that affects thousands of individuals in this country.  Often seen solely as a respiratory disease, people sometimes neglect the other dangers that stem from CF, including malnutrition.  Teenage girls suffering from cystic fibrosis are especially at risk due to their increasing nutritional needs during the course of pubertal development.  Many minerals, such as calcium, zinc, and iron, have been studied in relation to cystic fibrosis, but there is still not much information available on another essential element: copper.


This study assesses the copper levels in adolescent females with CF by measuring copper activity and copper concentration in the patients’ blood.  Results show normal copper activity but abnormal and puzzling copper concentration levels.  Further studies need to be conducted to evaluate the long term effects of CF on copper status in this population.  Concrete information on copper status and nutrition in CF patients can lead to a better quality of life for these patients.
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INTRODUCTION


Cystic fibrosis affects about 30,000 people in the United States and is the most common inherited disease leading to a shortened life span among white people in this country.  Only thirty years ago, a person with cystic fibrosis was not expected to reach adulthood, but as a result of various therapeutic advancements, the median life expectancy for a person with CF is now 33 [1,2].  Due to this new “aging” CF patient population, it has become essential to monitor nutritional status, especially in such a crucial period as female adolescence, in order to improve patients’ quality of life [3].

In healthy individuals, highly reactive, natural by-products called free radicals are stabilized by such antioxidants as Vitamin E, Vitamin C, beta-carotene, and copper [4].  Although free radicals can often promote beneficial oxidation and rid the body of useless cells, germs, and parasites, an excess amount can also be toxic.  Therefore, various enzymes and antioxidants are needed to deactivate free radicals, repair cellular damage, and maintain a balance between prooxidant and antioxidant processes.  However, the effects of CF on the digestive system inhibit a patient’s ability to digest and absorb the necessary dietary antioxidants, leading to an accumulation of the free radical load.  This imbalance is said to be a possible cause of disease progression in CF patients [3].

Nutrients and antioxidants are especially important in female adolescence, where the most growth and development occurs.  Previous studies have shown that delayed puberty is a common problem among female patients with cystic fibrosis, and malnutrition is thought to be the main reason [5].  Because many researchers are actively studying gene therapy and finding other medicinal treatments for CF, the topic of nutrition and antioxidant status has been well neglected; little data actually exists examining components of copper homeostasis in persons with CF.  The aim of this study is to assess whether the copper status of the adolescent, female CF population is comparable to those data published of the same population of healthy young girls.  I also wanted to study the differences in copper status specifically within the study group: whether age, stage of puberty, and disease progression are important factors in determining the amount of copper in the system.
CYSTIC FIBROSIS

Cystic fibrosis is an autosomal recessive disease that is caused by mutations of the gene encoding for cystic fibrosis transmembrane conductance regulator (CFTR) [5].  It causes the body to produce an abnormally thick, sticky mucus that clogs the small tubes and ducts of the lungs and digestive system [1,2].  This mucus promotes the growth of various strains of bacteria, such as Pseudomonas, Aspergillus, Staphylococcus aureus, and Burkholderia cepacia.  CF patients are susceptible to more strains of bacteria, and this is especially dangerous because their immune cells are chronically stimulated and have a harder time fighting these infections [6].  Therefore, these patients often develop persistent respiratory infections such as pneumonia.  Progressive blockage, infection, and even death can occur if there is too much damage to the lungs. In addition, pancreatic insufficiency leads to maldigestion, malabsorption, and, ultimately, malnutrition [7].  Individuals with CF often suffer from steatorrhea, azotorrhea, and frequent bowel movements.  Children with pancreatic enzyme deficiency lose large amounts of fat and protein in the stool, causing weight loss and poor growth.  As a result, even CF patients with healthy appetites and adequate diets must take pancreatic enzyme supplements in order to prevent symptoms of starvation.  The primary goals of prescription enzymes are to prevent malabsorption, increase fat absorption, and decrease steatorrhea and bloating [8].  

Despite the growing range of therapeutic treatments, adequate dietary intake is still the most essential component of nutritional care in patients with CF, especially females suffering from pancreatic insufficiency.  A patient’s ability to balance these nutritional losses is reliant on their appetite and the quantity and quality of the food consumed [7].  Although there are no significant differences between PI patients who are homozygous or heterozygous for this defect, studies have shown that females have a worse prognosis than males.  Females are at a much greater risk for nutritional failure because of their lower lean body mass [7,9].  Adolescence and puberty is an especially crucial stage because it is associated with high nutrient requirements along with accelerated growth, endocrine development, and high levels of physical activity [10].  

As a result of PI, cholestatic liver disease, and other CF-linked defects, patients often lack sufficient amount of beta carotene and various fat-soluble vitamins [7,11,12].  Other widely-studied CF deficiencies include minerals and electrolytes such as iron, zinc, sodium, and calcium.  The period of pubertal growth is especially important in achieving peak bone mass and adult bone health.  High prevalence of osteopenia, osteoporosis, and an increased fracture risk in children and adults with CF have helped to raise awareness of calcium insufficiency and low bone mass in the pediatric CF population [13].  Nevertheless, there is still one important mineral that warrants further study: copper.
COPPER


One of the micro-minerals that have attracted the greatest attention in cystic fibrosis is copper.  Copper is an essential trace element that is located mostly in the liver, bones, and muscles of the body; it also functions as a cofactor in numerous enzymes that catalyze oxidation-reduction reactions [14,15].  In the last 150 years, researchers have discovered a dozen cuproenzymes, proteins that are dependent on copper for their function [16].  Some of these cuproenzymes are responsible for the production or formation of the hormone epinephrine, red blood cells, bone, or connective tissue.  Others act as antioxidants to help oxidize free radicals.  Without sufficient dietary copper, the activity of these cuproenzymes can be altered, thus affecting normal physiology [14,15].  However, copper deficiency is rare among healthy people, and occurs most commonly among premature infants or those suffering from severe disorders, such as cystic fibrosis, that result in malabsorption of nutrients.  Compromised copper status can lead to anemia and neutropenia as well as various heart, muscle, skin, and bone disorders [17,18].  In two recent studies, Percival et al and Best et al found that patients with CF exhibited moderate copper deficiency due to low activities of two blood copper enzymes.  Yet, the subjects had significantly greater plasma copper and ceruloplasmin activity, indicating altered copper distribution.

Although excess consumption of copper is extremely rare in CF patients, increased levels of serum copper is still of major concern.  Any copper not bounded to a protein is toxic, and consuming even relatively small amounts of unbounded copper may cause nausea, vomiting, and diarrhea.  Large amounts can damage the kidneys, inhibit urine production, and cause anemia due to the rupture of red blood cells (hemolysis) or even death [15].  More importantly, however, is the significant correlation between plasma copper and restrictive lung disease or pancreatic enzyme requirements [19].  Solomons et al measured plasma copper and its transport protein, ceruloplasmin, and found elevated concentrations of each in patients with cystic fibrosis.  Hubbard (unpublished data) also obtained similar results.  Even the fingernail clippings of CF patients exhibited increased copper content.  It is reported that increased circulation of copper and ceruloplasmin is a serum change that is characteristic of infections such as CF, and copper levels rise as pulmonary and pancreatic deterioration advances.  This is possibly due to inadequate biliary excretion of copper [19,20].  Nevertheless, there is still no apparent explanation for these results.

CERULOPLASMIN
The word ceruloplasmin literally means ‘a blue substance from plasma,’ for it is an α2-globulin that was first discovered in plasma and characterized as a multifunctional, copper-containing protein by Holmberg and Laurell in 1948 [21,22,23].  It is in fact the principle mode of copper storage in the body, containing greater than 95% of plasma copper.  Belonging to the family of multicopper oxidases, ceruloplasmin is able to utilize copper in the complete reduction of oxygen to water [21,23].  This blue protein is also instrumental in the oxidation of such organic substrates as amino-phenols, p-phenylenediamines, and catechols.  As a result, the oxidation of p-phenylenediamine is still considered today as a classic assay for the enzymatic activity of ceruloplasmin [24].
Ceruloplasmin, like α-tocopherol and ascorbic acid, falls in the category of biological substances that demonstrate both anti-oxidant and pro-oxidant activities.  Studies have proposed that ceruloplasmin is the primary anti-oxidant and barrier against free radicals in the bloodstream because it quarantines free copper ions and searches for O2.  It also reduces oxidation with its ferroxidase activity – converting Fe(II) to Fe(III) and reducing the amount of pro-oxidant Fe(II) available [21].  Unfortunately, this same antioxidant defense mechanism also causes oxidative damage to macromolecules in the body, especially low-density lipoproteins.  The oxidation of LDL is a side process that occurs while ceruloplasmin tries to oxidatively damage invasive organisms [21,25].  The consequence, however, is the development and progression of atherosclerotic disease as well as angiogenesis [21,26].
In general, serum ceruloplasmin levels are low at birth and increase rapidly toward adult levels after parturition.  The levels also fluctuate during an organism’s life span as a response to changing physiological and pathological conditions [21,23].  Serum concentration is known to increase during inflammation, infection, and trauma because ceruloplasmin is an acute phase reactant [23,27].  Ceruloplasmin is also high during pregnancy as well as with copper intoxication [22].  Prohaska and Gybina noted that newly absorbed dietary copper enters the liver and leaves as ceruloplasmin.  Hellman and Gitlin’s metabolic studies also indicated that 10% of a single dose of dietary copper, within 24 hours of gastrointestinal absorption, reappears in the plasma as newly synthesized ceruloplasmin.  Likewise, copper deficiency also results in a marked decrease of serum ceruloplasmin concentration [23].  It is especially apparent in diseases which lead to malabsorption, liver damage, and, ultimately, protein loss [22].  However, the precise mechanism of copper incorporation into ceruloplasmin is still unknown but expected to be very complex [21].  
SUBJECTS AND METHODS


The serum samples tested in this study were obtained from a larger calcium kinetic study conducted by Schulze et al.  In that study, 23 girls aged 7 to 18 were recruited from The Johns Hopkins Hospital Cystic Fibrosis Center as well as two other regional CF centers (in Harrisburg, PA and Wilmington, DE).  The Johns Hopkins Joint Committee on Clinical Investigation approved this study and assent and consent were obtained from each girl and her parent or guardian.

Aside from pulmonary exacerbations, subjects were clinically stable and cooperative during the course of therapy.  None of the girls had taken oral glucocorticoid preparations since at least one month before participating in the study.  However, all prescription medications were continued during the course of the study, including vitamin A, D, E, and K supplements and pancreatic enzymes.  

The girls were admitted to The Johns Hopkins Pediatric Clinical Research Unit for a 24-hour stay.  The subjects self-selected their foods during the 24-hour study period, and the foods were pre- and post-weighed to obtain exact intakes.  The study, however, began in the morning before they had breakfast.  A fasting blood sample was first obtained from each of the patients by inserting a heparin lock into the forearm.  During the day, a research team recorded their weight and height, and by comparing these data with the current growth references, age appropriate Z scores for weight, height, and body mass index were obtained.  A pediatric endocrinologist was then asked to assess the Tanner growth stage of pubertal development based on each girl’s breast development: Tanner stage 1 considered pre-pubertal, Tanner stages 2-3 considered early pubertal, and Tanner stages 4-5 considered late pubertal (based on the categories used in a previous calcium absorption and retention study in healthy girls).


A follow-up assessment was then performed 2 years later and blood samples were collected from the 17 surviving girls who were able to be contacted.

COPPER CONCENTRATION ANALYSIS

Copper concentration was determined by immunoblotting, a widely-used and powerful technique for the detection and identification of proteins, in this case ceruloplasmin, using antibodies.  Immunoblotting provides information about presence, molecular weight, and/or quantity of an antigen by combining protein separation via gel electrophoresis with specific recognition of antigens by antibodies [28,29].  In this study, proteins in the serum samples were separated using polyacrylamide gel electrophoresis (PAGE), which was followed by the transfer of the separated proteins from the gel onto a thin nitrocellulose support membrane.  The membrane bound and immobilized the proteins in the same pattern as in the original gel, creating a “blot.”  The blot was then exposed to a solution containing 1 to 40,000 dilution of Cp rabbit anti-human antibodies that recognized and bound to serum ceruloplasmin.  The antibodies bound to the membrane were then detected by the treatment of a secondary anti-rabbit antibody containing the enzyme horseradish peroxidase.  The HRP marker creates fluorescence and was used to generate a band at the site of ceruloplasmin when the membrane was exposed to photographic film (figures 1 and 2).  

The resulting films were scanned and the intensity of each ceruloplasmin band quantified using ImageQuant software (Molecular Dynamics) to calculate a ratio between each band and a positive control band of known concentration.  Final data analysis was then performed using the quantitative results.
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Figure 1. Western Blot Results for Baseline Samples     Figure 2. Western Blot Results for Follow-Up

Total serum copper was then assessed in the lab of Dr. Kerry Schulze using graphite furnace atomic absorption spectrophotometry (AAnalyst 800, Perkin Elmer, Shelton, CT)
COPPER ACTIVITY ANALYSIS


Plasma ceruloplasmin oxidase was determined spectrophotometrically using two different substrate assays: p-phenylenediamine (PPD) and o-dianisidine dihydrochloride.  PPD was first identified as a useful substrate in measuring ceruloplasmin oxidase activity by Holmberg and Laurell in 1951 [30].  Ceruloplasmin catalyzes the oxidation of PPD at pH of 5.4 to yield a purple oxidation product.  If a correction is made for the nonenzymatic oxidation of PPD, then the rate of formation of the purple product is proportional to the concentration of serum ceruloplasmin.  Therefore, the protocol calls for simultaneous assays to be carried out, one with sodium azide and one without, for the solution inhibits the enzymatic oxidation of PPD.  The difference between the results of the two assays is proportional to the ceruloplasmin concentration.  

Many researchers, in measuring ceruloplasmin, still use absorbance with ascorbic acid or cyanide decolorization, immunodiffusion, or enzymatic oxidation of Fe(II), but the PPD-oxidase methods have proved to be much more sensitive and precise [30].  This procedure is also convenient in that it requires a smaller sample size [31].  This study followed the procedures of Sunderman and Nomoto’s modified PPD-oxidase assay, with measurements performed at 530 nm.

Another test, o-dianisidine dihydrochloride oxidation assay, was conducted to evaluate the reproducibility of the PPD results.  Although p-phenylenediamine substrate is more widely used, o-dianisidine is said to be more stable and is not subject to nonenzymatic oxidation [32,33].  This substrate needs no purification and encounters little or no interference from reducing or colored components of serum.  A yellowish-brown product forms following the enzymatic oxidation of o-dianisidine dihydrochloride.  Adding concentrated sulfuric acid stops the reaction and creates a stable purplish-red product whose absorbance can be easily measured at 540 nm [32].  The method developed by Schosinsky et al was used for this study.
DATA ANALYSIS


Data are presented as mean ± standard deviation (S.D.). Statistical evaluation of the data was performed using Excel version 97 SR-1 (Microsoft Corp., Redmond, WA).
RESULTS

Demographics of the subject population as well as the mean values and standard deviation of the data are shown in Table 1.  There were no significant differences between the age, height, weight, and tanner stage range of the girls at baseline compared to those at follow-up.  The mean values for both ceruloplasmin activity tests as well as plasma copper did not seem to show significant change from baseline to follow-up.  Only ceruloplasmin concentration was greater by about 30% in the follow-up group versus baseline.

In a p-phenylenediamine oxidase activity study conducted by Sunderman and Nomoto, the mean concentration of ceruloplasmin in sera from 29 healthy men was determined to be 0.315 g/L, with a range of 0.233 g/L to 0.402 g/L [30].  The mean values for both groups of girls (0.25 g/L and 0.27 g/L) fall within this range, and thus can be considered normal.  As for the o-Dianisidine, Schosinsky et al reported the normal range of ceruloplasmin to be 62-140 U/liter.  Cp activity of the girls again falls on the low side of the range but is nevertheless still within the two numbers.
Table 1.  Demographics and Copper/Ceruloplasmin Status in Adolescent Females with Cystic Fibrosis
	
	Baseline
	Follow-Up

	n
	23
	17

	Age (years)
	12.8 ± 3.3
	13.9 ± 3.5

	Age Range
	7 – 17 
	8 – 19

	Height (cm)
	147.8 ± 14.9
	150.9 ± 13.0

	Weight (kg)
	40.9 ± 13.5
	45.4 ± 13.3

	Tanner Stage Range
	1 – 5
	1 – 5 

	Cp Activity (PPD g/L)

	0.25 ± 0.08
	0.27 ± 0.10

	Cp Activity (o-D Units/L)
	73.1 ± 27.0
	67.3 ± 29.4

	Plasma Cp (ratio*)
	0.61 ± 0.23
	0.90 ± 0.17

	Plasma Copper (µg/L)
	1002.0 ± 188.4
	1197.8 ± 363.2


*In relation to positive control (when PC=1)
**Values represent the means±S.D.

Serum ceruloplasmin concentration could not be compared to published data due to its qualitative nature.  The data was based on comparison with the positive control used in the study and, therefore, can only be compared to other data within the study.  Copper levels, however, is concluded to be normal.  Percival et al determined mean plasma copper concentration in adult males with CF to be 1205.9 µg/L and healthy males to be 808.8 µg/L [27].  Another study defined normal levels by copper > 90 µg/dl or 900 µg/L [34].  Both baseline and follow-up results adhere to those values. 

Table 2.  Average Change per Subject in Baseline vs Follow-Up Data (with SD)
	Analysis Performed
	Average % Change per Subject

	Cp Activity (PPD)


	4.6 ± 40.0

	Cp Activity (o-D)
	-11.1 ± 33.8

	Plasma Cp
	45.1 ± 50.1

	Plasma Copper
	20.5 ± 30.0


Values represent the percentage±S.D.

When examining average percent change per subject in each of the tests from baseline to follow-up, numbers seemed low and variability great.  According to findings of Cp and copper characteristics in response to changing physiology, Cp activity would be expected to decrease and plasma Cp and copper to increase during disease progression.  However, results seem to prove otherwise.  The conclusion is that there is no significant correlation between copper status and disease progression, or perhaps there cannot be expected to be much change in copper status or disease progression within a period as short as two years.  Data was also plotted on an X-Y chart to assess the relation between each of the copper status variables and age as well as pubertal group.  The graphs consisted of fluctuations and no significant trends were found.

DISCUSSION

My findings suggest that copper status in adolescent females with cystic fibrosis is comparable to that of healthy individuals.  In Percival et al’s study of copper status in children with cystic fibrosis, it is noted that the mean serum copper of the CF group was within the normal range; none of the values fell outside of the normal range when results were compared with the normal range for adult males [35].  Percival et al’s second study also reported that the specific activity of Cp was not different between adult males with CF and the control group [27].  The indices of copper homeostasis measured in this study reflected the same results.  All values fell within normal range when compared to already published data of normal adolescents as well as those suffering from CF.  Furthermore, there proved to be little change between both ceruloplasmin activity and copper concentration at baseline versus follow-up, indicating a direct relationship between the activity of Cp and copper load in plasma.  This is consistent with the fact that ceruloplasmin is a copper-dependent protein which contains more than 95% of serum copper [21,23,27].

However, the serum ceruloplasmin concentration, based on calculated means, was higher in the follow-up data than that of the baseline.  Because ceruloplasmin is an acute phase reactant, the rise in concentration could be attributed to the protein’s response to inflammation, disease, and trauma, possibly correlating to disease progression in CF (#).  Nevertheless, the variability is large enough to discount this hypothesis.  It is extremely difficult to analyze longitudinal data, especially in the presence of such a short time difference.  Further studies need to be conducted to follow the course of disease in CF patients over a long interval to evaluate its relation to copper status.  
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