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a. Hypothesis

The myopathy associated with nephropathic cystinosis is the result of mitochondrial dysfunction with resultant deficiency in respiratory transport chain function.
b. Specific Aims

To test the above hypothesis by studying respiratory transport chain activity in adolescents and adults with cystinosis, and to determine if a treatment regimen that provides additional co-factors for these enzymes will improve the strength and prevent deterioration in muscle strength.

c. Methods
Eleven adolescents and adults with nephropathic cystinosis participated in the study. Some had evidence of myopathy by history and by neurological examination, and confirmed by electromyographic studies; others had no clinical evidence of myopathic changes. All underwent muscle biopsies. One-half of the muscle specimen was sent to pathology and studied histologically and by electron microscopy. The other half was sent to Dr. Richard Haas’s lab at UCSD to undergo metabolic studies, including carnitine levels, cytochrome oxidase activity, and activities of other enzymes of the electron transport chain (the pathway by which energy is produced by the muscle cells). In addition, all subjects underwent tests of respiratory function during exercise, as well as a neurological exam including detailed testing of strength. 

In the second phase of the study, 5 of the cystinotic patients received a combination of carnitine, Coenzyme Q10, biotin, riboflavin and thiamine on a daily basis for 3 months. The other 5 received a placebo. After 3 months, strength was assessed by a neurologist unaware of the treatment status, using objective measures such as grip strength in addition to subjective muscle testing. Each patient underwent a second EMG following 3 months of treatment. After 3 months, the control group was offered the same treatment as the experimental group, and all 10 individuals were re-tested at the end of 6 months and 1 year.

d. Results
Eleven patients (age range 16-43 years) were enrolled in the study. Six were aged 18 to 25 and had little to no clinical evidence of weakness; five were aged 36 to 43 and all had myopathic symptoms. One was unable to continue because of his prior participation in a study of cardiac function. He has subsequently died of cardiac complications of his disease. Of the remaining 10, all have completed the study. All subjects participated in comprehensive baseline exercise testing by Dr. Paul Phillips which included ergometry and respiratory exchange ratio measures after which the subjects underwent a muscle biopsy under light sedation and local anesthesia performed on the UCSD CRC by Dr. Richard Haas.; 5 females and 6 males underwent muscle biopsy. All have completed the 12 month study.
Strength: Of the 10 participants, 4 had clinical evidence of muscle weakness on neurological examination. The weakness was mild to moderate in 3 and severe in one. One had shoulder girdle weakness, one mild leg weakness, one mild hand weakness, and one had severe upper greater than lower extremity weakness. Grip strength testing at baseline was weaker than expected for age and gender in 5 of the 10 participants who completed the testing. At the 6 month follow-up, 2 of the four with initial weakness had improvement in strength on muscle strength testing, but no change in grip strength. One person who had initially had normal strength on clinical exam was thought to have slight hand weakness at 6 months. At 12 months, the subject with the most severe weakness had improved to mild to moderate weakness. Four additional subjects had mild to moderate weakness, including 2 who had normal exams previously. One person with an initial finding of mild leg weakness no longer exhibited that at 12 months. No individual had worsening of lower extremity strength over the 12 months, and weakness appeared to be confined to the upper extremities when present at all.

EMG/NCV: Two patients refused the EMG study. Two patients had normal studies (20 and 21.5 years old). Three showed myopathic changes, with decreased amplitude and duration of motor unit action potentials, and numerous polyphasic potentials. Two patients had neurogenic changes, one in addition to myopathic changes and one without myopathic changes.

Muscle pathology: Muscle biopsy histochemistry and electron microscopy (EM) was quite variable. Only one (21 year old patient) was entirely normal. Fiber size variation was noted in 4 biopsies and 2 had marked type 2 fiber predominance. Two of the older patients had ring fibers typical of cystinotic myopathy (Figure 1) with scattered atrophic muscle fibers. Filamentous bodies were seen in 3 biopsies on EM and finger print bodies in one. Three were reported with prominent lipid staining and 2 had prominent glycogen on EM. In 3 biopsies trichrome staining was prominent suggesting mitochondrial accumulation, in 2 this was seen at the EM level. One subject had increased COX negative fibers and 2 subjects had scattered degenerating mitochondria on EM. The prominent lipid, glycogen, COX negative fibers and moth eaten fibers are changes reported in mitochondrial disease. (In mitochondrial disease patients, particularly in children, histochemistry and electron microscopy frequently shows minimal changes or is normal).
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Figure 1. Ring fiber in muscle biopsy of adult with cystinosis.
Biochemical measures: Baseline plasma CoQ10 levels were measured and results in the ten subjects are shown in table 1.

	Coenzyme Q levels in 10 Cystinotic Subjects

	Subject

Controls
	Plasma CoQ

(0.55-1.64 umol/L)
	Muscle CoQ

(14.4-31.6 ug/g wet weight)

	1
	0.54
	13.65

	2
	0.52/0.42
	27.35

	3
	0.54
	25.53

	4
	0.5
	31.67

	5
	0.46/0.45
	15.95

	6
	0.55/0.57
	29.9

	7
	NA
	26.37

	8
	0.62/0.69
	30.94

	9
	0.55/0.59
	39.45

	10
	0.52/0.47
	9.12


Table 1. Pretreatment or placebo data was available in 9 of 10 subjects. In 8 of these plasma CoQ10 levels were at (2) or below (6) the lower limit of the normal range. Muscle  CoQ10 levels were reduced in 2 of 10 subjects. 
Carnitine levels in plasma and muscle were well in the normal range in 9/9 subjects tested and only one subject was confirmed to be taking carnitine at baseline. In 6 of 9 subjects plasma acyl carnitine profiles were abnormal with increased levels of predominantly short and medium chain species – compatible with some impairment of mitochondrial beta oxidation.

Muscle biochemistry: Electron transport studies on isolated mitochondria revealed normal citrate synthetase [CS] (a mitochondrial marker), normal complex I/CS and II-III/CS but the complex IV/CS activity of the cystinotic group was significantly reduced (with a tight standard deviation) compared to a large disease control group and a smaller group of normal samples (Table 2). 

	MUSCLE MITOCHONDRIA COMPLEX IV/ CITRATE SYNTHETASE RATIO     

	Disease Controls (A)
	Normal Controls (B)
	Cystinosis (C)

	n=87
	n=14
	n=10

	Mean 0.62
	Mean 0.66
	Mean 0.44

	SD 0.23
	SD 0.31
	SD 0.09

	Unpaired T test   C vs A  p = 0.0119        C vs B  p = 0.0115 


Table 2. Cystinotic Muscle Mitochondrial Complex IV (COX) activity expressed as a ratio to citrate synthetase. Disease controls are a series of adult and pediatric patients found to have normal electron transport activities. Normal controls are orthopedic surgery patients.  

Clinical trial: There was no clear evidence of improvement after 6 or 12 months of treatment with a “mitochondrial cocktail” consisting of l-carnitine, Co-enzyme Q, biotin, riboflavin and thiamine supplementation. However, it was apparent that at least some of the participants were not taking the medications, since their repeat Co-enzyme Q levels were not elevated. 

e. Conclusions

Co-enzyme Q10 deficiency in nephropathic cystinosis is suggested by the finding of low or borderline CoQ10  plasma in 8 of 9 patients with data. Two had quite low muscle  CoQ10 levels. Muscle histochemistry and EM was variable but in several patients changes compatible with mitochondrial dysfunction were seen. The muscle COX activity results are significant and although not very low do differ markedly from the normal mean. COX deficiency suggesting secondary mitochondrial impairment has been reported in other myopathic conditions. Carnitine levels in plasma and muscle were uniformly normal despite the fact that only one individual was supplemented at baseline. Results of the exercise testing revealed baseline abnormalities but no noticeable improvement after either 6 months or 1 year of treatment with a ‘mitochondrial cocktail’. 

Taken as a whole the results of this study support the hypothesis that there is mitochondrial dysfunction in nephropathic cystinosis. Coenzyme Q is an important antioxidant and electron transport chain component. Low levels are worrisome, and may contribute to myopathic symptoms in older patients as well as to contribute to the cause of the cardiomyopathy. If this finding is confirmed in a larger study it would seem prudent to consider CoQ10 supplementation at least in older patients as Q levels fall in aging normally. The lack of effect of the ‘mitochondrial cocktail’ which included 1200 mg/day of  CoQ10  is not unexpected. The effect of   treatment might best be viewed as a long term protectant rather than an agent capable of producing a symptomatic benefit in most subjects. This dose of CoQ10 was well tolerated.

f. Future Plans
These data suggest that CoQ10 deficiency may be widespread in nephropathic cystinosis and mitochondrial dysfunction is an accompanying problem. Further study is indicated as chronic treatment with CoQ10 supplementation may be beneficial for nephropathic cystinosis patients and in particular for myopathy and cardiomyopathy symptoms. Based on this study, the next logical step would be to study levels of CoQ in platelets and plasma of a larger cohort of children, adolescents and adults with cystinosis, as well as to conduct a larger study of CoQ10 treatment in adolescents and young adults with cystinosis. The ultimate goal is to prevent the progressive myopathy and cardiomyopathy that is occurring in so many adults with cystinosis. 
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