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ABSTRACT. Cysteamine (B-mercaptoethylamine, MEA) 
is currently used to treat children with nephropathic cys- 
tinosis. In this study MEA was compared to phosphocys- 
teamine (MEAP), a phosphorothioester that tastes and 
smells better than MEA, with respect to its ability to 
elevate plasma MEA and deplete leukocytes of cystine. 
Studies were performed in six children with nephropathic 
cystinosis ranging in age from 2 to 10 yr. After equimolar 
oral doses of either MEA or MEAP plasma cysteamine 
was determined at various times for 6 h. MEA was deter- 
mined by sodium borohydride reduction followed by high- 
performance liquid chromatography separation and el&- 
trochemical detection. Leukocyte cystine was measured 
before and 1 and 6 h after drug administration. Peak 
plasma MEA was obtained 30 min to 1 h after a dose and 
was not significantly different when MEA (48.6 f 10.7, 
mean + SD) or MEAP (54.1 f 20.2) was given. Significant 
plasma MEA concentrations were seen as early as 15 min 
after an oral dose, indicating rapid absorption. Analysis of 
vomitus indicated that hydrolysis of the phosphate group 
of MEAP occurs in the stomach. The percent decrease in 
leukocyte cystine content obtained with MEA administra- 
tion (61.9%) was not significantly different from the de- 
crease observed when MEAP was administered (65.3%). 
MEA and MEAP appear to be equally effective in their 
cystine-depleting properties. (Pediatr Res 23: 616-620, 
1988) 

Abbreviations 

MEA, cysteamine 
MEAP, phosphocysteamine 

MEA (P-mercaptoethylamine) has been used since 1979 as a 
part of a national collaborative study to treat children with 
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nephropathic cystinosis (1). Cystine accumulates in the lyso- 
somes of children with this autosomal recessive disease due to a 
defect in lysosomal transport (2-6). MEA has been shown pre- 
viously to effectively deplete cystine from cystinotic cells in 
culture, as well as leukocytes in vivo (7). MEA depletes cystine 
by entering the lysosome and participating in a thiol-disulfide 
interchange reaction to produce cysteine and cysteine-MEA 
mixed disulfide, both of which cross the cystinotic lysosomal 
membrane (8, 9). Several clinical trials have demonstrated the 
cystine-depleting effects of MEA, but small numbers of subjects 
and brief treatment periods have prevented firm conclusions 
concerning the clinical effectiveness of the drug (10-13). The 
recent report from the national collaborative MEA study is the 
first to demonstrate the long-term clinical effectiveness of MEA 
treatment in a large population of patients (1). Children with 
cystinosis have impaired growth, renal Fanconi syndrome, and 
glomerular deterioration, resulting in end-stage renal failure 
within the first decade of life. Children treated with MEA show 
improved growth and slowed progression of renal glomerular 
failure (1). 

The bad taste and smell of MEA make compliance difficult 
for many patients. Fourteen percent of patients were withdrawn 
from the collaborative study for noncompliance, usually second- 
ary to intolerance of the medication (1). MEAP, a phosphoro- 
thioester of MEA, is considered less toxic (14). Masking the thiol 
group also improves the smell and taste and may prevent MEAP 
from binding to proteins resulting in an increased amount reach- 
ing target tissues (15). 

Inasmuch as the thiol group of MEA is essential to its effec- 
tiveness, MEAP must be dephosphorylated at some stage of its 
metabolism. The hydrolysis of MEAP to MEA occurs in many 
rat tissues including intestine, but not in serum (15, 16). There- 
fore, with oral administration, dephosphorylation could occur in 
the gut but with an intravenous dose, dephosphorylation may 
not occur before MEAP reaches the tissues (17). MEAP has also 
been shown to be effective at decreasing leukocyte cystine content 
in vivo, and it was postulated that the conversion of MEAP to 
MEA may occur intracellularly, therefore targeting the active 
agent to the site of cystine storage (17). The point at which 
MEAP is dephosphorylated after an oral dose could determine 
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molar oral doses of MEA and MEAP. The effectiveness of MEAP 
and MEA at depleting leukocyte cystine content in vivo is also 
assessed. To complete a comparison of these two drugs, the taste 
preferences of patients taking the medication have also been 
evaluated. 

MATERIALS AND METHODS 

Subjects. Subjects for the comparison of oral MEA to oral 
MEAP included six children ages 2-10 yr. All of these patients 
had been treated with MEA before this study. The characteristics 
of these patients are given in Table 1. This study complies with 
the guidelines of the Human Subjects Committees of the Uni- 
versity of California, San Diego, and the University of Michigan, 
Ann Arbor, and the National Institutes of Health. The popula- 
tion of patients and parents who received questionnaires included 
88 patients from 81 different families who had been previously 
treated with MEA. 

Materials. All reagents used were of the highest quality avail- 
able. MEA HC1 was obtained from Sigma Chemical Co. (Food 
and Drug Division, Ltd., St Louis, MO) and prepared in the 
pharmacies of the University of California, San Diego, the Uni- 
versity of Michigan, Ann Arbor, or the National Institutes of 
Health as an aqueous solution of 0.64 M. Phosphocysteamine 
was obtained from Medea Laboratories (West Hampton Beach, 
NY) and was also prepared by the pharmacies in water to a 
concentration of 0.64 M. 

Plasma MEA was measured using a Bioanalytical Systems 
(BAS, West Lafayette, IN) LCEC chromatograph with a single 
piston pump and a single gold/mercury electrode. A BAS bio- 
phase ODs 5 pg (4.6 x 250 mm) reverse phase column was used. 

Biochemical studies. Before this trial all six children stopped 
their usual doses of MEA. In two patients (patients 1 and 2) 
MEA was withheld for 24 h before the study and in the remaining 
patients it was withheld for 1 wk. Patients were admitted to the 
Clinical Research Center at the University of California, San 
Diego, the University of Michigan, Ann Arbor, or the National 
Institutes of Health. Solid foods were withheld for 8 h before the 
administration of the test doses but patients had free access to 
fluids. A baseline blood sample of 4 ml of heparinized blood was 
drawn. Three ml were poured into an equal volume of acid- 
citrate dextrose solution and placed on ice for preparation of 
leukocytes. The remaining 1 ml of blood was immediately cen- 
trifuged at 2500 x g for 5 min and plasma removed and placed 
on ice. In two patients (patients 1 and 2) 100 p1 of plasma was 
added to 16 p1 of 2 N perchloric acid to precipitate proteins. The 
proteins were separated by centrifugation and frozen for subse- 
quent assay of protein-bound MEA. The remaining plasma was 
either kept on ice for immediate assay of total plasma MEA, or 
frozen at -20" for future analysis. At time zero, patients received 
an oral dose of 0.23 mmol/kg body weight of MEA or MEAP in 
water. Blood samples for assay of plasma MEA concentration 
were taken at various times for up to 6 h. Blood for determination 
of leukocyte cystine content was taken at 0, 1, and 6 h for all 
patients. In patients 1 and 2 the second drug was administered 
24 h later. In all other patients the second drug was given 48 h 
later. In one patient (patient 5) a third dose of MEA was given 4 
days after the first dose, but it was given with 8 oz of whole milk 

Table 1. Characteristics ofpatients tested with oral MEA and 
MEAP 

Age Wt Time MEA 
Patients (yr) Sex (kg) withheld (days) 

1 8 M 21.0 1 
2 10 M 23.2 1 
3 2 F 9.7 7 
4 4 M 11.8 7 
5 5.5 F 19.5 7 
6 5 M 14.5 7 

in order to evaluate the effect of food on absorption and plasma 
concentration. 

Analysis of samples. A mixed leukocyte preparation for deter- 
mination of leukocyte cystine content was made according to 
the method of Greene et al. (18). Leukocyte cystine content was 
determined using a specific cystine binding protein (1 9) and total 
protein was determined by the method of Lowry et al. (20). The 
total plasma MEA concentration was determined by first treating 
100 pl of plasma with sodium borohydride to reduce all disulfides 
to thiols. The protein was then precipitated with trichloroacetic 
acid and the supernatant assayed for MEA using HPLC separa- 
tion followed by electrochemical detection (21). Samples of 
vomitus from two patients were also reduced before high-per- 
formance liquid chromatography analysis. For determination of 
plasma protein-bound MEA, plasma proteins were washed with 
a series of organic solvents and dried. A total of 12-15 mg of 
protein was dissolved in urea and reduced with sodium borohy- 
dride (22). 

Questionnaire. A written questionnaire was sent to the families 
of all patients currently taking MEA as a part of the National 
Collaborative Cysteamine Study. Included in the package was a 
sample of MEAP to allow the child to try this drug for approxi- 
mately 1 wk and decide which was preferred. In addition to drug 
preference the parents were also asked to evaluate how often 
their child vomited as a result of taking the medication. 

RESULTS 

Biochemical studies. Patients 1 and 2, who had not taken 
MEA for 24 h before testing, demonstrated identical plasma 
MEA curves after the administration of either MEA or MEAP, 
and leukocyte cystine was depleted similarly by both treatments 
(Fig. 1). Patient 3, who had not taken MEA for I wk before 

Time (Hours) 
Fig. 1. Plasma MEA and leukocyte cystine content after an oral dose 

of MEA or MEAP in patients who had not taken MEA for 24 h. Patient 
1 (top) and patient 2 (bottom) received an oral dose (0.23 mmol/kg) of 
either MEA (closed symbols) or MEAP (open symbols). Blood was 
sampled for determination of plasma MEA (W, 0) at various time 
intervals up to 6 h. Leukocyte cystine (0,O) was measured before and 1 
and 6 h after drug administration. 
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testing, displayed a plasma MEA peak slightly later after MEAP 
than after MEA (Fig. 2, top), and patient 4 exhibited a plasma 
MEA peak somewhat greater than MEAP than after MEA inges- 
tion (Fig. 2, bottom). As seen in Figure 1, withdrawing MEA for 
24 h before testing did not result in greatly elevated leukocyte 
cystine. Therefore the net decrease in leukocyte cystine at 1 h 
was smaller and more transitory than that seen when no MEA 
was taken for 1 wk (Fig. 2). After 1 wk without MEA, the 
leukocyte cystine was as high as 5 to 7 nmol '/2 cystine/mg 
protein and even 6 h after the single MEA dose leukocyte cystine 
was significantly lower than the predrug value. The data from 
the remaining two patients was not shown in figure form because 
vomiting occurred in both of these patients 40 min after the test 
doses. 

The peak plasma MEA concentration, the time of maximal 
MEA concentration, the percent decrease in leukocyte cystine, 
as well as the amount of the dose lost in vomit is given for all six 
patients in Table 2. Paired t tests showed that there was no 
difference in either the maximal plasma MEA concentration or 
the percent decrease in leukocyte cystine content when MEA 
was compared to MEAP. The results in Table 2 and Figures 1 
and 2 also illustrate that the time of peak plasma concentration 
does not differ significantly between these two drugs. 

In the chromatography system used, MEAP did not coelute 
with MEA and treatment with sodium borohydnde did not 
hydrolyze the phosphate group of MEAP. The presence of MEA, 
not MEAP, in plasma samples therefore suggests that MEAP is 
converted to MEA before it reaches the plasma. Analysis of 
vomitus samples from patient 5 indicates that this conversion 
occurs in the stomach. After a dose of MEAP in patient 5, MEA 
rather than MEAP was found in the vomitus. Incubation of this 
vomitus with acid phosphatase or incubation at pH 1 and 37" C, 
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Time (Hours) 
Fig. 2. Plasma MEA and leukocyte cystine content after an oral dose 

of MEA (closed symbols) or MEAP (open symbols) in patients who had 
not taken MEA for 1 wk. Patient 3 (top) and patient 4 (bottom) received 
an oral dose (0.23 mmol/kg) of either MEA or MEAP. Blood was 
sampled for determination of plasma MEA (., 0) at various time 
intervals up to 6 h. Leukocyte cystine (0,O) was measured before and 1 
and 6 h after drug administration. 

Table 2. Effectiveness of oral MEA and MEAP at elevating 
plasma MEA concentration and decreasing leukocyte cystine 

content* 

% Decrease in Time of peak 
% Dose lost plasma MEA Peak Plasma leukocyte 
in vomitus (min) MEA (pM) cystine at 60 

min 

Patient MEA MEAP MEA MEAP MEA MEAP MEA MEAP 

Mean 48.6 54.1 61.9 65.3 
+SD k10.7 f20.2  k10.2 27.8 

*All patients received MEA first except patient 5 who was given 
MEAP on the first test day. 

conditions that hydrolyse MEAP to MEA, failed to increase 
significantly the amount of MEA recovered in the vomitus. 
However, incubation of this vomitus with MEAP standard re- 
sulted in 50% hydrolysis to MEA in 2 h. 

Inasmuch as MEA contains a free thiol group the amount 
bound to plasma proteins was measured in some samples from 
patients 1 and 2 (Fig. 3). When plasma proteins were precipitated 
immediately the amount of MEA bound to proteins represented 
only between 10 and 18% of the total plasma MEA. This percent 
was similar regardless of whether MEA or MEAP was given (Fig. 
3). Because the amount bound remained relatively constant over 
time the percent of the total bound increased as the total plasma 
MEA began to decrease (Fig. 3). Protein-bound MEA is probably 
removed from the plasma more slowly than free MEA. The equal 
amount of MEA bound when MEA and MEAP are given is 
further evidence that MEAP is hydrolyzed by the time it reaches 
the plasma. 

In these studies the drugs were given without food, but patients 
normally take MEA with milk or other foods. The effect of milk 
on the absorption of MEA was examined in patient 5 (Fig. 4). 
As is shown in Table 2, patient 5 lost 46% of the MEA dose 
when vomiting occurred at 40 min. No vomiting occurred when 
the MEA was administered with milk, yet the peak plasma level 
of MEA was less than that seen when 46% of the dose was lost 
(Fig. 4). The curve was also broader and stayed elevated slightly 
longer. By 4 h no significant differences were seen between the 
curves. It was hoped that administration of MEA with food such 
as milk would slow the absorption of the drug and make the 
plasma levels stay elevated longer, creating a slow release form 
of administration. This occurred to some extent but not enough 
to alter the required frequency of drug administration. 

Questionnaire. Of 88 responses 43 preferred MEAP, 34 pre- 
ferred the MEA that they had been taking, and 11 were unable 
to tell the difference. The drug preference did not correlate with 
either the age at which MEA therapy was started or the length of 
time they had been taking MEA. Therefore, despite the feeling 
by physicians that patients had a great deal of difficulty taking 
MEA, when given a choice between MEA and MEAP only half 
of the children preferred MEAP. Also, the histogram of vomiting 
frequency (Fig. 5) illustrates that only a small number of children 
had a significant problem with vomiting after administration of 
MEA. 

DISCUSSION 

Before this study the only other measures of plasma MEA in 
children with cystinosis were done 1 and 6 h after a dose (23). 
The additional time points included herein enable some esti- 
mates of the pharmacokinetics of this drug. Inasmuch as the 
same measurements were not made after intravenous adminis- 
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Time (Min) 
Fig. 3. Plasma MEA and plasma protein-bound MEA concentration 

in patient 1 (top) and 2 (bottom) after an oral dose (0.23 mmol/kg) of 
either MEA or MEAP. Each bar represents total plasma MEA concen- 
tration and the bottom unfdled section gives the concentration bound to 
plasma proteins. The numbers in each bar represent the percent of total 
plasma MEA that is bound to plasma proteins. Hatched bars represent 
MEA after an oral MEA dose and solid bars represent MEA after an oral 
MEAP dose. 

0 2 4 6 

Time (Hours) 
Fig. 4. The effect of milk on plasma MEA concentration over time. 

An oral dose of 0.23 mmol/kg of MEA was given to patient 5 with or 
without 8 oz of whole milk. When milk was not given (0) vomiting 
occurred and 46% of the dose was lost. When administered with milk 
(W) no vomiting occurred. 

tration, conclusions concerning gastrointestinal absorption are 
difficult. Drug absorption is a complex process that is affected 
by the rate of gastric emptying as well as absorption of the drug 
from multiple intestinal sites. In these studies the time of peak 
plasma concentration occurred at 30-60 min after the oral dose, 
and significant plasma MEA was seen as early as 15 min. This 
rapid appearance in the plasma suggests that at least some is 

Number of Patients 
Fig. 5. Frequency that vomiting occurs in patients taking MEA. 

Information concerning the frequency of vomiting was collected by 
questionnaire from 88 patients currently taking MEA. Vomiting fre- 
quency was expressed as number of days per 100 that vomiting occurs. 

being absorbed through the stomach. The peak time of 30-60 
min is the same as that determined in adults by Eldjarn and 
Nygaard (24) using 35S-MEA. 

The data accumulated from analysis of vomitus have also 
provided important information. In all three instances of vom- 
iting, it occurred 40 min after the dose was given. It is interesting 
that patient 5 had a peak plasma MEA at 30 min, yet still had 
enough MEA in the stomach at 40 min to lose 46% of the dose; 
whereas, patient 6 lost only about 2% of the dose in vomit at 40 
min, but plasma MEA continued to increase until 60 .min. It 
appears that the amount of the drug absorbed through the 
stomach, the rate it leaves the stomach, and the rate of absorption 
in the intestines varies considerably from patient to patient. Also, 
the hydrolysis of MEAP proceeded relatively slowly when it was 
incubated with vomitus in vitro (50% hydrolysis in 2 h), whereas 
complete hydrolysis of an MEAP dose occurred in the stomach 
in 40 min. This suggests that some cleavage of the phosphate 
group may be occurring at sites, such as membranes, that are 
not available during in vitro incubations. 

The rate at which MEA disappears from the plasma is also 
rapid. By 2 h plasma MEA had decreased to less than half its 
maximal concentration, and by 6 h it had almost completely 
disappeared. It is not known whether MEA is being taken up 
directly into cells and lysosomes or rapidly bound to other 
proteins. Herein an estimate of the percent dose present in the 
plasma at the maximal concentration reveals that it represents 
only about 1-2% of the dose. Fecal losses of MEA have not been 
determined and urinary losses are small (7, 23). It is more likely 
that the small percent of MEA in plasma is due to rapid uptake 
by cells and binding to proteins than to poor absorption or 
urinary excretion. 

It is surprising how little of the total plasma MEA was bound 
to plasma proteins in our study (10-18%). During in vitro 
incubations of MEA with plasma about 80% was bound after 1 
h at 37" C and 95% by 4 h. Thiol compounds such as cysteine 
and homocysteine readily bind to plasma proteins (22, 25). In 
man it has been determined that about 50% of total plasma 
cyst(e)ine is protein bound (25). Intraperitoneal injections of 35S- 
MEA into mice found about 1.5% of the dose in the plasma and 
of this about one-third was bound to proteins (26). More infor- 
mation is needed to confirm the amounts of MEA bound to 
proteins in vivo over a broader time span and to determine how 
well it competes with other thiols for binding sites. However, the 
fact that equal amounts of MEA were bound to plasma proteins 
regardless of whether MEA or MEAP was given, indicate that 
the theory that the phosphate group will prevent binding to 
proteins and allow the compound to be targeted to the lysosome 
does not apply when MEAP is given orally. It may, however, 
occur when MEAP is given intravenously. 
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Despite the bad taste of MEA many patients have become 
accustomed to it and have no difficulty taking it. This conclusion 
may be somewhat biased by the fact that the parents who 
responded to the questionnaire are those who tolerated MEA 
well enough to participate in the National Collaborative Cys- 
teamine Study. Another possibility is that most patients are so 
convinced that MEA is helping their child that they may be 
afraid to make any changes in medication. Perhaps one reason 
that MEAP was not the universal choice is that it is not com- 
pletely odorless and tasteless. When made fresh a 0.64 M solution 
of MEAP contained 0.6% MEA. When stored at 4" C this 
remained stable for about 3 wk. By 8 wk the percent contami- 
nation was 1.1 % and by 12 wk it had increased to 1.5 %. 

Along with MEA therapy, children with cystinosis are treated 
symptomatically for the loss of fluids and electrolytes, and receive 
kidney transplants when end-stage renal failure occurs (2). Indi- 
viduals who received renal transplants are now reaching their 
late 20s and early 30s and are beginning to show the effects of 
prolonged cystine accumulation in tissues other than the kidney. 
A recent survey of 80 patients more than 10 yr of age revealed 
that almost 75% of these patients required thyroid replacement, 
27% had splenomegaly, 42% had hepatomegaly, 86% had pho- 
tophobia, 32% had decreased visual acuity, and 15% had corneal 
ulcerations (27). Nine of 80 patients had central nervous system 
abnormalities that ranged from speech difficulties to severe im- 
pairments of swallowing and walking (27). Cerebral atrophy has 
also been observed on computerized axial tomography (28, 29). 
The progressive involvement of tissues other than the kidney 
emphasizes the need for continuous aggressive treatment. 

Plasma MEA has been measured in two older patients after 
an oral MEA dose. In a 22-yr-old patient who had not previously 
received MEA a 0.154 mmol/kg dose of MEA resulted in a peak 
plasma MEA level of 82 pM 30 min after the dose. Before the 
dose leukocyte cystine was 13.8 nmol 1/2 cystinelmg protein. By 
60 min the cystine content had decreased to 5.8 nmol l/2 cystinel 
mg protein and at 6 h leukocyte cystine had not begun to increase 
(2.9 nmol Y2 cystinelmg protein). In a 20-yr-old patient who 
received an oral dose of only 0.08 mmol MEA/kg body weight 
plasma MEA reached 43 pM 30 min after administration of the 
drug. This patient had taken MEA in the past but had not been 
receiving the drug for the past year. Leukocyte cystine content 
was reduced from 5.9 nmol l/2 cystinelmg protein before the dose 
to 2.6 nmoll/z cystinelmg protein at 1 h. By 6 h leukocyte cystine 
had increased to 5.1 nmol Y2 cystinelmg protein in this patient. 
These results indicate that lower per kg doses of MEA in older 
patients yield plasma MEA levels comparable to those seen in 
younger patients receiving higher per kg doses. As more older 
(and larger) patients receive this drug, it may be wise to express 
the dose in terms of body surface area rather than body weight. 

Before renal transplantation most patients undergo peritoneal 
dialysis. Plasma samples and peritoneal dialysis samples obtained 
from a 19-yr-old patient revealed that plasma MEA was still 18 
pM 6 h after an oral MEA dose of 0.147 mmollkg body weight. 
MEA, totaling 1 1 nmol, was lost in a 1-h dialysate collected 8 h 
after an oral MEA dose. Therefore, there is some loss of MEA 
in dialysis fluid but because MEA is still significantly elevated at 
6 h it is possible the losses in dialysis fluid are smaller than 
normal kidney losses which have been estimated at 1-2% of the 
dose (23). 

The results of this study indicate that when taken orally, MEA 
and MEAP can be treated as equivalent and should be equally 
effective for the treatment of cystinosis. Any differences in treat- 
ment effectiveness are likely due to differences in compliance 
rather than to biochemical differences between the two com- 
pounds. The taste preferences of the children indicate a slight 
preference for MEAP, but the difference was not as striking as 
expected. 
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