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Abstract
The strict intake regimen of cysteamine bitartrate formulations, associated with side 
effects, is a concern for the treatment compliance in cystinosis therapy. Therefore, 
there is a need for a cysteamine formulation with an improved pharmacokinetic pro-
file. This study investigated the pharmacokinetics, safety and tolerability of a new 
sustained-release cysteamine dosage form, PO-001, in healthy volunteers. This was 
a randomized, investigator-blinded, three-way cross-over study to compare sin-
gle doses (600 mg) of PO-001 with Cystagon® (immediate-release) and Procysbi® 
(delayed-release). Collected blood samples were analyzed for plasma cysteamine con-
centrations and pharmacokinetic parameters were estimated by noncompartmental 
analysis. In addition, plasma cysteamine concentrations were analyzed using a popu-
lation pharmacokinetic approach using NONMEM®. Pharmacokinetics showed clear 
sustained-release characteristics of PO-001 over time with a lower Cmax and longer 
Tmax compared to Cystagon® and Procysbi®. All treatment-emergent adverse events 
were of mild severity, with the exception of two subjects who reported moderate se-
verity gastrointestinal problems including vomiting and diarrhea, which were related 
to Cystagon® intake. Population PK simulations showed a favourable PK profile based 
on Cmax and Ctrough concentrations at steady state. In conclusion, a single dose of 
600 mg PO-001 was well tolerated with no findings of clinical concern. This new cy-
steamine bitartrate formulation showed pharmacokinetics of a sustained-release for-
mulation, which may be beneficial for the treatment of cystinosis patients. This study 
supports advancing this type of sustained-release formulation into a subsequent 
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1  |  INTRODUC TION

Cystinosis is a rare, inherited autosomal recessive disease caused 
by mutations in the lysosomal cystine carrier cystinosin, encoded 
by the CTNS gene (MIM 606272; GenBank NM_004937.2 17p13), 
leading to intralysosomal accumulation of cystine. The accumu-
lation of cystine eventually results in intracellular crystal forma-
tion, leading to apoptosis and tissue damage.1–3 Most patients 
develop nephropathic cystinosis and present between the age of 
6–12 months with polyuria, polydipsia, and failure to thrive due 
to generalized proximal tubular damage in the kidney, i.e. renal 
Fanconi syndrome.4,5

The current mainstay of cystinosis treatment is cysteamine. 
Cysteamine reduces intracellular cystine concentrations by convert-
ing cystine into the transportable cysteine and cysteine-cysteamine 
mixed disulfide, which exit the lysosomes via an intact lysine and 
cysteine transport system, thereby bypassing the defective cystine 
carrier.6 The level of cystine in white blood cells (WBCs) as a mea-
sure of cystine depletion, is a biomarker of cysteamine treatment 
efficacy (target <1  nmol hemicystine/mg protein).7 Early initiation 
of cysteamine treatment can delay the progression of cystinosis and 
the development of renal failure.8,9

Cystagon® is a registered formulation of immediate-release cys-
teamine bitartrate for the treatment of nephropathic cystinosis in 
children and adults in the United States and Europe.10,11 An import-
ant disadvantage of Cystagon® is the strict regimen of the intake 
of the capsules every 6  h to prevent a rapid rise in cystine levels 
and associated complications, which requires patients to wake up 
during the night.6,12 Furthermore, cysteamine has several side ef-
fects; most patients experience gastrointestinal symptoms, such as 
vomiting and diarrhea, and treatment is associated with a persistent 
and unpleasant sulfurous body and breath odour (i.e. halitosis).13,14 
Therefore, Cystagon® therapy is often associated with impaired 
treatment compliance.

Even with optimal treatment compliance, the pharmacokinetic 
profile of Cystagon® is not optimal, with relatively large variations in 
peak-trough concentrations due to a short half-life of 4.8 (±1.8) h.11 
High concentrations can result in peak-related side effects, such as 
gastrointestinal symptoms and halitosis, whereas low concentrations 
can result in subtherapeutic concentrations. To minimize these large 
variations, a sustained-release dosage form can be of great benefit 
for releasing the drug slowly such that the peak-trough fluctuations 
are small which could potentially reduce gastrointestinal symptoms 
and the extent of halitosis, both of which may lead to improved pa-
tient compliance.

An alternative for Cystagon® is Procysbi®, an enteric-coated 
cysteamine bitartrate formulation, which has been registered in 
2013 in the United States and Europe. Procysbi® is a delayed-
release formulation and releases cysteamine gradually. Therefore, 
patients can take this medication less frequently (every 12 h). The 
enteric coating dissolves at a pH above 5.5 thereby bypassing the 
stomach.15

There is a pressing need for more continuous therapeutic blood 
levels, as opposed to a high peak-trough variability. Moreover, 
there is a need for an affordable, patient-friendly therapy for cys-
tinosis without the mentioned side-effects and difficult treatment 
schedules.

In this study, we investigated a novel sustained-release cys-
teamine bitartrate formulation (PO-001) for the treatment of 
cystinosis. This drug is different from current treatment options 
as it is a sustained-release product by encapsulating the active 
ingredient with a coating that is non-pH-dependent.16 In vitro 
time-dependent and pH-independent release were confirmed and 
therefore PO-001 is expected to be slowly released in the gas-
trointestinal tract over an extended period of time, which would 
decrease the peak-trough variability. As a consequence, patients 
will have to take PO-001 less than four times a day, which would 
be less disruptive for daily routines and will improve treatment 
adherence. In addition, lower peak levels of cysteamine may be 
associated with less halitosis.

This study was aimed to assess the pharmacokinetics, safety 
and tolerability of sustained-release cysteamine bitartrate (PO-001) 

study to confirm reduced dosing frequency with efficient control of white blood cells 
(WBCs) cystine levels. Netherlands Trial Registry (NTR) (NL67638.056.18).

K E Y W O R D S
compliance, cystagon, cysteamine, cystinosis, sustained-release

What is already know about this subject?

•	 The use of cysteamine is recommended for the treat-
ment of cystinosis. However, there is an unmet need 
for a cysteamine formulation with a pharmacokinetic 
profile that allows for a reduced dosing frequency and 
therewith a reduced patient burden.

What this study adds?

•	 PO-001 showed clear sustained-release characteristics 
with a favourable pharmacokinetic profile based on the 
tmax, and both Cmax and Ctrough concentrations.

•	 PO-001 could be an advanced treatment for cystinosis 
patients and pharmacokinetic modeling shows promis-
ing possibilities for twice-daily dosing.

 20521707, 2021, 2, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1002/prp2.739 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [25/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  3 of 9BERENDS et al.

and to compare with Cystagon® and Procysbi® in healthy male 
volunteers.

2  |  MATERIAL S AND METHODS

The study was approved by an independent ethics committee 
(Stichting BEBO, Assen, the Netherlands) and registered in the 
Dutch Trial Register with identification number NL67638.056.18. 
The study was conducted according to the Dutch Act on Medical 
Research Involving Human Subjects (WMO) and in compliance 
with Good Clinical Practice (ICH-GCP) and the Declaration of 
Helsinki. Written informed consent was obtained from all sub-
jects before entry into the study and before the performance 
of any study-specific procedures. Study subjects were admit-
ted to the Clinical Research Unit of the Centre for Human Drug 
Research (CHDR, Leiden, the Netherlands) for study execution.

2.1  |  Study design

This was a randomized, investigator-blinded, three-way cross-over 
study in healthy male volunteers.

Subjects were randomly assigned to a treatment sequence 
in which they received all of the three cysteamine formulations 
(PO-001, Cystagon® or Procysbi®). Subjects received a single dose 
(600 mg cysteamine base) of each of the three treatments on three 
separate occasions, with a minimum washout of 7 days between 
administrations. The first three subjects were dosed using a sen-
tinel approach (one subject receiving PO-001, one Cystagon® and 
one Procysbi®). Females were excluded from protocol to have a 
more homogeneous study population. All study drugs were ad-
ministered orally following an overnight fast and subjects were 
instructed to swallow the drugs with the capsule intact. All doses 
were dispensed by the pharmacy of Leiden University Medical 
Centre (LUMC, the Netherlands). Subjects were offered a light 
snack 2 h after dosing and a standardized meal 4 h after dosing 
and during the study day.

2.2  |  Investigational drug

The investigational drug PO-001 (sustained-release cysteamine bi-
tartrate [molecular weight: 227.24 g/mol]; TioFarma, Oud-Beijerland, 
the Netherlands) was supplied as 150 mg capsules, with cysteamine 
bitartrate as active ingredient. The capsules contained coated pellets 
ensuring controlled release in the gastrointestinal tract. Pellet cores 
containing cysteamine bitartrate were produced using extrusion-
spheronization. These cores were coated using fluidized bed coating. 
The coating consisted of a single type of polymethacrylate-based 
copolymer (Eudragit RS, Evonik, Germany), plasticized with triethyl 
citrate. Additionally, the coating contained talc as an anti-tacking 
agent, simethicone as a stabilizer, and hypromellose as a pore former.

Cystagon® (Orphan Europe) was supplied as 150 mg capsules 
and Procysbi® (Horizon Pharma, Inc.) as 75 mg capsules, and were 
acquired commercially.

2.3  |  Study participants

Eligible participants were healthy male volunteers aged 18 to 
55  years inclusive, with a body mass index from 18 to 27  kg/m2. 
Eligibility was further assessed on subject's medical history, physi-
cal examination (including blood-  and urine laboratory analyses), 
vital signs and electrocardiogram. Key exclusion criteria included 
clinically significant medical and/or psychiatric conditions that could 
have confounded the results of the study or posed an additional risk 
to the subject, or hypersensitivity to cysteamine (mercaptamine) or 
any other ingredients.

2.4  |  Pharmacokinetic assessments

Blood samples for determination of plasma cysteamine levels were 
collected predose and at 30 min, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 
12, 14 and 24 h after dosing. Samples were chilled on wet ice im-
mediately after collection into K2-EDTA containing tubes. Plasma 
was separated by centrifugation at 2000g, promptly transferred to 
an appropriately labeled polypropylene tube and frozen at approxi-
mately −70°C.

The samples were analyzed in bulk by Ardena Bioanalytical 
Laboratory (ABL, Assen, the Netherlands). Concentrations of cys-
teamine (molecular weight: 77.15 g/mol) in plasma were determined 
using a validated LC/MS/MS method. The assay range was 20.0 to 
20 000 ng/ml for cysteamine in human K2-EDTA plasma. The over-
all accuracy (%bias) and precision (CV%) for the quality controls for 
analysis of cysteamine were within the 15% criteria, representing 
accuracy and precision for the analysis.

2.5  |  Safety and tolerability assessments

Safety assessments were performed while subjects were in the clini-
cal unit (24 h) and they were monitored during the entire study pe-
riod. Safety was assessed through the evaluation of Adverse Events 
(AEs) classified by the Medical Dictionary for Regulatory Activities 
(MedDRA, version 21.1), physical examination, electrocardiography 
(ECG), vital signs (including systolic and diastolic blood pressure, 
pulse rate and body temperature). Blood chemistry and hematology 
tests were performed at the central laboratory of LUMC (Leiden, the 
Netherlands). The follow-up visit took place 7 to 21 days after the 
third dose for routine safety assessments.

During the study, abdominal symptom questionnaires were 
filled out by the subjects at various time points: predose, 30 min, 
1, 1 h 30 min, 2, 3, 4, 5, 6, 8, 12 and 24 h after dosing. The fol-
lowing sensations in the abdominal region were quantitated using 
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10 cm visual analog lines: abdominal fullness (completely empty-
intolerably full), nausea (no nausea-intolerable nausea), epigastric 
pain (no pain-unbearable pain), hunger (not at all- intolerable), de-
sire to eat (very weak-  intolerably strong). In addition, questions 
were asked whether subjects experienced changes in their natural 
odour (body, mouth and urine), at the following time-points: 1, 4, 
8 and 24 h after dosing.

2.6  |  Statistical analysis

Due to the exploratory nature of this study, no formal power 
analysis was conducted to inform the sample size. Nine subjects 
per group is a common sample size for estimation of the pharma-
cokinetic properties of a drug. Moreover, the interindividual vari-
ability in pharmacokinetic parameters for Cystagon® is relatively 
small (CVs for Cmax and Tmax of 25–50%, based on six healthy adult 
subjects) and therefore a group of nine subjects was chosen to be 
sufficient.17

For the pharmacokinetic parameters, a noncompartmental 
analysis was performed. The following pharmacokinetic param-
eters were assessed for each individual profile: area under the 
concentration–time curve from time 0 to the last quantifiable con-
centration (AUC0-last) using the log-linear trapezoid rule, estimated 
area under the concentration–time curve from time 0 to infinity 
(AUC0–inf), maximum observed concentration (Cmax) and the time 
to reach Cmax (Tmax). In addition, the apparent elimination half-life 
(t1/2), the time delay between drug administration and the last time 
point prior to first concentration above the LLOQ (tlag), apparent 
clearance (CL/F) and the apparent volume of distribution (Vz/F) 
were calculated. PK variable programming was conducted with 
R 3.6.1 for Windows (R Foundation for Statistical Computing/R 
Development Core Team, Vienna, Austria, 2019). All safety and 
statistical programming was done with SAS 9.4 for Windows (SAS 
Institute Inc.).

2.7  |  Population pharmacokinetic (PK) analysis

The plasma cysteamine concentrations were analyzed using a popula-
tion PK approach using NONMEM® Version 7.3 (ICON Development 
Solutions). The PK of cysteamine following oral administration with 
Cystagon® and/or Procysbi® has previously been modeled using a 
1- or 2- compartment disposition model with first-order absorption 
and with or without lag time.12,18,19 Therefore, 1- and 2- compart-
ment disposition models were compared. First, the Cystagon® PK 
model was developed as immediate-release formulation and hereaf-
ter different release/absorption models for Procysbi® and PO-001 
were evaluated. The final PK model was used to simulate the typical 
plasma cysteamine concentrations at a steady state following daily 
doses of 2 g/day divided over 2, 3 or 4 administrations (Q12H, Q8H 
and Q6H, respectively) for a typical subject of 70 kg. For a more de-
tailed description, see Supplementary Material (Data S1).

3  |  RESULTS

3.1  |  Study population

A total of 11 subjects were enrolled in the study, demographic data 
are provided in Table 1. Two of the initially enrolled subjects did not 
complete the study, both not considered related to study drug ad-
ministration. These two subjects discontinued after the first study 
visit, one received 600 mg PO-001 and the other received 600 mg 
Cystagon®. In total, nine subjects completed the entire study and 
received all of the three cysteamine formulations.

3.2  |  Cysteamine pharmacokinetics

Plasma cysteamine concentration–time profiles for PO-001, Cystagon® 
and Procysbi® are shown in Figure 1. The concentration–time profile 

Subject Sex Age (years) Race Weight (kg)
BMI 
(kg/m2)

1 Male 20 Asian/White 67.5 20.0

2 Male 21 White 81.4 21.9

3 Male 23 White 70.3 21.8

4 Male 24 White 75.0 23.5

5 Male 24 White 79.4 23.1

6 Male 25 White 77.7 24.8

7 Male 25 White 85.5 22.2

8 Male 25 White 89.2 24.8

9 Male 20 White 58.1 19.5

10 Male 25 Black or African 
American

69.1 22.2

11 Male 23 White 74.7 22.3

Mean — 23 — 75.3 22.4

TA B L E  1 Baseline demographic 
characteristics
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of PO-001 was characterized by slow absorption and disposition, 
and reached a lower Cmax (675.6 ng/ml) and a longer Tmax (4.0 h) com-
pared to the two comparative treatments (Cmax: 2512 and 1692 ng/
ml, Tmax: 1.0 and 2.5  h, respectively) (Table  2 and Figure  1—green 
line). Additionally, the tlag was increased to a median of 1.5  h after 
PO-001 administration, indicating a delay in the absorption process. 
The plasma concentration–time profile of Cystagon® was character-
ized by rapid absorption and reached the highest Cmax and shortest 
Tmax (Figure  1—red line). The plasma concentration–time profile of 
Procysbi® was characterized by a slower absorption than Cystagon®, 
but more rapid compared to PO-001 (Figure 1—blue line). From 4 h on-
wards, the mean PO-001 concentrations were above the comparative 
treatments. The mean half-life (t1/2) was similar between treatments 
(4.1, 4.8 and 4.9 h for PO-001, Cystagon® and Procysbi®, respectively).

PO-001 showed the lowest total drug exposure across time, 
compared to Cystagon® and Procysbi® (AUC0-inf =3662, 5600, and 
4853 h*ng/ml, respectively). For each treatment, plasma cysteamine 
was below 50 ng/ml for all individuals at 24 h postdose. The CL/F 
and Vz/F was higher after PO-001 administration compared to 
Cystagon® and Procysbi®, potentially due to differences in bioavail-
ability between the three cysteamine formulations. A selection of 
the pharmacokinetic parameters is graphically presented in Figure 2 
and shows clear differences in Cmax, Tmax and AUC0-inf between 
treatments.

3.3  |  Population PK analysis

Simulations of typical cysteamine concentrations with the final PK 
model are presented in Figure 3. The PK profile of both Cystagon® 
and Procysbi® showed large variations in peak-trough concentra-
tions, as opposed to PO-001. Twice-daily to four times daily dosing 
of PO-001 showed reduced variation in the peak-trough concentra-
tions. For a more detailed description of the final population models 

F I G U R E  1 Mean plasma cysteamine levels (±SD) following oral 
administration of PO-001 (green), Cystagon® (red) and Procysbi® 
(blue) (ng/ml)
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and PK parameter estimates, see Supplementary Material (Table S1, 
Figure S1 and Data S1).

3.4  |  Safety and tolerability

Overall, no deaths, serious AEs, discontinuations due to AEs, or clini-
cally significant changes in vital signs, clinical laboratory results or 
ECG occurred in any of the subjects. In total, 27 TEAEs were re-
ported by nine (82.0%) subjects across all treatment visits, most 
commonly comprising of gastrointestinal disorders (Table 3).

After dosing with Cystagon®, gastrointestinal symptoms of nau-
sea, vomiting and diarrhea were observed in two subjects, these 
findings started approximately 1.5 h after administration. No gas-
trointestinal disorders were reported by subjects after dosing with 
Procysbi®, and two subjects reported nausea after dosing with PO-
001, which started approximately 5 h and 8 h after administration. 
All TEAEs were of mild severity, with the exception of two moderate 
severity gastrointestinal problems including vomiting and diarrhea, 
which were considered to be related to Cystagon®.

Based on the abdominal questionnaire, no clear effects on 
abdominal symptoms were observed for all treatments. A small 

F I G U R E  2 Summary boxplots of 
cysteamine in plasma. The median 
(horizontal solid), the 25%–75% 
distribution (IQR), with the largest value 
no further than 1.5× the IQR as whiskers 
are represented. Dots present the 
observations

F I G U R E  3 Simulations of typical 
Cysteamine concentrations of Cystagon®, 
PO-001 and Procysbi® at steady state 
(scenario: subject 70 kg ≥12 years; 2.0 g/
day; dosing frequency every 6 h (red), 8 h 
(green), and 12 h (blue))
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increase in nausea was observed 2–3  h after Cystagon® adminis-
tration, confirming the reported gastrointestinal symptoms. In the 
odour questionnaire, no changes in natural body and urine odour 
were observed directly after study drug administration. Two sub-
jects indicated a change in mouth odour after Cystagon® adminis-
tration (4, 8 and 24 h after dosing) and one subject after PO-001 
administration (4 h after dosing). Subjects who indicated a change in 
mouth odour had an iron-like taste in their mouth.

4  |  DISCUSSION

In this study, we compared a novel cysteamine formulation, PO-
001, with two existing formulations (Cystagon® and Procysbi®). 
Compliance with cysteamine treatment is important to maintain 
WBC cystine levels below the threshold, however, even with opti-
mal compliance, the pharmacokinetic profile of the existing formula-
tions is not optimal with high peak-trough variability. This may impair 
optimal treatment for patients with cystinosis. Compliance is ham-
pered by the strict regimen of intake, in the case of Cystagon® (every 
6 h, even during the night), the size of capsules and complaints of 
halitosis.6,11,13 This affects not only the quality of life for the (very) 
young patients, but also for their parents. Therefore, there is a clear 
need for an improved formulation, such as PO-001, with favourable 
sustained-release characteristics allowing a lower dosing frequency 

while not comprising optimal effect, thereby enhancing the patient's 
quality of life and improve compliance.

Pharmacokinetics of PO-001 showed a pattern of delayed and 
sustained-release of cysteamine concentration, compared to the 
conventional Cystagon® in healthy male volunteers. Procysbi® 
showed both a delayed-release pattern, based on the enteric coat-
ing preventing release in the stomach, and an extended-release pat-
tern. Compared to Procysbi®, PO-001 further extended the time of 
sustained-release with a longer time to reach peak levels. Although 
PO-001 showed a lower Cmax and a lower bioavailability compared 
to Cystagon® and Procysbi®, it showed reduced peak-trough vari-
ations. It would be worthwhile to investigate a slightly modified 
formulation, applying the same principle and coating but with a re-
duced delay in the release to increase the bioavailability. PO-001 
and Procysbi® were well tolerated and the study revealed no import-
ant safety issues. Two subjects dosed with Cystagon® showed com-
plaints of nausea, vomiting and diarrhea, which could be explained 
by the observed higher peak levels. These are known side effects of 
cysteamine therapy.20

Until now, Procysbi® is the only approved cysteamine formula-
tion for twice-daily dosing in cystinosis patients.15,17,21 However in 
clinical practice, twice-daily dosing seems not always sufficient. Our 
results show that PO-001 has pharmacokinetic parameters compa-
rable to those of Procysbi®, but with a more prolonged absorption 
profile and increased concentration up from 4 h.

System organ class/
preferred term

Cystagon® 600 mg 
(N = 10)

PO−001 600 mg 
(N = 10)

Procysbi® 600 mg 
(N = 9)

Events N
Subjects 
N (%) Events N

Subjects 
N (%) Events N

Subjects 
N (%)

Any events 15 3 (30.0) 10 4 (40.0) 2 1 (11.1)

Gastrointestinal disorders 7 2 (20.0) 2 2 (20.0) — —

Abdominal pain upper 1 1 (10.0) — — — —

Diarrhea 2 2 (20.0) — — — —

Nausea 2 2 (20.0) 2 2 (20.0) — —

Vomiting 2 2 (20.0) — — — —

General disorders and 
administration site 
conditions

3 3 (30.0) 2 2 (20.0) 1 1 (11.1)

Cold sweat 1 1 (10.0) — — — —

Fatigue 1 1 (10.0) 1 1 (10.0) 1 1 (11.1)

Feeling cold 1 1 (10.0) — — — —

Influenza-like illness — — 1 1 (10.0) — —

Procedural complications — — 2 2 (20.0) — —

Post procedural 
hematoma

— — 1 1 (10.0) — —

Procedural site reaction — — 1 1 (10.0) — —

Nervous system disorders 5 2 (20.0) 4 2 (20.0) 1 1 (11.1)

Dizziness 2 2 (20.0) — — — —

Headache 1 1 (10.0) 4 2 (20.0) 1 1 (11.1)

Presyncope 2 2 (20.0) — — — —

TA B L E  3 Summary of treatment 
emergent adverse events (TEAEs)
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The study of Langman et al. showed maximum observed cys-
teamine concentrations (Cmax) of 2730 ng/ml ±1360 and 3700 ng/
ml ±1720 for Cystagon® and Procysbi®, respectively.22 In the study 
of Belldina et al, the mean Cmax for Cystagon® was 2800 ng/ml ±903 
(36.3 ± 11.7 µM).12 Previous studies have observed the effect of cys-
teamine on WBC cystine levels in cystinosis patients. The study of 
Belldina shows a mean Ctrough around 309 ng/ml (4 μmol/L) at which 
the WBC cystine content is maintained below the target level of 
1 nmol hemicystine/mg protein. 12

In our study, PO-001 had a Cmax of 675.6 ng/ml (9 μmol/L), which 
is just above this Ctrough value. Therefore, an increased dose or bio-
availability of PO-001 should be required, which would allow for a 
longer period above this concentration to control the WBC cystine 
content. However, limited information is available on the relationship 
between the pharmacokinetics of cysteamine and its pharmacody-
namics, for instance WBC cystine levels. Based on our population 
PK simulations, PO-001 would be acceptable with our specifications 
in a subsequent study for twice-daily dosing (every 12 h). A slight 
increase in dose would be required to maintain Cmax concentrations 
below the Q6 h Cystagon® Cmax and to maintain Ctrough concentra-
tions above the Q6 h Cystagon® Ctrough. A similar pharmacodynamic 
profile for PO-001 would be expected as for Cystagon® and this 
should be enough to reach the desired effect in patients (target 
<1 nmol hemicystine/mg protein).

Furthermore, cysteamine therapy is associated with an unpleas-
ant sulfurous body odour and breath, negatively affecting quality of 
life. Halitosis is caused by metabolized dimethylsulfide in expired air 
and body secretes and is dependent on the level of cysteamine.23 
The lower peak levels of cysteamine due to the sustained-release 
of PO-001 may be associated with less halitosis. This study was not 
powered to detect such differences. The amount of dimethylsul-
fide in expired air after cysteamine intake should be further studied 
to better evaluate halitosis and body odour related to cysteamine 
treatment.

The results of this study support the further investigation of 
pharmacokinetics of this type of sustained-release dosage form (PO-
001) after twice-daily dosing preferably with the biomarker WBC 
cystine levels to learn if these levels will be maintained to acceptable 
levels. Data generated in this study, combined with extensive PK/
PD modeling, could guide the selection of dose level and regimen 
for a subsequent study. This together with the pharmacokinetic and 
pharmacodynamic relationship for cysteamine described in the pub-
lic domain. In addition, the observed lower bioavailability of PO-001 
could be further ameliorated for a following study by adjusting the 
dose or slightly reformulation the dosage form concept. Further im-
provements could include the development of a formulation that re-
quires less active ingredient, thereby reducing the potential unused 
spillover and reducing the volume of the formulation. For the formu-
lation of the drug also the size of the formulation and smoothness 
of intake should be taken into account for those patients who have 
difficulties with swallowing.

The main strengths of this study are the randomized three-
way cross-over design including washout periods, allowing a 

head-to-head comparison between three different formulations. 
The relatively small sample size is appropriate for comparing the 
pharmacokinetic profile of the three formulations, but not to com-
pare side effects in detail. In addition, the exposure of the three 
formulations differed, which is accounted for in the developed pop-
ulation PK model to provide a reliable comparison between formula-
tions after multiple doses.

In conclusion, our study suggests that the new cysteamine bi-
tartrate formulation, PO-001, has sustained-release characteristics 
and would allow for twice-daily dosing with acceptable Cmax and 
Ctrough concentrations. This would contribute to fewer disruptions to 
the daily routines of patients and improved treatment compliance.
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