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ABSTRACT

Cysteamine is approved for the treatment of cystinosis and is being evaluated for

Huntington’s disease and non-alcoholic fatty liver disease. Little is known about

the bioavailability and biodistribution of the drug. The aim was to determine

plasma, cerebrospinal fluid (CSF), and tissue (liver, kidney, muscle) cysteamine

levels following intraduodenal delivery of the drug in rats pretreated and naı̈ve to

cysteamine and to estimate the hepatic first-pass effect on cysteamine. Healthy

male rats (n = 66) underwent intraduodenal and portal (PV) or jugular (JVC)

venous catheterization. Half were pretreated with cysteamine, and half were naı̈ve.

Following intraduodenal cysteamine (20 mg/kg), serial blood samples were

collected from the PV or the JVC. Animals were sacrificed at specific time points,

and CSF and tissue were collected. Cysteamine levels were determined in plasma,

CSF, and tissue. The Cmax was achieved in 5–10 min from PV and 5–22.5 min

from JVC. The PV-Cmax (P = 0.08), PV-AUC0–t (P = 0.16), JVC-Cmax (P = 0.02)

and JVC-AUC0–t (P = 0.03) were higher in naive than in pretreated animals.

Plasma cysteamine levels returned to baseline in �120 min. The hepatic first-pass

effect was estimated at 40%. Peak tissue and CSF cysteamine levels occurred

�22.5 min, but returned to baseline levels �180 min. There was no difference

in CSF and tissue cysteamine levels between naı̈ve and pretreated groups, although

cysteamine was more rapidly cleared in the pretreated group. Cysteamine is rapidly

absorbed from the small intestine, undergoes significant hepatic first-pass metabo-

lism, crosses the blood brain barrier, and is almost undetectable in plasma, CSF,

and body tissues 2 h after ingestion. Sustained-release cysteamine may provide

prolonged tissue exposure.

INTRODUCT ION

Cysteamine bitartrate is an aminothiol agent approved

for the treatment of the lysosomal storage disorder

cystinosis [1,2]. Cysteamine (Cystagon®, Mylan, Mor-

gantown, WV, USA) enters the lysosome and forms a

mixed disulfide (MDS) with cystine, which then leaves

the lysosome. Sustained suppression of tissue cystine

will result in the reduced rate of progression to renal

failure, but this can only be achieved by giving cyste-

amine every 6 h [3,4]. Tissue levels of cystine are

monitored using the surrogate marker white blood cell

(WBC) cystine, and levels of <1 nmol 1/2 cystine per

mg protein are considered optimal. Cysteamine and its

oxidized form, cystamine, have antioxidant and trans-

glutaminase reducing activity and are being evaluated

as potential therapies for Huntington’s disease (HD)

and non-alcoholic fatty liver disease (NAFLD) as well

as other disorders associated with severe oxidative

stress and abnormal fibrosis [5–14].
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Although cysteamine bitartrate has been commer-

cially available since 1994, little is known about its

bioavailability and biodistribution. Previous studies in

humans showed that direct delivery of cysteamine into

the small intestine (SI) resulted in better drug absorp-

tion, prolonged suppression of WBC cystine levels, and

possibly fewer gastrointestinal (GI) symptoms [15–17].
These data were important in the development of cyste-

amine bitartrate delayed release (DR cysteamine),

which recently was shown in clinical studies to be

effective in treating cystinosis using fewer daily doses

[18]. For the purposes of our study, it was important

to evaluate the biodistribution of cysteamine following

SI drug delivery. This was more likely to mimic DR

cysteamine and also to reduce the effects of cysteamine

on delaying gastric emptying and therefore the rate at

which orally administered drug would be delivered to

the SI [19].

In our study, we administered cysteamine to rats

directly into the SI through an indwelling duodenal

catheter and measured cysteamine levels in plasma

(from the portal and jugular veins), in cerebrospinal

fluid (CSF), and from liver, kidney, and muscle tissue.

We also compared the plasma and tissue cysteamine

concentrations in rats that were pretreated with those

that were naı̈ve to the drug to determine if cysteamine

pretreatment impacts absorption or the rate of clear-

ance of the drug.

METHODS

All animal procedures were reviewed by the Institu-

tional Animal Care and Use Committee and performed

by Absorption Systems, Inc. (San Diego, CA, USA).

Healthy male Sprague–Dawley rats (Charles Rivers

Laboratories, Wilmington, MA, USA) underwent intra-

duodenal and venous catheterization under anesthesia

1 week before the study commenced. Animals were

housed individually and allowed free access to water

and food during the acclimatization period.

Rats were randomly assigned into one of two groups.

The pretreated group (n = 33) received intraduodenal

cysteamine bitartrate (20 mg/kg) twice daily for 48 h

with the last dose given 12 h before the study test dose

was administered. The naı̈ve group (n = 33) were not

pretreated with cysteamine. Food was not given for

12 h before study samples were taken but water was

permitted. The dose of cysteamine used in this study

was based upon previous work in human adults,

which showed that the mean plasma drug concentra-

tion was satisfactory (51 lM) following intraduodenal

delivery of 6 mg/kg body weight of cysteamine [20].

We used a dose of 20 mg/kg body weight for this

study because rats have a faster metabolic rate than

humans, and this dose was deemed also to be safe for

both [20,21].

The pretreated and naı̈ve groups were each subdi-

vided into five groups (see Table I). Animals in groups

1A and 1B had a portal vein (PV) catheter and those

in groups 2A and 2B had a jugular vena cava (JVC)

catheter inserted. To estimate the hepatic first-pass

effect on cysteamine, prehepatic blood was drawn from

the PV and post-hepatic blood from the JVC for blood

sampling. A single dose of cysteamine was delivered

through the intraduodenal catheter, and blood samples

(250 lL) were obtained in half of the animals at 0, 10,

22.5, 37.5, 60, 120, 480 min and at 5, 15, 30, 45,

90, 180 min in the other half. Blood was drawn in

heparinized syringes and spun down at 4 °C. Animals

in group 3 had CSF and tissue samples (liver, kidney,

muscle) taken at 0, 22.5, 37.5, 60, 180, 360, and

1440 min post test drug. For collection of samples at

these time points, animals were anesthetized using

ketamine/xylazine; CSF was obtained via the cisterna

Table I The cysteamine pretreated (n = 33) and naı̈ve groups (n = 33) were further subdivided as shown above. Animals that were

pretreated received intraduodenal cysteamine twice daily for 48 h, with the last predose 12 h before staring the study.

Dose groups

Number of rats

per time point Dosing route

Blood

sampling site Blood sampling time points for plasma

Tissue collection time

points (CSF, liver, kidney,

muscle from hind legs)

Group 1A (3 rats total) 3 Duodenal Portal vein 0, 10, 22.5, 37.5, 60, 120, and 360 min N/A

Group 1B (3 rats total) 3 Duodenal Portal vein 5, 15, 30, 45, 90, and 180 min N/A

Group 2A (3 rats total) 3 Duodenal JVC 0, 10, 22.5, 37.5, 60, 120, and 360 min N/A

Group 2B (3 rats total) 3 Duodenal JVC 5, 15, 30, 45, 90, and 180 min N/A

Group 3 (21 rats total) 3 Duodenal N/A N/A 0, 22.5, 37.5 min, 60, 180,

360, and 1440 min
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magna before they were exsanguinated and killed, and

liver, kidney, and hind leg muscle were collected.

Plasma, CSF, and tissue were immediately frozen on

dry ice and stored at �70 °C until analysis.

Plasma and cerebrospinal fluid cysteamine
measurement

Plasma or CSF (25 lL) was mixed with 50 lL of 12.5

lL 2H4-cysteamine, as internal standard. Disulfide

bonds were selectively and quantitatively reduced by

incubation with tris(2-carboxyethyl)phosphine for 1 h

at 37 °C. Deproteinization was achieved by adding 1%

formic acid in acetonitrile, and the supernatant col-

lected after centrifugation for 10 min at 15 000 rpm.

The supernatant was diluted fourfold with HPLC-grade

water, 20 lL of which was injected into an API 4000

triple quadruple mass spectrometer (AB Sciex, Foster

City, CA, USA) to determine total cysteamine concen-

tration. Samples were delivered in a 70% acetonitrile

in 2 mM ammonium formate +3.6 mM formic acid

mobile phase and isocratically separated at 37 °C on a

TSKgel Amide-80 HILIC column and guard cartridge

containing carbamoyl (amide) covalently bonded silica

at a flow rate of 0.5 mL/min. Positive electrospray ioni-

zation was employed, and specific multiple reaction

monitoring transitions were tailored for cysteamine

and 2H4-cysteamine, using a collision energy of 22 eV

and unit mass resolution. Cysteamine concentrations

were calculated from an 8-point calibration curve

(1, 2, 7.5, 22.5, 75, 112.5, 135, and 150 lM) con-

structed by supplementing plasma with the appropriate

amounts of cysteamine, and quality control samples

were run with each batch.

Tissue cysteamine measurement

The validated analytical method available for total

plasma cysteamine was adapted to the different tissue

matrixes (liver, kidney, muscle (hind leg), and CSF).

Briefly, 25–50 mg of flash-frozen tissue was added to

0.5 mL HPLC-grade water. Samples were homogenized

using a Precelly® 24-Dual homogenizer with 12.5 lM
2H4-cysteamine, as internal standard. An optimized

volume of TCEP was added and incubated for 1 h at

37 °C. The samples were then deproteinized using 1%

formic acid in acetonitrile. The supernatant was col-

lected and transferred to a new microtube and stored

refrigerated.

Cysteamine levels were analyzed as indicated above

for plasma samples. Protein levels were assayed using

the Lowry method.

Pharmacokinetics and statistical analyses

The following pharmacokinetic parameters were calcu-

lated (Pharsight WinNonlin 6.2, St Louis, MO, USA) by

standard non-compartmental methods:

● AUC0–t: area under the concentration-time curve

from time zero to the last measurable concentra-

tion.

● Cmax: maximum observed concentration.

● Tmax: time of observed Cmax.

The statistical comparisons of AUC0–t and Cmax

between groups were carried out using linear mixed

models on their ln-transformed. Mixed model ANOVA

was used to compare absolute concentrations in tissue

and CSF. Tukey method to control for overall signifi-

cance level was used for multiple pair-wise compari-

sons.

However, to take into account the limited data, both

in blood and in tissues, the following pharmacokinetic

parameters were calculated (Pharsight NLME 1.1, St

Louis, MO, USA) using a population pharmacokinetic

approach.

● V: apparent volume of distribution.

● CL: apparent clearance (volume of plasma cleared

of cysteamine per unit time).

Models were estimated by a first-order conditional

estimation extended least squares. Although PK of cys-

teamine in humans, as determined by population pK

analyses, was described by a two-compartment model

[22], this rat dataset suggested that the pK of cyste-

amine in rats could also use a one-compartment model.

Effects of covariates (pretreated/naı̈ve, site of blood/tis-

sue collection) on both apparent clearance and volume

were assessed simultaneously because of correlations

between CL and V. Models were compared using the

Akaike information goodness-of-fit criterion (AIC) and

graphical diagnostic plots.

RESULTS

Sixty-six healthy male rats (mean weight 303 g, range

279–387 g) were studied (Table I).

Plasma cysteamine levels

These were measured in six rats in each of the naive

and pretreated groups. Because of frequent blood sam-

pling, only three rats were sampled at each time point.

The Cmax from the portal vein occurred at the first

sampling (5 and 10 min). The mean PV-Cmax levels,

for all six rats, in the naive and pretreated groups

were 281.4 (SEM ± 142.7) and 147.6 (±72.2) lM,
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respectively, (P = 0.08). The mean PV-AUC0–t mea-

surements for naive and pretreated groups were 6433

(±1603) and 5171 (±1104) min*lM, respectively,

(P = 0.16). The Cmax from JVC (JVC-Cmax) samples was

achieved between 5–22.5 min (Tmax) after drug deliv-

ery. The JVC-Cmax for naive and pretreated groups was

81.9 lM (±22.9) and 53.4 lM (±7.2), respectively,

(P = 0.02). The JVC-AUC0–t for naive and pretreated

groups was 3761 (±813) and 2800 (±383), respec-

tively, (P = 0.03). Plasma cysteamine levels returned

to baseline by 120 min in all groups studied. See

Figure 1 and Table II.

To compensate for sparse sampling and to better

understand the pharmacokinetics of cysteamine in rats,

population PK modeling was applied. Both naı̈ve and

pretreated PV levels were higher than the correspond-

ing JVC concentrations (Figure 1). Pretreatment did not

impact PV levels but JVC pretreated cysteamine levels

were significantly lower than JVC naı̈ve levels. The

one-compartment model with the lowest AIC value is

the model that includes both covariates (pretreated/

naı̈ve and PV/JVC), with PV/JVC being correlated with

the volume of distribution V and the clearance CL, and

pretreated/naı̈ve being correlated with CL only. The

difference between JVC and PV levels can potentially be

explained by the hepatic first-pass effect on cysteamine,

which does not seem to be influenced by pretreatment,

as shown by the ratios of the AUCs determined by non-

compartmental analyses: naı̈ve AUCJVC/AUCPVC = 2800/

5170 = 54% and pretreated AUCJVC/AUCPVC = 3761/

6433 = 58%, that is, ~40% reduction in both cases.

The impact of pretreatment, as determined by population

PK, corresponds to a difference in naı̈ve CLJVC (0.066 L/

(kg*min)) vs. pretreated CLJVC (0.090 L/(kg*min)) and

to a lesser extent in naı̈ve CLPV (0.041 L/(kg*min)) vs.

pre treated CLPV (0.055 L/(kg*min)), that is, faster cyste-

amine elimination or metabolism when pretreated.

Tissue and CSF cysteamine levels

The peak tissue (kidney, liver, muscle) and CSF cyste-

amine levels were measured at 22.5 min, but may

have occurred earlier (Table III, Figures 2 and 3). There

was no significant difference between mean plasma

cysteamine and mean CSF levels measured at the same

time points in naı̈ve and pretreated groups (P = 0.2).

In the naı̈ve group, the mean peak cysteamine concen-

trations in liver, kidney, and muscle were 0.90, 2.56,

and 0.24 nmol/mg protein, respectively, and the over-

all mean concentrations were 0.31, 0.69, and

0.05 nmol/mg protein, respectively. In the pretreat-

ment group, the mean peak cysteamine concentrations

in liver, kidney, and muscle were 1.20, 4.61, and

0.26 nmol/mg protein, respectively, and the overall

mean concentrations were 0.36, 1.51, and 0.08 nmol/

mg protein, respectively. There was no statistical differ-

ence between these groups except for the naı̈ve and

pretreated kidney group (P = 0.01). Tissue cysteamine

Table II Mean pharmacokinetic parameters following

intraduodenal cysteamine (20 mg/kg) delivery in rats that were

naı̈ve and pretreated with cysteamine.

Portal vein Jugular vena cava

Naive Pretreated Naive Pretreated

AUC

(min*lM)

6433 (±1603) 5171 (±1104) 3761 (±813) 2800 (±383)

P = 0.16 P = 0.03a

Cmax (lM) 281.4 (±142.7) 147.6 (±72.2) 81.9 (±22.9) 53.4 (±7.2)

P = 0.08 P = 0.02a

Tmax (min) 5–10 5–22.5

AUCJVC/

AUCPVC

54% 58%

The ratio AUCJVC/AUCPVC would suggest a hepatic first-pass effect of

about 40%.
aDenotes statistical significance between naı̈ve and pretreated groups.

Figure 1 Mean plasma cysteamine levels following intraduodenal

cysteamine (20 mg/kg body weight). Samples were taken from

the portal vein (PV) and jugular vena cava (JVC) in rats that

were either pretreated with or naı̈ve to cysteamine therapy. The

Cmax was achieved in 5–10 min from PV and 5–22.5 min from

JVC. The PV-Cmax (P = 0.08), PV-AUC0–t (P = 0.16), JVC-Cmax

(P = 0.02), and JVC-AUC0–t (P = 0.03) were higher in naive than

in pretreated animals.
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levels returned to baseline between 60–180 min in all

tissues for naı̈ve and pretreated groups. Although

tissue measurements were not taken at 120 min, by

using population PK modeling, we estimated that the

tissue half-life for cysteamine was 25–29 min and that

>95% of cysteamine would be eliminated by 150 min.

DISCUSS ION

There are very few published data on the bioavailabil-

ity and biodistribution of cysteamine bitartrate, particu-

larly following oral ingestion [23]. In patients with

cystinosis, a number of factors may impact the optimal

absorption of cysteamine such as intestinal dysmotility,

which can be caused by the disease or by the drug

itself [24].

Cysteamine has been reported to slow gastric moti-

lity, and this may result in erratic delivery to the

SI where drug absorption is most effective [15,19].

A recent study in cystinosis showed that cysteamine

delivered directly into the SI had a significantly higher

Cmax and AUC (plasma concentration-time gradient)

than with gastric or colonic delivery [15]. Therefore, to

avoid the effect of erratic drug delivery from stomach

to SI, we administered cysteamine through an indwell-

ing intraduodenal catheter. Our study shows that cys-

teamine is well absorbed from the SI and, as expected,

Table III Mean tissue cysteamine concentrations in nmol/mg protein following intraduodenal delivery of cysteamine (20 mg/kg).

Mean tissue cysteamine concentrations in nmol/mg protein

Baseline 22.5 min 37.5 min 60 min 180 min 360 min 1440 min

Liver-Naive 0.15 (0.02) 0.9 (0.21) 0.34 (0.07) 0.29 (0.04) 0.17 (0.01) 0.2 (0.02) 0.11 (0.02)

Liver-Pretreated 0.15 (0.01) 1.2 (0.39) 0.69 (0.21) 0.2 (0.02) 0.13 (0.007) 0.09 (0.01) 0.06 (0.009)

Kidney-Naive 0.24 (0.009) 2.26 (1.2) 0.74 (0.09) 0.53 (0.09) 0.23 (0) 0.23 (0.01) 0.31 (0.12)

Kidney-Pretreated 0.5 (0.04) 4.61 (0.72) 2.8 (0.23) 1.3 (0.17) 0.51 (0.05) 0.47 (0.13) 0.34 (0.05)

Muscle-Naive 0 (0) 0.24 (0.02) 0.07 (0.01) 0.04 (0.009) 0 (0) 0 (0) 0 (0)

Muscle-Pretreated 0.007 (0.003) 0.26 (0.08) 0.2 (0.03) 0.07 (0.003) 0.007 (0.003) 0.003 (0.003) 0.01 (0)

Standard error of the mean is shown in parenthesis.

Figure 2 Mean cysteamine concentrations (nmol/mg protein) in

kidney, liver, and muscle measured at predetermined time points

in rats that were either pretreated with or naı̈ve to cysteamine

therapy. There was a statistical difference between the naı̈ve and

pretreated groups for kidney (P = 0.01), but not for liver

(P = 0.55) or muscle (P = 0.24).

Figure 3 Mean cysteamine levels in cerebrospinal fluid measured

at predetermined time points in rats that were either pretreated

with or naı̈ve to cysteamine therapy. There was no statistical

difference between the naı̈ve and pretreated groups for CSF

(P = 0.22).
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those measurements taken from the prehepatic PV

were higher than those from the JVC at the same

time points. Over 40% of the delivered drug was

metabolized during hepatic first pass in both the naı̈ve

and pretreated groups. The JVC-Cmax (P = 0.02) and

AUC (P = 0.03) measurements were significantly

higher in naı̈ve than pretreated groups possibly

because drug absorption was higher in the naı̈ve

groups and/or tissue metabolism of cysteamine was

higher in the pretreated group. Better absorption in the

naı̈ve group may be explained by a recent animal

study, which reports that cysteamine uptake from the

intestinal tract is a saturable carrier-mediated process

that involves organic cationic transporters [25]. It is

unlikely that lower cysteamine levels in the pretreated

group are due to increased renal clearance of the drug

as it was previously shown in humans with cystinosis

that <1% of the ingested dose of cysteamine was

found in urine [26]. From a clinical perspective, this

might explain why patients can tolerate cysteamine

better, with fewer GI and other symptoms, when the

dose is increased slowly over 4–6 weeks. It may also

explain why children treated with cysteamine for

NAFLD initially complained of GI symptoms when the

therapeutic dose was achieved rapidly, but as the

study progressed, the frequency of reported symptoms

diminished [5].

Extrapolating animal model pharmacokinetics to

humans may be difficult as it is usually based upon the

difference in size between the two and does not include

other factors such as rates of absorption or elimination

or bioavailability (e.g., the different protein and meta-

bolizing enzyme profiles that exist in different species).

Our own previous human studies have shown that

plasma cysteamine levels clear 4–6 h after cysteamine

is delivered directly to the SI [20]. In rats, the cyste-

amine cleared from the plasma within 2 h. This may

be because rats have a faster metabolic rate than

humans. It should be noted, however, that although

the rats in our study received about three times as

much cysteamine (20 mg/kg in rats vs. 6 mg/kg body

weight in adult humans), a number of the pharmacoki-

netic parameters were similar. Following SI drug deliv-

ery, the mean AUC0–t, mean Cmax, and mean Tmax

from JVC levels in naı̈ve group rats were very similar

to that in naı̈ve humans with levels of 3761 min*lM
vs. 3987 min*lM, 81 lM vs. 51 lM, and 15 min vs.

21 min, respectively [20].

In our present animal study, the cysteamine levels

returned to baseline in CSF, liver, kidney, and muscle

within 2–3 h following drug delivery. Rapid clearance of

cysteamine from plasma and tissues has ramifications

for the treatment of cystinosis. In this lysosomal stor-

age disorder, oral cysteamine is ingested every 6 h

to deplete tissue cystine. If we assume that our animal

pK data estimate those seen in humans, then cyste-

amine may only be detectable above baseline levels for

8–12 h/day. This may help to explain the findings in a

recent study in which patients with cystinosis, despite

maintaining low WBC cystine levels on regular long-

term cysteamine therapy, continued to show large

amounts of cystine in there intestinal mucosal tissue

[27]. This might then also explain why these patients

continue to have deterioration in renal function despite

adequate WBC cystine levels. So far, cysteamine has

been shown to deplete cystine levels only in the cornea

and in circulating WBCs. Corneal cystine depletion

requires hourly topical cysteamine application at a

much higher concentration than would be achievable

or tolerated with oral therapy [28]. Although it is diffi-

cult to directly compare plasma and tissue levels of

cysteamine, it is likely that drug levels are higher in

plasma than in tissue. Circulating WBCs may be

exposed to higher levels of cysteamine and therefore

have lower cystine levels than in body tissues. For this

reason, WBC levels may not accurately reflect tissue

cystine levels.

Cysteamine’s antioxidant effect may help to reduce

cell dysfunction and apoptosis in cystinosis [8,9,29].

Cysteamine is presently also being evaluated as a poten-

tial therapeutic agent for conditions such as HD and NA-

FLD [5,6]. In HD, cysteamine may inhibit

transglutaminase activity, which catalyzes polygluta-

mine expansion of insoluble protein aggregates and

eventually neuronal death [12,14]. NAFLD is associated

with increased oxidative stress [30], and a recent pilot

study showed that cysteamine was effective in normaliz-

ing some surrogate markers of NAFLD [5]. Our study

data therefore have potential implications for disorders

other than cystinosis. Prior to our study, it was thought

that cysteamine might remain (protein bound) in the

liver after being absorbed [31]. However, our data show

that liver cysteamine levels follow similar trends to that

seen in other organs and in CSF with Cmax levels occur-

ring �20 min and then falling to near baseline within

�120 min. This has implications for cysteamine’s ther-

apeutic efficacy in diseases such as cystinosis, NAFLD, or

HD and may suggest that a sustained-release formula-

tion would be more effective than the presently available

rapid-release cysteamine bitartrate (Cystagon®).
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Our study provides pK data following a single intra-

duodenal bolus of cysteamine. The drug is rapidly

absorbed from the SI, undergoes significant hepatic

first-pass metabolism, crosses the blood brain barrier,

and is almost undetectable in plasma, CSF, or body tis-

sues 2–3 h after ingestion. This information may help

in developing cysteamine formulations that would be

more effective than currently available rapid-release

cysteamine. It is possible that a sustained-release for-

mulation of cysteamine may result in prolonged expo-

sure to specific organs and therefore more effective in

conditions such as cystinosis, NAFLD, and HD.
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