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a b s t r a c t

An HPLC method with coulometric detection is presented for the quantitation of cysteamine, cystamine,
thialysine, glutathione, glutathione disulfide and an oxidized metabolite of thialysine [S-(2-aminoethyl)-
l-cysteine ketimine decarboxylated dimer (AECK-DD)]. The advantage of coulometric detection is that
derivatization is unnecessary if the analyte is redox sensitive. The method was used to quantitate several
sulfur-containing compounds in plasma and brain following gavage feeding of cysteamine to rats. Cys-
eywords:
ysteamine
ystamine
hialysine
-(2-aminoethyl)-l-cysteine ketimine
-(2-aminoethyl)-l-cysteine
etimine-decarboxylated dimer

teamine, cystamine, thialysine and AECK-DD were detected in the brains of these animals. Interestingly,
cysteamine treatment resulted in greatly elevated levels of cerebral methionine, despite the fact that
cysteamine is not a precursor of methionine.

© 2009 Elsevier B.V. All rights reserved.
oulArray detection

. Introduction

Formally, cysteamine [H2NCH2CH2SH; 2-mercaptoethylamine]
s the decarboxylated analogue of cysteine. However, in mammals,
ysteamine is not formed from cysteine directly by decarboxyla-
ion. Rather, it is obtained from the metabolism of pantetheine, a
omponent of coenzyme A [1,2] by the action of pantetheinase. In
ddition to formation of cystamine, the oxidized (disulfide) form of
ysteamine, the main route for metabolism of cysteamine is thought
o involve oxidation to hypotaurine followed by oxidation to taurine

ia sequential reactions catalyzed by specific monooxygenases [3].
everal methods for the estimation of cysteamine, hypotaurine and
aurine have been described (e.g., [4–6]). Levels reported in the lit-
rature for free cysteamine in mammalian tissues vary by orders of

� This paper is part of the special issue “Analysis of Thiols”, I. Dalle-Donne and R.
ossi (Guest Editors).
∗ Corresponding author. Tel.: +1 914 594 3330; fax: +1 914 594 4059.

E-mail address: Arthur cooper@nymc.edu (A.J.L. Cooper).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.05.041
magnitude (see the discussion by Pinto et al. [7]). This discrepancy is
probably due to inadequate methodology in many cases. The most
reliable estimates are that the background levels of free cysteamine
in rodent tissues (e.g., [7–9]) and human plasma [10] are very low
and generally below the detection limits of even the most sensitive
techniques (generally <0.1 to <2.0 nmol/g of tissue). (See Ref. [10]
for a discussion of methods used for cysteamine determination.)
Coloso et al. [3] reported levels of cysteamine in mouse liver, kidney
and brain of 0.16 ± 0.01, 0.35 ± 0.14 and 0.11 ± 0.10 �mol/g of tissue,
after reduction of tissue homogenates with dithiothreitol (DTT).
Pitari et al. [2] reported levels of cysteamine in mouse kidney and
liver of ∼15 and 24 nmol/g of tissue, respectively, after reduction
of perchloric acid-deproteinized homogenates with mercaptopro-
pionic acid. It is likely that most of the cysteamine measured in
the experiments reported by Coloso et al. [3] and Pitari et al. [2]

was in mixed disulfide linkages with protein thiols. Duffel et al.
[11] previously reported that cysteamine occurs in rat liver and kid-
ney in the form of mixed disulfides with protein cysteinyl residues
at concentrations of about ∼18–20 nmol/g tissue. Nevertheless,
free cysteamine can be detected in rat tissues after administra-

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:Arthur_cooper@nymc.edu
dx.doi.org/10.1016/j.jchromb.2009.05.041
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ion of pharmacological doses of cysteamine. Thus, Ogony et al. [9]
eported ∼22 nmol of free cysteamine/mg protein in brain 30 min
fter intraperitoneal injection of 300 mg of cysteamine per kg body
eight into adult rats.

In addition to metabolism to hypotaurine and taurine, some
nvestigators have suggested that cysteamine (presumably released
n vivo by reduction of cysteamine-mixed disulfides) may be incor-
orated into thialysine [S-(2-aminoethyl)-l-cysteine] by the action
f cystathionine �-synthase, especially in the brain. Very little
ysteamine dioxygenase is present in the brain and cysteamine
xidation occurs predominantly in the liver [3]. Brain contains,
owever, appreciable amounts of cystathionine �-synthase [12],
nd cysteamine is an alternative substrate to homocysteine for
his enzyme [1]. The catalytic product arising from the inter-
ction of cysteamine with cystathionine �-lyase is thialysine.
e have been unable to find any reports of baseline levels of

hialysine in mammalian tissues. However, thialysine has been
etected in the urine of normal human adults at a concentra-
ion of about ∼12.7 �g/mg creatinine (∼88 nmol/mg creatinine)
13]. This finding suggests that thialysine is a normal metabolite.
ndeed, Cavallini and colleagues have detected several metabolites
f thialysine in bovine brain, including S-(2-aminoethyl)-l-cysteine
etimine (AECK) [the cyclized form of the �-keto acid arising from
ransamination of thialysine by glutamine transaminase K (GTK)],
,4-thiomorpholine-3-carboxylate (a reduced form of AECK) and a
ri-cyclic compound resulting from spontaneous dimerization and
ecarboxylation of AECK and given the trivial name aminoethylcys-
eine ketimine decarboxylated dimer (AECK-DD) [14–21]. Although
he origin of AECK-DD in brain is not known, at least a por-
ion may arise via endogenously generated thialysine. Possible

etabolic pathways leading to the formation of thialysine, AECK,
,4-thiomorpholine-3-carboxylate and AECK-DD from cysteamine
n brain are shown in Fig. 1.

Within the past several years, evidence has accumulated that
ysteamine and cystamine may have important biological roles. For-
ation of endogenous cysteamine correlates with the presence of
membrane-bound vanin-1/pantetheinase, an enzyme associated
ith sexual development and, also, homing of pro-T lymphocytes

o the thymus. Interestingly, however, vanin-1−/− mice grow and
evelop normally and are resistant to inflammation and other types
f oxidative injury induced by whole-body gamma-irradiation or
ertain drugs. This protection correlates with reduction of apop-
osis and inflammatory response factors and can be reversed by
reating vanin-1 null animals with cystamine [22]. Vanin-1 null
nimals exhibit decreases in activity of selenium-independent glu-
athione peroxidase. The decrease in enzymatic activity correlates
ith changes in hepatic glutathione S-transferase (GST) isoenzymes

ncluding a significant decline in GSTA3, an increase in GSTP1 and a
arginal decrement in GSTM1. Cystamine administration to vanin-

−/− mice restores GSTA3 enzymatic activity without influencing
rotein expression, suggesting a function for cystamine in pro-
ein stabilization or folding [23]. In a mouse model for colitis,
anin-1 deficient mice are protected from trinitrobenzene sul-
onic acid-induced colitis. Protection is reversible by cystamine
hat antagonizes the peroxisome proliferator-activated receptor
PPAR�). Through inhibition of PPAR� by cystamine release, vanin-1
ermits production of inflammatory mediators by intestinal epithe-

ial cells suggesting that vanin-1 may be a sensor of stress that exerts
ontrol over innate immune responses [24]. In rats with induced
olitis, myenteric neurons exhibited increased transglutaminase-
mmunoreactivity and enzyme expression. In cultured myenteric

eurons, incubation with retinoic acid (a transglutaminase inducer)
xhibited increased neuronal apoptosis, whereas addition of cys-
amine significantly reduced the number of apoptotic neurons [25].
n a similar fashion, the vanin-1/cysteamine pathway may con-
ribute to islet beta cell protection from streptozotocin-induced
877 (2009) 3434–3441 3435

death. Administration of cystamine protected islets in vitro and
compensated for vanin-1 deficiency in vivo [26]. Low levels of
cystamine also protected SHSY5Y cells against dopamine-induced
macroautophagy [27]. Thus, endogenous production of cysteamine
through pantetheinase may have important cytoprotective and
immune modulating function despite low concentrations.

Given the high glutathione (GSH)/glutathione disulfide (GSSG)
ratio in most tissues, changes in endogenous production or
administration of pharmacological doses of either cysteamine
or cystamine alone will result in generation of both cystamine
and cysteamine in vivo, thereby altering the endogenous ratio
of this physiological thiol couple. Thus, understanding the ratio
of cysteamine/cystamine relative to that of GSH/GSSG and other
thiol/disulfide redox active mixed disulfides may be critical in defin-
ing mechanism of efficacy for therapeutic uses of either cysteamine
or cystamine.

In addition to its general interest as a product of pantetheine and
coenzyme A metabolism, cysteamine is of interest as an ulcerogen.
Thus, gavage feeding of very high doses of cysteamine to rats reli-
ably generates duodenal ulcers within 24 h [28–31]. In addition,
cysteamine has been used for many years to successfully treat chil-
dren with cystinosis (e.g., [32]). At least six studies have shown
that administration of pharmacological doses of cystamine to Hunt-
ington disease (HD) mice results in prolonged life expectancy [27
and references cited therein]. Although not fully understood, Bat-
ten disease results in an accumulation of lipopigments that leads
to neuronal death in the brain, retina and central nervous system.
In clinical and preclinical studies, cysteamine delayed the devel-
opment of neurological symptoms, reduced apoptosis and helped
retain brain volume thus slowing disease progression [33].

Here we describe methods adapted from previous work [7]
for the quantitation of underivatized, redox-active cysteamine,
cystamine, thialysine, AECK-DD, GSH, GSSG, cysteine and methio-
nine using HPLC with CoulArray detection. HPLC equipped with
CoulArray detection provides a quick, convenient method for
direct determination of redox-active metabolites and obviates
the need for derivatization. Typical times for elution of metabo-
lites plus re-equilibration of the column are about 12 min. The
method was applied to the detection of some or all of the above-
mentioned sulfur-containing compounds in plasma, red blood cells
(RBC) and brain after gavage administration of pharmacological
doses of cysteamine to rats. Although these experiments result
in non-physiological levels of sulfur-containing compounds, they
are useful nevertheless in defining possible pathways for either
cysteamine or cystamine metabolism under normal physiological
conditions and may offer clues to the biochemical mechanisms
involved in the cytoprotection afforded by cystamine/cysteamine
in Huntington disease, Batten disease, diabetes (islet cells) and
other inflammation-related diseases. In summary, the present
methodology should be of interest to those investigators studying
metabolism of cysteamine and cystamine and other redox-active,
sulfur-containing compounds in health and disease.

2. Materials and methods

2.1. Materials

Cysteamine-HCl, cystamine-2HCl, diethylenetriaminepen-
taacetic acid (DTPA), ethylenediaminetetraacetic acid (EDTA),
l-cysteine-HCl, thialysine, GSH, GSSG, octane sulfonic acid,

bovine serum albumin (BSA) and metaphosphoric acid (MPA)
were obtained from Sigma Chemical Company (St. Louis, MO).
The cysteamine-HCl used in animal experiments was obtained
from Aldrich (Milwaukee, WI). OmniSolvR solvents (acetonitrile
and N,N-dimethylformamide) were HPLC grade and obtained
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Fig. 1. Possible routes for entry of cysteamine into the brain and its metabolism to the potent anti-oxidant AECK-DD. Cysteamine–cysteine mixed disulfide is structurally
similar to lysine and is predicted to cross the blood–brain barrier (BBB) on the lysine transporter. Once within the brain, the mixed disulfide is reduced to free cysteamine.
A �-replacement reaction between serine (or cysteine) and cysteamine catalyzed by cystathionine �-synthase generates thialysine. Thialysine is a substrate of glutamine
t n spo
c ses to
R ic path
a

f
1
o
[
e
p
(
ı
(
c
>
(
H

p
a
p
C
(
s
w
t
g
T
P
w
i

ransaminase K (GTK). The �-keto analogue of thialysine generated by this reactio
atalyzed reaction to 1,4-thiomorpholine-3-carboxylate or spontaneously decompo
SSR can be cystine, GSSG or disulfide linkages in proteins. The proposed metabol
nd colleagues [15–21].

rom EM Science (Gibbstown, NJ). AECK-DD [systematic name
,2–3,4–5,6–7,8-octahydro-1,8a-diaza-4,6-dithia-fluoren-9(8aH)-
ne] was synthesized according to the method of Antonucci et al.
34]. Its structure was confirmed by 1H NMR and low resolution
lectrospray mass spectroscopy. Purity was assessed by melting
oint and gas chromatography–mass spectroscopy (GC–MS): mp
uncorrected) = 132–133 ◦C (Lit. 140–142 ◦C [28]); 1H NMR (CDCl3)
4.55–4.51 (m, 1H), 3.99–3.96 (m, 1H), 3.6–3.57 (m, 2H), 3.16–2.84

m, 5H), 2.62–2.57 (m, 2H), 2.38–2.32 (m, 1H); LRMS (ESI) m/z
alculated for C9H13N2OS2 [M+H]+ 229.1, found 229.1; GC–MS
99% (tR = 29.33 min, m/z 228 (100, M+), 200 (35), 154 (45), 126
15), 99 (9), 71 (9). The compound also yielded a single peak on
PLC analysis (see below).

The melting point was determined on a Fisher–Johns melting
oint instrument and NMR spectra were recorded at 400 MHz on
Varian unity spectrometer. Chemical shifts are reported in parts
er million (ppm, ı) using the residual solvent peak (7.26 ppm in
DCl3) as the internal standard. Low-resolution mass spectroscopy
LRMS) was carried out with a Micromass LCT time-of-flight mass
pectrometer using electrospray ionization. Gas chromatography
as performed on an Agilent Technologies 6890N Network GC Sys-

em in split-mode with a ratio of 25:1 with helium as the carrier

as. The injection port temperature was held constant at 250 ◦C.
he GC column used was 5% phenyl methyl siloxane (Zebron ZB-5,
henomenex); capillary 30.0 m × 0.25 mm; film thickness 0.25 �m
ith a constant flow of He at 1.7 mL/min. The GC oven temperature,

nitially at 41 ◦C, was held at 41 ◦C for 3 min and then increased to
ntaneously cyclizes to a ketimine (AECK), which is either reduced in an enzyme-
AECK decarboxylated dimer (AECK-DD). RSH can be cysteine, GSH or protein –SH.
way from thialysine to the heterocyclic compounds is based on work by Cavallini

280 ◦C at 8 ◦C/min and held for 8 min. The detectors used were an
Agilent 5973 network mass selective detector with the mass filter
scanning from m/z 50 to m/z 800 under electron ionization condi-
tions and a flame ionization detector held constant at 250 ◦C with
hydrogen gas flow of 40 mL/min, air flow of 400 mL/min and the
nitrogen makeup gas flow of 30 mL/min.

2.2. Animal experiments

The present study was approved by the Animal Study Subcom-
mittee of the Veterans Affairs Medical Center in Long Beach, CA.
The protocol used for cysteamine administration was that pre-
viously developed by members of our research group (TK, SS)
to induce duodenal ulcers in male Sprague–Dawley rats [30,31].
This protocol was selected because animals tolerate gavage treat-
ments of 250 mg/kg body weight of cysteamine-HCl, which permits
metabolites of cyst(e)amine to be monitored within the vascular
and central nervous system compartments. Rats (n = 15) received
cysteamine-HCl (250 mg/kg body weight) using a protocol that
involved three gavage treatments at 4-h intervals (0, 4, 8 h). Groups
of rats were euthanized by CO2 inhalation followed by cervical dis-
location at 0, 2, 6, 12 and 24 h after administration of the first dose.
The brains were quickly removed and frozen in liquid nitro-
gen. Blood samples were removed by heart puncture and injected
into BD VacutainerTM plastic blood collection tubes (BD Diagnos-
tics Preanalytical Systems, Franklin Lakes, NJ), containing EDTA as
the anticoagulant, gently inverted 8–10 times and centrifuged at
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standard mixture of 1, metaphosphoric acid (1.6); 2, cysteine (2.2);
3, ascorbic acid (2.7); 4, cysteamine (3.9); 5, GSH (4.6); 6, uric
acid (5.1) and 7, cystamine (6.6). Not shown in this elution pat-
tern are methionine, which elutes at 9.6 min and oxidizes between
700 and 800 mV and thialysine, which elutes after 3.6 min and oxi-

Fig. 2. HPLC elution profiles of redox-active compounds in a standard mixture and in
a homogenate of rat cerebrum spiked with cyst(e)amine. (A) Retention times (min)
for a standard mixture of redox-active compounds: (1) metaphosphoric acid (MPA)
(1.6); (2) cysteine (2.2); (3) ascorbic acid (2.7); (4) cysteamine (3.9); (5) GSH (4.6); (6)
uric acid (5.1); and (7) cystamine (6.6). The concentration of each compound except
MPA was 20 nmol/mL. The 8-channel CoulArray detectors were set from bottom to
top at 100, 200, 300, 400, 500, 600, 700, and 800 mV, respectively. The channel
at 800 mV is not displayed on this figure as none of the compounds exhibited an
oxidation potential above 700 mV. (B) Deproteinized homogenate of rat cerebrum
showing endogenous levels of prominent redox-active compounds. Peaks 1, 2 (see
J.T. Pinto et al. / J. Chroma

000 × g for 15 min in a fixed-angle rotor immediately after col-
ection. The frozen brains, plasma and RBC were shipped on dry
ce to the JTP/AJLC laboratory. While still frozen, the brain samples

ere cut with a scalpel into cerebrum and cerebellum. Note that
DTA generates a peak in the HPLC profile that interferes with the
ysteine and cystine peaks. These amino acids therefore cannot be
uantitated in EDTA-treated plasma.

.3. Preparation of tissues for metabolite analysis

The procedure used for analysis of all the sulfur-containing
ompounds of interest, except AECK-DD, is a modification of that
eveloped by Pinto et al. [7]. (A separate procedure was devel-
ped for AECK-DD; see below.) Five volumes of ice-cold 5% (w/v)
PA containing 5 mM DTPA were added to samples of frozen

−80 ◦C) rat tissues (50–75 mg) or plasma, which were then homog-
nized in a Dounce homogenizer. After incubation for 10 min on
ce, the samples were centrifuged at 0 ◦C for 5 min at 13,000 × g
n a microfuge to sediment coagulated protein. Precipitates were
issolved in 0.1 N NaOH and protein was quantitated by a spec-
rophotometric method using bicinchoninic acid reagent (Pierce
hemical Co., Rockford, IL). In many cases, supernatant fractions
ere analyzed immediately after removal of denatured protein

or compounds of interest by using HPLC separation (see below).
owever, this was not possible in those experiments requiring

onsecutive analyses in tissue homogenates at time points sepa-
ated by less than 12 min (i.e., the time for a complete HPLC run
lus column re-equilibration). For these experiments, the tissue
omogenate was deproteinized with 5% (w/v) MPA, stored briefly
n ice, centrifuged, and then frozen at −80 ◦C until analysis could be
ompleted. Control experiments showed that storage of processed
amples in 5% (w/v) MPA at −80 ◦C for even 1 month has no effect
n the recovery of cystamine, cysteamine, cysteamine metabolites
thialysine and AECK-DD) or GSH. Note that spiking of RBCs and
issue samples with GSH just prior to addition of MPA/DTPA dena-
uring agent does not result in measurable oxidation of the added
SH to GSSG (data not shown). Note also that it takes a few min-
tes for euthanization and removal of the brain, so that it is not
ossible to obtain a true zero time point for blood-derived cys-
eamine metabolites in brain. Zero time points in the experiments
n which rats were gavage-fed cysteamine are referred to as “0” time
oints.

.4. Determinations of redox-active sulfur-containing compounds
y HPLC and coulometric detection

Concentrations of the redox-active sulfur-containing com-
ounds of current interest were measured without prior deriva-
ization by HPLC coupled with a coulometric detector [7]. The
PLC system consisted of an ESA-model 580 pump equipped with
n 8-channel coulometric array (CoulArray) detector (ESA, Inc.,
helmsford, MA).

For the determination of all sulfur-containing compounds of
nterest, except AECK-DD, the supernatant fractions from the MPA
omogenates were injected directly onto a Bio-Sil ODS-5S, 5-�m
article size, 4.0 mm × 250 mm, C18 column (Bio-Rad, Life Sci-
nce Research Group, Hercules, CA) and eluted with a mobile
hase consisting of 50 mM NaH2PO4, 0.05 mM octane sulfonic acid,
% (v/v) acetonitrile and 0.5% N,N dimethylformamide (v/v) (pH
.52) at a flow rate of 1 mL/min. All buffers following preparation
re routinely degassed, filtered through a 0.2 �m Millipore nylon

lter, and pH adjusted, if necessary. PEEKTM (polyetheretherke-

one) tubing was used throughout the HPLC system and a 0.2 �m
EEKTM filter was placed pre- and post-column to protect both
olumn and flow cells, respectively, from any particulate matter.

Rheodyne injection valve with a 5-�L sample loop was used
877 (2009) 3434–3441 3437

to manually introduce samples. The 8-channels of the CoulAr-
ray detector were set at 100, 200, 300, 400, 500, 600, 700 and
800 mV, respectively. Fig. 2A shows retention times (min) for a
arrow), 3 and 5 represent MPA, endogenous cysteine, ascorbic acid, and GSH, respec-
tively. The original 20 min chromatogram was truncated as shown since no redox
responsive metabolite was detectable after 15 min. (C) Deproteinized homogenate
of rat cerebrum spiked with 20 nmol/mL each of cysteamine (peak 4) and cystamine
(peak 7). Peaks 2, 3 and 5 represent endogenous cysteine, ascorbic acid, and GSH,
respectively.
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Table 1
Concentration of cysteamine and cystamine in red blood cells (RBC), plasma, cere-
brum and cerebellum at various times following gavage feeding of cysteamine to
rats.

Hrs RBC Plasma Cerebrum Cerebellum

Cysteamine (pmol/mg protein)
“0” 0.2 ± 0.1 10 ± 8 91 ± 65 20 ± 14
2 46 ± 29 26 ± 13 816 ± 591 461 ± 317
6 217 ± 90 15 ± 9 3910 ± 1350 2000 ± 299
12 278 ± 66 266 ± 88 5210 ± 588 2450 ± 290
24 71 ± 40 45 ± 30 962 ± 546 840 ± 503

Cystamine (pmol/mg protein)
“0” NMA 3 ± 1 NMA 104 ± 4
2 0.2 ± 0.2 4 ± 3 NMA 163 ± 25
6 4 ± 1 115 ± 84 NMA 92 ± 31

reduced form of cystamine, the high peak level of the oxidized form
(i.e., cystamine) in the plasma was initially surprising. Since albu-
min contains seventeen disulfide linkages and one free sulfhydryl
(Cys-34), it is possible that cystamine may have arisen from sulfide-

Table 2
Concentration of GSH and GSSG in red blood cells (RBC), plasma, cerebrum and
cerebellum at various times following gavage feeding of cysteamine to rats.

Hrs RBC Plasma Cerebrum Cerebellum

GSH (nmol/mg protein)
“0” 4.03 ± 0.29 0.006 ± 0.001 14.5 ± 1.0 7.31 ± 0.38
2 4.06 ± 0.24 0.022 ± 0.015 14.2 ± 2.1 11.0 ± 0.8
6 3.80 ± 0.92 0.038 ± 0.017 18.1 ± 1.0 10.0 ± 2.1
12 3.72 ± 0.38 0.038 ± 0.006 17.7 ± 0.7 7.18 ± 0.29
24 3.73 ± 0.16 0.046 ± 0.019 16.2 ± 2.3 11.5 ± 0.7

GSSG (pmol/mg protein)
438 J.T. Pinto et al. / J. Chroma

izes between 600 and 800 mV. Fig. 2B illustrates a deproteinized
/5 homogenate of rat cerebrum showing endogenous levels of
rominent identified redox-active compounds. Peaks 1, 2, 3 and
represent MPA, and endogenous cysteine, ascorbic acid and GSH,

espectively. Unnumbered peaks have not been identified. The orig-
nal 20 min chromatogram was truncated for the figure at 15 min
s shown since no redox responsive metabolite was detectable
fter that retention time. Fig. 2C shows a sample of rat cerebrum
piked with 20 �M each of cysteamine (peak 4) and cystamine
peak 7). Peaks 2, 3 and 5 represent endogenous concentrations
f cysteine, ascorbic acid and GSH, respectively. Although mixed
isulfides were not measured in the present study, the method can
eadily detect mixed disulfides. After preparation of known com-
inations of mixed disulfides, samples can be recognized by both
heir retention times and higher oxidation potentials relative to

ercaptans.
To measure AECK-DD in brain the frozen tissue (1/5 w/v) was

omogenized in 75 mM sodium citrate and 25 mM ammonium
cetate, pH 7.5. After homogenization, a portion (0.5 mL) was
emoved and extracted 3 times with 0.5 mL of water-saturated
HCl3 as described in [18]. Following each extraction and cen-
rifugation at 2000 × g for 10 min, the lower chloroform layer
as removed and placed into a clean Eppendorf tube. The com-

ined extracts were placed in a vacuum rotavap and brought
o dryness. Samples were reconstituted with 150 �L of 75 mM
odium citrate/25 mM ammonium acetate containing 50% acetoni-
rile, pH 7.84, vortexed and centrifuged at 2000 × g for 10 min.
he supernatant fractions were injected onto an MD-150 column
3.0 mm × 150 mm; 3 �m particle size; ESA, Inc., Chelmsford, MA)
nd eluted at ambient temperature with a mobile phase consist-
ng of 75 mM sodium citrate/25 mM ammonium acetate and 26%
cetonitrile (v/v) (pH 7.84) at a flow rate of 0.8 mL/min. A Rheo-
yne injection valve with a 5 �L sample loop was used to manually

ntroduce samples. The 8-channel CoulArray detectors were set
t 100, 175, 225, 250, 275, 325, 400 and 500 mV, respectively.
ECK-DD eluted at 4.28 min and exhibited maximum oxidation at
25 mV.

To assure standardization between analyses, calibration stan-
ards were interspersed at intervals among sample runs. Peak
reas were analyzed using ESA, Inc. software. Recovery of authen-
ic AECK-DD in a spiked brain homogenate was consistently about
7%. Concentrations of each metabolite were obtained from appro-
riate standard curves and are reported as pmol (or nmol)/mg
rotein. The range of linearity for the AECK-DD standard curve in
ur studies was from 0.5 to 750 nmol/mL and had an R2 value of
.997.

Data are reported as mean ± SEM.

. Results and discussion

.1. Mechanisms involved in cysteamine-induced duodenal ulcers

Previous studies from our laboratory demonstrated that
ysteamine treatment reduces somatostatin bioavailability and
arkedly elevates serum gastrin levels, with an associated increase

n gastric acid secretion [35–37], significantly decreased neutraliza-
ion of acid in the proximal duodenum [38], decreased dopamine
evels in glandular stomach and duodenum [39] and inhibition of
astric emptying and motility [40]. It is also known that certain

ranscription factors (e.g., Egr-1, HIF-1�) and their target genes play

key role in the pathogenesis of cysteamine-induced duodenal
lcers [30,31]. However, the complete mechanism of cysteamine-

nduced duodenal ulceration is still not clear. The present work
hould be of interest to those studying the biochemical mechanisms
nvolved in the ulcerogenic action of cysteamine.
12 6 ± 2 910 ± 260 NMA 134 ± 2
24 0.3 ± 0.2 91 ± 79 NMA 250 ± 8

NMA, no measurable amount (<0.2 nmol/mg of protein). N = 3 at each time point.

3.2. Cyst(e)amine, GSH and GSSG in plasma and RBC in rats
gavage-fed cysteamine

At “0” time, the levels of both cysteamine and cystamine ranged
from undetectable to low (<0.2 to ∼10 pmol/mg protein) in plasma
and RBC (Table 1). However, considerable free cystamine and cys-
teamine were detected in plasma following gavage feeding. The
last of the three gavage feedings was at 8 h, and both cysteamine
and cystamine peaked at about 12 h in the plasma. Cysteamine
could be detected in RBC of the treated animals. Curiously, how-
ever, cystamine could not be detected in RBC (<0.2 nmol/100 mg
protein) at any time point. This may be associated with high
endogenous levels of GSH coupled with activity of glutathione
reductase within RBC. Further support for this finding is shown
in Table 2. At 6 h there was a slight decline in GSH and a con-
comitant increase in the levels of GSSG, suggesting that cystamine
transported into RBC was reduced to cysteamine. The inability to
detect cystamine was experimentally verified by spiking portions
of RBC with cystamine immediately before addition of MPA. Recov-
ery of cystamine was quantitative (data not shown). By 24 h, the
level of cysteamine in plasma and RBC had greatly declined. The
level of cystamine was also greatly diminished in the plasma by
24 h (Table 1).

Interestingly, considerable amounts of cystamine were found in
the plasma. As with cysteamine, the cystamine is cleared rapidly
from the plasma after the last gavage. Since cysteamine is the
“0” 325 ± 101 81 ± 9 NMA NMA
2 227 ± 12 150 ± 60 NMA NMA
6 375 ± 32 212 ± 59 NMA NMA
12 408 ± 64 588 ± 62 NMA NMA
24 570 ± 165 294 ± 108 NMA NMA

NMA, no measurable amount (<0.2 nmol/mg of protein). N = 3 at each time point.
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isulfide interchange reactions with serum albumin. Although the
ajority of the disulfide bonds are protected from solvents and

educing agents, some are accessible to reduction. In this regard,
e have found that bovine serum albumin (BSA) readily reacts
ith cysteamine. BSA was incubated with excess cysteamine in

hosphate buffered saline (PBS) for 12 h at 37 ◦C. The BSA was pre-
ipitated with 5% MPA and washed several times with 5% MPA to
emove unbound ligand. The pellet was then dissolved in 0.2 M KOH
nd reduced with potassium borohydride. Analysis of the super-
atant fraction revealed the presence of cysteamine in a molar
mount greater than that of the BSA, suggesting that at least one
isulfide bond of BSA can participate in sulfide disulfide interchange
eactions with cysteamine (unpublished data). It may also be rel-
vant here to mention that blockade of the free sulfhydryl with
ysteine, GSH, or even cysteamine can prevent albumin dimer for-
ation [41]. Another explanation for the detection of cystamine

n the plasma, but not in the RBC in the cysteamine-treated rats,
nvolves the availability of redox metals in the two compartments.
he oxidation of cysteamine can be stimulated by transition met-
ls, such as iron and copper. In vitro studies have demonstrated that
ysteamine reacts with transition metals (Mn, where n refers to the
xidation state). In the process, cysteamine is oxidized to its corre-
ponding disulfide cystamine: 2RSH + 2 Mn �RSSR + 2 Mn−1 + 2H+

42,43]. Cysteamine can generate H2O2 in the presence of
etal calf serum [43]. This suggests Fenton-type chemistry, but
he origin of cysteamine-accessible Cu2+/Fe3+ in plasma is not
pparent.

.3. Sulfur-containing brain metabolites in rats gavage-fed
ysteamine

.3.1. Cysteamine and cystamine in cerebrum and cerebellum
Table 1 shows the levels of cysteamine and cystamine at various

ime points over a 24-h period in cerebrum and cerebellum of rats
avage-fed cysteamine. The disposition of these two compounds is
arkedly different between cerebrum and cerebellum. Cysteamine

t time “0” in both cerebrum and cerebellum was relatively low
<100 pmol/mg protein) but detectable. In both tissues, the level of
ree cysteamine increased in the cysteamine-treated animals one to
wo orders of magnitude by 12 h and declined considerably by 24 h.
t 12 h, there was twice as much cysteamine in the cerebrum as in

he cerebellum. By contrast, cystamine was below detectable limits
n cerebrum over the entire 24-h period. However, a low level of cys-
amine was detected at time zero in the cerebellum and there was
trend toward increasing levels over the 24-h period. It is inter-

sting, however, that despite massive increases of cysteamine in
he brain, this is not reflected in a proportionate increase in cys-
amine, presumably reflecting the large GSH/GSSG ratio (>100:1)
n rat brain [44]. If one assumes that 1 g wet weight of rat brain
ontains about 100 mg of protein and that the water content is 80%,
hen the peak levels of cysteamine in the cerebrum and cerebellum
re about 0.6 mM and 0.3 mM, respectively.

In a previous study [7], we were unable to detect either cys-
eamine or cystamine (≤2 nmol/mg protein) in normal mouse brain
fter administration of cystamine in the drinking water (900 mg/L).
n the present work, we detected cysteamine and cystamine in the
at cerebrum and cerebellum at time “0”. We also detected cys-
amine in rat cerebellum at time “0”. The apparent discrepancy may
e due to species difference, but is most likely due to the significant

ime lapse between administration of cysteamine, euthanization
nd removal of the brain at the earliest time point. Thus, cysteamine
nd cystamine detected in the rat brain at “0” time is most likely a
eflection of some uptake into the brain from the blood and some
ysteamine and cystamine in the small blood compartment associ-
ted with the isolated brain.
877 (2009) 3434–3441 3439

3.3.2. GSH, cysteine and methionine in cerebrum and cerebellum
Because a key enzyme of the transsulfuration pathway (cys-

tathionine �-lyase) is of low activity in brain, it has generally been
considered that the transsulfuration pathway is not important in
neural tissues (e.g., [45]). However, it has recently been suggested
that the brain possesses an intact transsulfuration pathway and
that the pathway is linked not only to methionine homeostasis,
but also to GSH homeostasis in the brain [46]. Thus, it was deemed
important to assess the effect of cysteamine administration on key
metabolites derived from the transsulfuration pathway in the brain,
namely GSH (from cysteine), cysteine and methionine.

As was noted previously in mice chronically treated with cys-
tamine [7,47], acute treatment of rats with cysteamine did not
produce a significant change in brain GSH levels even by 24 h after
the first dose of cysteamine (Table 2). This may be due to the very
long turnover time for GSH in rat brain (t1/2 ∼ 3 days) [48]. In previ-
ous studies, the level of cysteine in the whole brain was significantly
increased in mice chronically treated with cystamine [7,47]. In the
present work, cysteamine administration resulted in a 30% decrease
of cysteine in the cerebrum, but an almost doubling of cysteine in
the cerebellum (Table 3).

Possibly, competition by cysteamine for homocysteine at the
active site of cystathionine �-synthase leads to lower levels of cys-
tathionine and, consequently, to lower levels of cysteine in the
cerebrum of the brains of the cysteamine-treated rats. On the other
hand, the increased cysteine in the cerebellum may perhaps be due
to increased uptake across the blood–brain barrier of the mixed
disulfide of cysteine–cysteamine masquerading as a lysine mimic
(Fig. 1). The brain contains an active uptake system for lysine and
basic amino acids [49]. Once inside the brain, the mixed disulfide
may be reduced to free cysteamine and cysteine.

Along with the decline of cysteine in the cerebrum, there was
a marked increase of methionine from 200 pmol/mg of protein to
approximately 900 pmol/mg of protein in the cysteamine-treated
rats. There was also an increase of methionine in the cerebellum
of the treated rats, but the increase was not as great (Table 3). The
sulfhydryl of cysteamine is more electronegative than that of cys-
teine. Thus, cysteamine may displace cysteine bound in disulfide
linkages to proteins, resulting in greater conversion of cysteine to
methionine. In addition, methionine is an excellent substrate for the
neutral amino acid carrier across the blood–brain barrier [49]. Pos-
sibly, the cysteamine treatment results in stimulation of this neutral
amino acid transporter or alternatively, egress of methionine from
the brain is inhibited.

3.3.3. Thialysine in cerebrum and cerebellum
As noted in the introduction, brain contains appreciable

amounts of cystathionine �-synthase and low levels of cysteamine
dioxygenase. Given these considerations, conversion of cysteamine
to hypotaurine and taurine in the brain will be limited and, there-
fore, an alternative pathway for metabolism of cysteamine may
operate in the brain (Fig. 1). As already mentioned, cysteamine
is an alternative substrate to homocysteine for cystathionine �-
synthase [1]. The catalytic product generated in the �-substitution
reaction catalyzed by human cystathionine �-synthase is thialy-
sine [serine (or cysteine) + cysteamine → thialysine + H2O (or H2S)]
[1]. As is evident from this equation, if serine is a substrate,
the eliminated product is H2O. If cysteine is a substrate, H2S is
the eliminated product. H2S is now regarded as a neuromodu-
lator and cerebrovascular messenger [50,51]. Although H2S may
contribute to brain damage induced by stroke [52], this com-

pound is generally regarded as neuroprotective at low doses
[50,53] by releasing bound sulfur in neurons and astrocytes
in the presence of reductants such as GSH and cysteine [54].
The protective effect of cystamine in Huntington disease mice
administered cystamine [47] may also be due in part to the
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Table 3
Concentration (pmol/mg of protein) of cysteine, methionine and thialysine in cerebrum and cerebellum at various times following gavage feeding of cysteamine to rats.

Hrs Cysteine Methionine Thialysine

Cerebrum Cerebellum Cerebrum Cerebellum Cerebrum Cerebellum

“0” 898 ± 166 477 ± 50 193 ± 51 132 ± 9 1.5 ± 1.4 NMA
2 659 ± 83 523 ± 51 212 ± 135 250 ± 61 0.9 ± 0.9 25 ± 25
6 532 ± 96 513 ± 106 829 ± 348 460 ± 105 33.4 ± 0.5 NMA
1 40 498 ± 23 22.1 ± 0.5 159 ± 6
2 1 312 ± 82 NMA 85 ± 8
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Table 4
Concentration (pmol/mg of protein) of
AECK-DD in cerebrum at various times
following gavage feeding of cysteamine
to rats.

Hrs Cerebrum

AECK-DD
“0” 19, 33
2 34.6 ± 3.2
6 22.6 ± 5.6
12 39.9 ± 7.8
24 4.8 ± 1.6

F
g
C
a
A

2 607 ± 10 584 ± 36 927 ± 1
4 604 ± 14 797 ± 81 240 ± 9

MA, no measurable amount (<0.2 nmol/mg of protein). N = 3.

timulation of cystathionine �-synthase-catalyzed production of
2S.

If cysteamine is indeed an alternative substrate for cystathionine
-synthase in the brain, then l-thialysine [S-(2-aminoethyl)-l-
ysteine, AEC] should be present in the brains of the cysteamine-
reated rats. As mentioned in the introduction, we have been unable
o find any reports of baseline levels of thialysine in mammalian
rain. However, we could detect small amounts of thialysine in the
ats administered cysteamine (Table 3).

.3.4. AECK-DD in rat brain
A previous report suggests that 2H-1,4-thiazine-5,6-dihydro-3-

arboxylic acid, the cyclic ketimine derived from transamination
f thialysine (trivial name aminoethylcysteine ketimine, AECK), is
resent in bovine brain at a concentration of 2–3 nmol/g wet weight
15]. A compound derived from AECK by dimerization and decar-
oxylation and given the trivial name AECK decarboxylated dimer
AECK-DD) has been reported to be present in bovine cerebellum
19]. AECK-DD has been found in human urine [17], human plasma
34,55], human cultured monocytic cells [55] and in dietary veg-
tables, particularly garlic, asparagus and onion [56].

In the present work we showed that AECK-DD is present in the
rains of cysteamine-treated rats (Table 4; Fig. 3). The levels are
bout 20–40 pmol/mg protein. Assuming that the brain contains
00 mg of protein per g wet weight, then these values translate
o about 2–4 nmol/g wet weight of AECK-DD in rat brain. These
alues are of the same order of magnitude as those reported for
ovine cerebellum of 0.6–1.0 nmol/g wet weight [19]. AECK-DD is
ery hydrophobic and is very efficiently extracted in chloroform
rom brain homogenates. Interestingly, AECK-DD is the only redox-
ctive species that we can detect in the chloroform extract under

he conditions of our HPLC procedure (Fig. 3B).

The original discoverers of the presence of AECK-DD in brain
uggested that a pathway for its formation has not been established
nd that it may be of dietary origin [57]. However, we believe that,
ased on this group’s previous work [19], an endogenous biochem-

ig. 3. Detection of AECK-DD in rat brain cerebrum. (A) AECK-DD standard (2 nmol/mL)
reatest amount of oxidation occurring at 225 mV. (B) AECK-DD extracted from the cerebr
oulArray detectors were set at 100, 175, 225, 250, 275, 325, 400 and 500 mV, respective
bout 97%. Note that identification of AECK-DD in the rat brain cerebrum is based on bo
ECK-DD. Note also that AECK-DD is the only redox active compound detectable in the ch
N = 3 at each time point except for the
“0” time point where N = 2. The cerebel-
lum was not analyzed.

ical pathway is also feasible (Fig. 1). Because AECK-DD is derived
from thialysine, we had expected that, after administration of cys-
teamine to rats, the level of this compound would rise in the brain
in tandem with increases in thialysine or perhaps be unaltered (if
the turnover rate of the compound is slow). Surprisingly, however,
the level of AECK-DD dropped by hour twelve (Table 4). A possi-
ble explanation is that transamination of thialysine was inhibited
in the brains of the cysteamine-treated animals. Another possibil-
ity is that the cysteamine treatment caused an oxidative stress in
the brain that resulted in a depletion of AECK-DD. In this regard,
the compound has been reported to be a more potent anti-oxidant
than GSH or ascorbate and on par with �-tocopherol, presumably
due to its high lipid solubility (reviewed in [21,57]). Moreover, the
compound has been reported to quench reactive oxygen and nitro-
gen species in vitro [34,58–60] and to protect human low-density
lipoprotein and a human monocytic cell line against oxidative stress
[21]. We note that the potential required to maximally remove an

electron from (i.e., oxidize) AECK-DD starts at ∼175 mV and is max-
imal at 225 mV (Fig. 3). Thus, AECK redox capacity is lower than
that required to oxidize GSH (which starts at 300 mV and is max-
imal at 450 mV) but is somewhat higher than that of ascorbate

has a retention time of 4.28 min. AECK-DD is oxidized from 175 to 250 mV with
um of a rat gavage-fed cysteamine and sacrificed at 0 time (control). The 8-channel
ly. Recovery of authentic AECK-DD in a spiked brain homogenate was consistently
th its identical retention time and its identical redox profile relative to authentic
loroform-extracted cerebrum.
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which starts at ∼75 mV and is maximal at 100 mV). Oxidative mod-
fications of AECK-DD that have been described include oxidation
o a sulfoxide [61], oxidative dimerization [62] and dehydrogena-
ion [57]. Thus, AECK-DD may be an especially useful antioxidant
n the brain because of its highly hydrophobic nature and several
unctional moieties that are susceptible to oxidation.

We were unable to detect AECK-DD in standard rat chow, but
ere able to reproduce the finding of Macone et al. [56] that garlic

ontains appreciable amounts of this compound (data not shown).
n a separate experiment, we analyzed the brains of untreated adult

ale Sprague–Dawley rats (i.e., rats that had not been gavage-fed
ysteamine) for thialysine and AECK-DD. We were unable to detect
ither thialysine or AECK-DD in these brain samples (limit of detec-
ion <0.2 nmol/mg of protein). Thus, it appears that AECK-DD may
riginate in the diet, but that the brain has the capacity to syn-
hesize thialysine and AECK-DD when supplied with an adequate
mount of cysteamine. The practicality of these findings is high-
ighted by dietitians who advocate consumption of vegetables to
rovide a steady supply of potential antioxidants.

. Conclusions

The present work demonstrates the usefulness of HPLC cou-
led to CoulArray (coulometric) detection for the determination of
edox-sensitive sulfur-containing compounds in tissues and body
uids. In particular, we have provided analytical methods for those

nterested in studying cysteamine/cystamine and their potential
etabolic products. These analytical procedures may be of inter-

st to researchers focused on the biochemical events associated
ith the ulcerogenic properties of cysteamine and the neuropro-

ective effects of pharmacological doses of cystamine. An especially
mportant aspect of our work is the verification of previous workers’
ndings [18] that, under certain conditions, the brain can accu-
ulate a highly lipophilic substance (AECK-DD) that may be an

mportant antioxidant within a lipid milieu. Further studies on the
rigin of AECK-DD in brain and its role as an antioxidant in that
rgan are warranted.
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