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Abstract
Aminoethylcysteine ketimine decarboxylated dimer [AECK-DD; systematic name: 1,2–3,4–5,6–
7,8-octahydro-1,8a-diaza-4,6-dithiafluoren-9(8aH)-one] is a previously described metabolite of
cysteamine that has been reported to be present in mammalian brain, urine, plasma, cells in culture
and vegetables, and to possess potent anti-oxidative properties. Here, we describe a stable-isotope
GC-MS/MS method for specific and sensitive determination of AECK-DD in biological
samples. 13C2-AECK-DD was synthesized and used as the internal standard. Derivatization was
carried out by N-pentafluorobenzylation with pentafluorobenzyl bromide in acetonitrile.
Quantification was performed by selected-reaction monitoring of the mass transitions m/z 328 to
m/z 268 for AECK-DD and m/z 330 to m/z 270 for 13C2-AECK-DD in the electron-capture
negative-ion chemical ionization mode. The procedure was systematically validated for human
plasma and urine samples. AECK-DD was not detectable in human plasma above ~ 4 nM, but was
present in urine samples of healthy humans at a maximal concentration of 46 nM. AECK-DD was
detectable in rat brain at very low levels of about 8 pmol/g wet weight. Higher levels of AECK-
DD were detected in mouse brain (~1 nmol/g wet weight). Among nine dietary vegetables
evaluated, only shallots were found to contain trace amounts of AECK-DD (~ 6.8 pmol/g fresh
tissue).
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Introduction
Cysteamine [HSCH2CH2NH2] has received considerable biomedical attention (see the
discussion). Thus, a discussion of its metabolism is in order. The major route for metabolism
of cysteamine is thought to be via conversion to hypotaurine, followed by oxidation to
taurine, as shown in the upper pathway in Fig. 1. However, another pathway has been
postulated to occur in mammals and plants [3–18]. In this pathway, cysteamine is converted
to thialysine (aminoethylcysteine) by a β-replacement mechanism with cysteine or serine
catalyzed by cystathionine β-synthase. Thialysine, in turn, is a substrate of bovine kidney
[4], bovine liver [4] and human kidney (unpublished data) glutamine transaminases. The
resulting α-keto acid cyclizes to a structure containing an internal ketimine, given the trivial
name aminoethylcysteine ketimine (AECK)2 [3,4]. AECK (systematic name:
tetrahydro-2H-1,4-thiazine-3-carboxylic acid) and its reduced form (5,6-dihydro-2H-1,4-
thiazine-3-carboxylic acid) have been reported to be present in brain in μM-levels [5,6]. A
tri-cyclic compound, resulting from the spontaneous dimerization and decarboxylation of
AECK, given the trivial name aminoethylcysteine ketimine decarboxylated dimer (AECK-
DD) [systematic name: 1,2–3,4–5,6–7,8-octahydro-1,8a-diaza-4,6-dithiafluoren-9(8aH)-one]
has also been reported to be present in human urine [7], human plasma [8,9], bovine brain
[10] and cells in culture [9]. The proposed metabolic pathway leading to the formation of
thialysine, AECK, 1,4-thiomorpholine-3-carboxylate and AECK-DD from cysteamine is
shown in the lower pathway of Fig. 1. AECK-DD has also been reported to be present in a
wide variety of vegetables [11]. Thus, it was suggested that a portion of the AECK-DD
previously reported to be present in brain may have been derived, at least in part, from
dietary sources [11]. In addition to dietary sources, our previous findings show that AECK-
DD can be detected, albeit at low concentrations,3 in brain of rats that were gavage-fed
cysteamine [19], suggesting de novo biosynthesis.

AECK-DD has been reported to be an anti-oxidant at μM-concentrations and it has been
suggested that this compound may be active in vivo [12–16]. Given this suggestion, and the
considerable interest in the scientific and lay communities regarding natural anti-oxidants as
possible therapeutic agents and as research tools, we were interested in developing a highly
sensitive analytical approach for the measurement of AECK-DD. In general, for gas
chromatography-tandem mass spectrometry (GC-MS/MS) and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) techniques, the most reliable method for
minimizing the occurrence of false positive results is to use as an internal standard (IS) an
isotopically labeled form of the analyte under study. In the present report, we describe the
development, validation and application of a GC-MS/MS method that uses 13C2-AECK-DD
as the IS for the measurement of AECK-DD in biological samples. Derivatization (N-
pentafluorobenzylation) of AECK-DD was accomplished with pentafluorobenzyl bromide

2Abbreviations used: AECK, aminoethylcysteine ketimine; AECK-DD, aminoethylcysteine ketimine decarboxylated dimer; BSTFA,
N,O-bis(trimethylsilyl)trifluoroacetamide; CID, collision-induced dissociation; DTT, dithiothreitol; ECNICI, electron-capture
negative-ion chemical ionization; EI, electron ionization; FVB, Friend virus B-type; GC-MS, gas chromatography-mass spectrometry;
GC-MS/MS, gas chromatography-tandem mass spectrometry; IS, internal standard; KO, knock out; LOD, limit of detection; LOQ,
limit of quantitation; OCT, organic cation transporter; PAR, peak area ratio; PFB, pentafluorobenzyl; PFB-Br, pentafluorobenzyl
bromide; RSD, relative standard deviation; SIM, selected-ion monitoring; SRM, selected-reaction monitoring.
3In our previous work, we erroneously reported that the limit of detection for cysteamine by our HPLC/CoulArray detection technique
was 0.2 nmol/mg protein [19]. The correct value should have been 0.2 pmol/mg protein, but the conclusion of this study, that
cysteamine cannot be detected in rodent brain under normal physiological conditions by HPLC with CoulArray detection, remains
unaltered.
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(PFB-Br). Herein, we report methods for the measurement of AECK-DD in rodent brain,
human plasma, human urine and various vegetables and discuss the biological relevance of
the findings.

Materials and Methods
Materials

Cysteamine-HCl (used in the synthesis of AECK-DD) and octane sulfonic acid were
obtained from Sigma Aldrich (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 from EM Science
(Gibbstown, NJ). Unlabeled AECK-DD was synthesized by the method of Pinto et al. [19]
based on the method of Antonucci et al. [17]. 2,3,4,5,6-Pentafluorobenzyl bromide and N,N-
diisopropylethylamine were purchased from Sigma-Aldrich (Munich, Germany). The
silylation reagent N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) was obtained from
Pierce/Thermo Fisher Scientific (Rockford, IL, USA). Organic solvents used in GC-MS/MS
were purchased from Mallinckrodt Baker (Griesheim, Germany). All glass vials used for
derivatization and chromatography were obtained from Macherey-Nagel (Düren, Germany).
Polypropylene tubes and test tubes for blood sampling were manufactured by Sarstedt
(Nümbrecht, Germany).

Synthesis of AECK-DD-5a,9a-13C2
13C-Labeled AECK-DD was synthesized essentially as described by Antonucci et al. [17]
except that [2-13C]pyruvate was used in place of unlabeled pyruvate. The procedure is as
follows. A slurry of sodium [2-13C]pyruvate (214.3 mg, 1.930 mmol, Sigma-Aldrich, USA)
was stirred in glacial acetic acid (1 mL) with gentle heating by means of a heat gun to
facilitate dissolution. To the solution was added Br2 (99 μL, 0.97 mmol) and the resultant
solution was stirred at 90 °C for 2 to 3 min, followed by the dropwise addition of
concentrated H2SO4 (106 μL, 1.93 mmol). The solution was stirred for approximately 5
min, followed by the addition of Br2 (99 μL, 0.97 mmol) and a further stirring for 30 min.
The solution was cooled by means of an external ice bath and 6 M NaOH (802 μL, 4.81
mmol) was added, followed by a solution of cysteamine hydrochloride (219.3 mg, 1.930
mmol) in 1 M NaOH. The resultant solution was stirred at ambient temperature overnight
followed by heating to approximately 100 °C until light bubbling and boiling occurred. The
solution was then maintained at this temperature for 20 min. The solution was cooled using
an external ice bath and the pH was adjusted to 8 using 6 M NaOH. Reaction products were
extracted three times with ethyl acetate, the organic phases were pooled, dried over
anhydrous sodium sulfate, filtered and the solvent was removed by rotary evaporation. The
residue was chromatographed on Silica Gel 60 (0.060–0.2 mm, 70–230 mesh; Alfa-Aesar)
to afford AECK-DD-5a,9a-13C2 (10.4 mg, 2.3 % yield). The low yield of the reaction is
most likely due to the bromination/hydrolysis step (Hell-Volhard-Zelinsky reaction) as
shown by the fact that the yield of unlabeled AECK-DD is much better (in the range of
50%) when this step is avoided and the starting material is commercial bromopyruvate.
However, since doubly labeled bromopyruvate is not available commercially, it was
necessary to use doubly labeled pyruvate as the starting material. The labeled carbons in
AECK-DD-5a,9a-13C2 are shown in Fig. 2.

Preparation of brain tissue obtained from mice pretreated with cysteamine
The study was approved by the Subcommittee for Animal Studies and the Research and
Development Committee of VA Long Beach Healthcare System. Wild-type (1.5 and 6
month of age) and OCT1/2 (organic cation transporters 1 and 2) knock out (KO) mice (1.5
and 6 months of age, FVB background, Taconic) were administered cysteamine-HCl (125
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mg/100 g) by gavage. The FVB (Friend Virus B-type) mouse is an inbred strain that is used
for transgenic analyses. The procedure for generating the OCT1/2 KO mice has recently
been reported [20–22]. Two hours later, the animals were euthanized by CO2 inhalation,
followed by cervical dislocation. The brains were then removed, frozen in liquid nitrogen
and stored at −80 °C. Frozen brain samples were shipped on dry ice to the Institute of
Clinical Pharmacology, Hannover Medical School (Hannover, Germany), where the analysis
of brain samples was performed. In brief, brain pieces (89 – 181 mg) thawed on ice were
treated with 250 μL ice-cold Tris buffer (100 mM, pH 7.6) per 100 mg tissue. The buffer
contained 13C2-AECK-DD, EDTA and dithiothreitol (DTT) such that the final content and
concentrations were 0.5 pmol 13C2-AECK-DD/mg wet weight tissue and 10 mM EDTA and
DTT, respectively. The samples were homogenized in pre-cooled Precellys tubes in the
presence of ceramic beads (1.4-mm diameter) on a Precellys 24 Dual homogenizer (1 × 26 s,
6200 rpm, 5 °C). After centrifugation (800 × g, 5 min, 4 °C), the supernatant fractions were
extracted by vortexing with ethyl acetate (1250 μL/100 mg tissue). Aliquots were removed
and derivatized with PFB-Br, as described below. A similar procedure was used to analyze
AECK-DD in brain from an untreated adult male Sprague-Dawley rat.

Human plasma and urine
Plasma and urine samples from healthy human subjects analyzed in the present study had
been collected and aliquoted in previously conducted clinical studies after approval by the
local Ethics Committee. Blood (8 mL) was drawn from the antecubital vein by means of
EDTA- or citrate-containing monovettes (Sarstedt, Germany) and centrifuged immediately
(800×g, 4 °C, 5 min). Plasma was portioned into 100-μL aliquots and stored frozen at −80
°C. Urine from spontaneous micturition was collected in 45-mL polypropylene tubes,
aliquoted into 1 mL-aliquots and stored at −20 °C until analysis. After thawing in an ice
bath, the samples were centrifuged (800 × g, 5 min, 4 °C) and 100-μL aliquots of the
supernatant fractions were processed as described below.

Analysis of various vegetables
Fresh vegetables from a local market were cut into small pieces and 1-g portions were
transferred into polypropylene tubes that contained ice-cold 100 mM phosphate buffered
saline, pH 7, and 1 nmol of 13C2-AECK-DD. The samples were homogenized in sealed pre-
cooled Precellys tubes in the presence of ceramic beads (1.4-mm diameter) on a Precellys 24
Dual homogenizer (2 × 10 s, 5000 rpm, 5 °C). After centrifugation, the supernatant fraction
(about 1 mL) was extracted with ethyl acetate (2 mL). Subsequently, derivatization with
PFB-Br was performed as described below.

Extraction and derivatization procedures
Unless otherwise specified, samples (100 μL) were spiked with 13C2-AECK-DD to reach
the desired final concentrations (as specified in the Results section), ethyl acetate (500 μL)
was added, and samples were mixed by vortexing for 2 min. Phase separation was achieved
by centrifugation (800 × g, 5 min, 4 °C). Aliquots (~450 μL) of the organic phase were
removed, dried over anhydrous Na2SO4 and the solvent was evaporated under a gentle
stream of nitrogen gas. Residues were reconstituted in acetonitrile (100 μL), N,N-
diisopropylethylamine (10 μL) and PFB-Br (10 μL, 30 vol% in anhydrous acetonitrile) were
added and the reaction mixtures were incubated in sealed glass vials for 30 min at 30 °C.
After derivatization, solvent and reagents were completely removed under a stream of
nitrogen at room temperature and the residues were reconstituted in anhydrous
dichloromethane (50 μL). Samples were analyzed immediately or after storage at 4 °C in
sealed glass vials. Under these conditions, the PFB derivatives of AECK-DD and 13C2-
AECK-DD were stable for several weeks.
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GC-MS and GC-MS/MS conditions
Analyses were performed in electron-capture negative-ion chemical ionization (ECNICI)
mode on a ThermoElectron TSQ 7000 triple-stage quadrupole mass spectrometer (Finnigan
MAT, San Jose, CA) directly interfaced with a Trace 2000 series gas chromatograph
equipped with an autosampler AS 2000 (CE Instruments Austin, TX). Chromatographic
separation was performed on an OPTIMA-17MS fused silica column (30 m × 0.25 mm i.d.;
0.25 μm film thickness) from Macherey-Nagel (Düren, Germany). The following oven
temperature program was used: 1 min at 80 °C, increasing to 260 °C at a rate of 10 °C/min,
followed by an increase to 360 °C at a rate of 25 °C/min. The interface and ion-source were
maintained at 320 °C and 180 °C, respectively. Electron energy and electron current were
set to 200 eV and 300 μA, respectively. For quantitative analyses, the electron multiplier
voltage was set to 2800 V. Methane (530 Pa) and argon (0.2 Pa pressure in the collision
chamber) in GC-MS/MS were used as reagent and collision gases, respectively. The
collision energy was set to 15 eV for quantitative analyses. Aliquots (1 μL) were injected in
splitless mode by using a BEST PTV injector, starting at an injector temperature of 70 °C,
which was increased to 280 °C at a rate of 10 °C/s. Quantitative measurements were
conducted on the AECK-DD-PFB derivatives by selected-reaction monitoring (SRM) of the
product ions generated by collision-induced dissociation (CID) of the precursor ions at [M –
2 × HF]−. The dwell time was 100 ms, unless otherwise specified. For instance, the mass
transitions for AECK-DD were mass-to-charge ratio (m/z) 368 for AECK-DD and m/z 370
for 13C2-AECK-DD to the product ions at m/z 268 and m/z 270, respectively (see Results
section).

AECK-DD concentrations (CA) were calculated by multiplying the peak area (PA) ratio of
measured peak areas of the analyte (PAA) and the internal standard (PAIS) by the known
concentration of the respective internal standard (CIS): CA = CIS × PAA/PAIS.

All analyses were performed in duplicate in two independent experiments, unless otherwise
specified. GraphPad Prism 5 from GraphPad Software Inc. (La Jolla, CA, USA) was used
for data analysis.

Statistics
Data are reported as the mean ± SD. The Mann-Whitney U test was used to determine
significance values. A p ≤ 0.05 is considered significant.

Results
Mass spectrometric and chromatographic characterization of underivatized and
derivatized AECK-DD

Analyses of underivatized AECK-DD and 13C2-AECK-DD were performed on an Agilent
HP 6890 gas chromatograph equipped with a 5973 mass selective detector and an Agilent
DB-23 (30 m × 0.25 mm, 0.25 μm i.d.) column. Oven temperature was held for 5 min at 30
°C, then increased to 280 °C at a rate of 20 °C/min and finally held for 7.5 min. Unlabeled
AECK-DD and 13C2-AECK-DD emerged from the column practically at the same time (i.e.,
18.3 min). The electron ionization (EI) mass spectra of underivatized, unlabeled and 13C2-
AECK-DD are summarized in Table 1. These mass spectra and the almost identical
retention times unequivocally identify these compounds as AECK-DD and 13C2-AECK-DD.

Although AECK-DD and 13C2-AECK-DD can be analyzed by GC-MS in the EI mode,
chemical conversion of these compounds to electron-capturing derivatives and analysis in
ECNICI mode should greatly increase the method sensitivity. AECK-DD (and 13C2-AECK-
DD) possesses an exchangeable H atom on the secondary amine group and is thus amenable
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to derivatization. We tested several derivatization reagents and found the alkylating agent
PFB-Br to be the most useful derivatization reagent. Because AECK-DD is easily
extractable from aqueous solutions at neutral pH by organic solvents such as ethyl acetate,
N-pentafluorobenzylation was not performed directly in the aqueous phase. Rather, the
reaction was carried out in anhydrous acetonitrile in the presence of N,N-
diisopropylethylamine as the catalyst under mild conditions (30 min, 30 °C) after ethyl
acetate extraction.

GC-MS analysis of the PFB-Br-derivatized unlabeled AECK-DD (Fig. 3A, Table 2)
and 13C2-AECK-DD in the ECNICI mode each yielded a single GC peak at a retention time
of 12.2 min with comparable mass spectra (Table 2). With the exception of the m/z 181 ion
([PFB]−) all the ions differed by 2 Da due to the two 13C atoms of 13C2-AECK-DD. These
mass spectral data and the almost identical retention times of the PFB derivatives
unequivocally identify these compounds as the N-pentafluorobenzyl derivatives of AECK-
DD and 13C2-AECK-DD. The ions with m/z 226 and m/z 228 values represent the
negatively charged AECK-DD and 13C2-AECK-DD molecules ([M–PFB]−), respectively.
We observed the consecutive loss of one, two, four and five fluorine atoms of the PFB side
chain as neutral HF (Table 2). Interestingly, consecutive loss of three HF did not occur
during ECNICI of the PFB derivatives of AECK-DD and 13C2-AECK-DD. We therefore
assume that m/z 328 does not originate from m/z 368 by loss of two HF molecules, but
rather from an undetermined precursor. Extended loss of fluorine atoms is common in
mono-PFB derivatives of various classes of compounds, including phenols and amines and
requires opening and considerable rearrangement of the PFB ring [23–26].

The intense ions with m/z 368 and m/z 370, m/z 328 and m/z 330, m/z 308 and m/z 310 and
m/z 226 and m/z 228 were subjected to CID. Representative product ion mass spectra are
shown in Fig. 3B to Fig. 3E. The CID of m/z 368 ([M–2 × HF]•−) generated m/z 341,
possibly by neutral loss of an HCN molecule (27 Da) (Fig. 3B). The product ion m/z 281
could also originate from m/z 308 by neutral loss of an HCN molecule. Alternatively,
because of the formation of the paired product ions m/z 309/m/z 308 and m/z 281/m/z 280,
the latter could originate from neutral loss of CO (28 Da) from m/z 309 and m/z 308 (Fig.
3B). Interestingly, the ions m/z 341 and m/z 281 were absent in the mass spectrum of the
PFB derivative of AECK-DD (Fig. 3A). The product ion mass spectrum observed from CID
of m/z 368 suggests that m/z 308/m/z 309 do not originate from m/z 341. The CID of the
most intense ion with m/z 328 in the mass spectrum of the PFB derivative of AECK-DD
resulted in the production of an intense product ion at m/z 268 (Fig. 3C). The CID of the
most intense ion with m/z 330 in the mass spectrum of the PFB derivative of 13C2-AECK-
DD resulted in the production of an intense product ion at m/z 270 and other less intense
ions (Fig. 3D), each differing by 2 Da from those obtained from the CID of m/z 328 for
AECK-DD due to the two 13C atoms of 13C2-AECK-DD. The CID of m/z 328 of the PFB
derivative of AECK-DD resulted in the production of an intense product ion at m/z 280 (Fig.
3E), presumably by neutral loss of CO (28 Da). It is worth mentioning that no product ions
were observed at m/z 226 and m/z 228, which would correspond to the negatively charged
AECK-DD and 13C2-AECK-DD ([M–PFB]−), respectively. This finding suggests that the
CID of the above mentioned precursor ions results in opening of the PFB ring, thus avoiding
formation of the PFB radical, which is an excellent leaving group. Finally, the CID of m/z
226 and m/z 228 at the same collision energy (15 eV) did not yield intense product ions
(data not shown).

Standardization and utility of 13C2-AECK-DD as an internal standard for AECK-DD
Both commercially available and newly synthesized stable-isotope labeled compounds
require standardization prior to use in quantitative analysis [26]. Stock solutions of AECK-
DD and 13C2-AECK-DD were prepared in acetonitrile by diluting a weighed amount of the
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synthetic standards. Dilutions were also prepared in acetonitrile. Varying amounts of
AECK-DD (0, 1, 2, 3, 4, 5, 10 nmol) were derivatized with a fixed nominal amount of 13C2-
AECK-DD (5 nmol) and analyzed by GC-MS in the selected-ion monitoring (SIM) mode,
i.e., the ions m/z 308, m/z 328 and m/z 368 for AECK-DD, and the ions m/z 310, m/z 330
and 370 for 13C2-AECK-DD. The respective peak area ratios (PAR), y, for AECK-DD and
13C2-AECK-DD were calculated and plotted versus the AECK-DD amount, x. Linear
regression equations were: y = 0.159 + 0.318x (r = 0.9976) for m/z 368 and m/z 370, y =
0.070 + 0.280x (r = 0.9976) for m/z 328 and m/z 330, and y = 0.040 + 0.323x (r = 0.9999)
for m/z 308 and m/z 310. Thus, satisfactory linearity was observed for all ion pairs
monitored, with the correlation coefficient increasing with decreasing size of the ions (Fig.
4A), presumably due to the decreasing contribution of naturally occurring 13C isotope in
AECK-DD relative to that artificially incorporated into 13C2-AECK-DD. The theoretical
slope of the regression equation is 0.200 1/nmol and corresponds to the reciprocal amount of
5 nmol of 13C2-AECK-DD. The experimentally observed slope values of 0.318, 0.280 and
0.323 1/nmol deviate from the theoretical slope value of 0.200 1/nmol, suggesting that the
actual amount of 13C2-AECK-DD used deviates from the assumed amount of 5 nmol. As
AECK-DD was quantitated by SRM of m/z 368 and m/z 370, the actual amount of 13C2-
AECK-DD was calculated from the reciprocal of the slope value of 0.318 1/nmol, i.e.,
1/0.318 = 3.14 nmol. Based on this finding, the concentration of 13C2-AECK-DD in the
stock solution and their dilutions were corrected accordingly. AECK-DD is hygroscopic and
the most likely explanation for the deviation in the observed slope values is the absorption of
water acquired during shipping.

With the “corrected” 13C2-AECK-DD concentration in hand, we derivatized varying
amounts of AECK-DD (0, 1, 2, 3, 4, 5, 10 nmol) with a fixed amount of 13C2-AECK-DD
(0.5 nmol) and analyzed the samples by GC-MS/MS in the SRM mode, specifically the
transition m/z 328 → m/z 268 for AECK-DD and m/z 330 → m/z 270 for 13C2-AECK-DD.
Plotting the PAR of m/z 328 → m/z 268 to m/z 330 → m/z 270 (y) versus the AECK-DD
amount (x) resulted in the regression equation y = 0.009 + 2.004x (r > 0.9999) (Fig. 4B).
The experimentally observed slope is within experimental error identical to the theoretical
slope of 1/0.5 = 2.000. Also, the y axis intercept is very low and indicates that 13C2-AECK-
DD is almost completely free of unlabeled AECK-DD.

In summary, these findings show that 13C2-AECK-DD should be a useful IS for the
quantitative analysis of AECK-DD by GC-MS and GC-MS/MS and that 13C2-AECK-DD is
of such high isotopic purity that its use should allow quantitative determination of very low
concentrations of AECK-DD in biological samples.

Validation of the method for AECK-DD in human plasma and urine samples
AECK-DD has been reported to be present in plasma of healthy normal subjects at a
concentration range of between 513 and 768 ng/mL, i.e., between 2.25 and 2.86 μM, as
measured by GC-MS [8], and between 106 and 520 ng/mL, corresponding to 0.46 and 1.86
μM, as measured by HPLC with electrochemical detection [9]. AECK-DD has also been
reported to occur physiologically in human urine [8]. However, to our knowledge, no
concentrations have been reported for urinary AECK-DD thus far. This information is the
basis for the validation of the present method in human plasma and urine.

The GC-MS/MS method was validated for the quantitative determination of AECK-DD in
plasma and urine of healthy humans in an extended (0 – 50 μM) and in a narrower (0 – 1000
nM) concentration range of added AECK-DD. The concentration of the internal
standard 13C2-AECK-DD was 25 μM and 250 nM, respectively, in both the plasma and
urine samples. Freshly prepared solutions of EDTA and citrate-treated plasma and urine,
donated by two healthy subjects, were used in the method validation.
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Plasma and urine samples (each 100 μL) were spiked with 13C2-AECK-DD and AECK-DD
as indicated above and mixed by vortexing for 2 min with ethyl acetate (500 μL). After
centrifugation (800 g, 5 min, 4 °C), the upper phase was removed and dried over anhydrous
Na2SO4, the supernatant fraction was transferred to a conical glass vial and the solvent was
evaporated by means of a gentle stream of nitrogen gas at room temperature. Subsequently,
PFB-Br derivatization was performed as described in the experimental section, solvents and
reagents were evaporated, the residue was reconstituted in CH2Cl2 (50 μL) and 1-μL
aliquots were analyzed by GC-MS/MS with SRM of the transitions m/z 328 → m/z 268 for
AECK-DD and m/z 330 → m/z 270 for 13C2-AECK-DD.

The results of the method validation experiments are shown in Fig. 5 and summarized in
Appendix A. In both AECK-DD concentration ranges described above, linear relationships
were observed between measured and added AECK-DD concentration in the plasma and
urine samples analyzed. Mean recovery rate (accuracy) was close to 100% (see slope values
in Fig. 5), and imprecision (RSD, %) was below 10.1% for spiked samples (see Appendix
A).

Quantification of AECK-DD in plasma and urine of non-medicated healthy humans
During method validation and in preliminary quantitative analyses, we found that the basal
AECK-DD concentrations in plasma and urine of healthy subjects are much lower than
those reported previously by Matarese et al. [8,9] (see above). Our validated GC-MS/MS
method was used to measure basal excretion of AECK-DD in 24-h collected urine from 19
apparently healthy non-medicated volunteers (14 males and 5 females; Table 3). No AECK-
DD was detected in the urine from two female volunteers above the limit of quantitation
(LOQ) of the method, which was about 2 nM. In the urine samples from the other subjects,
the AECK-DD concentration ranged from about 2 to 46 nM and from about 0.1 to 6 nmol
AECK-DD per mmol creatinine (Table 3). Representative chromatograms from the GC-MS/
MS analysis of AECK-DD in urine samples obtained from two healthy volunteers are shown
in Fig. 6.

We could not detect AECK-DD at concentrations above the method LOQ (~ 4 nM) in
plasma freshly obtained from EDTA-anticoagulated blood analyzed by the present GC-MS/
MS method. This finding is at variance with previous reports [8,9] that the concentration of
AECK-DD in plasma of healthy normal subjects at basal concentrations ranges between
about 0.5 μM and 2.9 μM.

Cerebral AECK-DD in cysteamine-treated mice
The concentration of cerebral AECK-DD was measured in six groups of mice sacrificed two
hours after treatment. The six groups were as follows: 1) 2-month-old FVB mice gavaged
with water; 2) 2-month FVB mice gavaged with an equal volume of cysteamine-HCl
solution (125 mg/100 g body weight); 3) 2-month old FVB OCT1/2 KO mice gavaged with
water; 4) 2-month old FVB OCT1/2 KO mice gavaged with an equal volume of cysteamine-
HCl solution (125 mg/100 g body weight); 5) 1) 6-month-old FVB mice gavaged with
water; 6) 6-month FVB mice gavaged with an equal volume of cysteamine-HCl solution
(125 mg/100 g body weight). The results are shown in Table 4. AECK-DD was detected in
all the control brains (i.e. 1a, 1b, 5a and 5b; 1.17 ± 18 nmol/g wet weight). On the other
hand, AECK-DD could not be detected in brain tissue from 2 OCT1/2 KO mice gavage-
treated with water (i.e. 3a, 3b) and in only one of two OCT1/2 KO mice treated with
cysteamine (3d). These findings suggest that formation of AECK-DD from cysteamine may
require the presence of OCT1, OCT2 or both. The level of AECK-DD was found to be
lower in brain tissue obtained from cysteamine-treated FVB mice (2a, 2b, 2c, 6a, 6b, 6c).
Assigning a value of zero to the non-detectable samples yields a concentration of cerebral
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AECK-DD in the treated group of 316 ± 129 pmol/g wet weight. A nonparametric (rank
order) analysis (two-tailed Mann-Whitney U test) indicates a highly significant difference
between the concentration of AECK-DD in brain samples from control FVB mice (1.17 ± 18
nmol/g wet weight; n = 4) and concentration of AECK-DD in brain samples from
cysteamine-treated FVB mice (316 ± 129 pmol/g wet weight; n = 6); p = 0.013.

AECK-DD in rat brain
A chromatogram from the GC-MS/MS analysis of AECK-DD in brain tissue of an untreated
rat is shown in Fig. 7. The AECK-DD content in this brain tissue is calculated to be 8 pmol/
g tissue. The signal-to-noise (S/N) value of the peak of endogenous AECK-DD was 3:1. The
S/N value of 0.5 nmol 13C2-AECK-DD/g tissue was 103:1 and suggests (see Ref. [25]) that
about 15 pmol 13C2-AECK-DD added to 1 g tissue would be detectable by this method. The
chromatogram shown in Fig. 7 indicates that AECK-DD occurs physiologically in rat brain,
but its content is very low and difficult to quantify even with the present sensitive and
specific GC-MS/MS method.

Quantification of AECK-DD in vegetables
AECK-DD was previously reported to be present in various dietary vegetables, including
garlic, spinach, tomato, asparagus, aubergine (egg plant), onion, pepper and courgette
(zucchini), at concentrations ranging from 0.08 to 0.68 nmol per g vegetable, and, as noted
in the Introduction, it has been hypothesized that vegetables may be an additional exogenous
source for AECK-DD found in human and animal biological fluids and tissues [11]. We
used a minor modification of the procedure, described above for the analysis of AECK-DD
in human plasma and urine, to measure the AECK-DD content in the following fresh
vegetables: carrot, courgette, cucumber, endive, garlic, napa cabbage, pepper, romaine
lettuce and shallot. The amount of 13C2-AECK-DD (1000 pmol) added to the suspensions of
each 1-g vegetable is of the same order of magnitude as that reported by Macone et al. for
the concentration of unlabeled AECK-DD in a variety of vegetables [11]. Of the nine
vegetables analyzed by the current procedure, only shallot contained detectable AECK-DD,
but the concentration was very low (6.8 pmol per 1 g fresh weight) (Fig. 8). Even with this
vegetable, however, the peak area of AECK-DD was only 0.68% of the peak area of 13C2-
AECK-DD, which is of the same order of magnitude as the very small amount of unlabeled
AECK-DD in the 13C2-AECK-DD preparation (Fig. 4B). Thus, our results do not support
previous reports of the natural presence of appreciable concentrations of AECK-DD in
dietary vegetables.

Discussion
Cysteamine (H2NCH2CH2SH; 2-mercaptoethylamine) is of broad biomedical interest. For
example, several studies have shown that pharmacological doses of the disulfide form
(cystamine, H2NCH2CH2SSCH2CH2NH2) significantly increase life expectancy in a mouse
model of Huntington disease (surveyed in Ref. [27]). Cysteamine has been successfully
employed for more than 30 years in the treatment of patients with cystinosis (reviewed in
Ref. [28]). Cysteamine and phosphocysteamine may have utility in the design of treatments
for Batten disease [29,30]. Amifostine (an S-phosphorylated N-substituted cysteamine) is a
potent radioprotectant prodrug [31]. When administered in high doses as a gavage to
rodents, cysteamine exhibits ulcerogenic properties and serves as a convenient model for
studying both mechanisms of ulcer formation and treatment modalities (e.g., Ref. [32]).
Lastly, in contrast to cysteamine, low levels of cystamine protect SHSY5Y cells against
dopamine-induced macroautophagy [27].

Tsikas et al. Page 9

Anal Biochem. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cysteamine is formally the decarboxylated analogue of cysteine. However, in mammals,
cysteamine is not generated from cysteine by direct decarboxylation. Instead, it is derived
from the metabolism of pantetheine, a component of coenzyme A, by the action of
pantetheinase (EC 3.56.1.-) [33,34]. Pantetheinase is a GPI-anchored ectoenzyme that forms
cysteamine following cleavage from pantetheine in order to recycle pantothenic acid. Thus,
pantetheinase is the main source of cysteamine in tissues under physiological conditions
[34]. Nevertheless, we have demonstrated that cysteamine can enter cells as free cysteamine
in the brains of rats administered pharmacological doses of cyst(e)amine (see below).
Moreover, our recent studies provide evidence that cysteamine can be transported into cells
by the OCT1/2 transporters [22]. It is of interest that pantetheinase is identical to vanin-1, a
membrane-bound protein that plays a role in thymic reconstitution following damage by
irradiation [34]. Vanin-1/pantetheinase has been suggested to a) regulate glutathione (GSH)-
dependent response to oxidative injury in tissues at the epithelial level [35]; b) exert a
dominant control over innate immune responses by serving as an epithelial sensor of stress
[36]; and c) mediate granuloma formation in response to Coxiella burretii infection [37].

Given the importance of cysteamine as a therapeutic agent, as a component of pantetheine
(and pantetheine metabolism) and in sulfur metabolism, it is important to have reliable
estimates of the in vivo levels of cysteamine and its metabolic fate. Unfortunately, the
literature displays a wide discrepancy in reported values for cysteamine in a variety of
tissues and body fluid, possibly due to inadequate analytical procedures in some cases
(discussed in Ref. [19]). Most of the cysteamine released by the action of pantetheinase
becomes covalently linked to proteins as mixed disulfides with cysteinyl moieties as a result
of sulfide-disulfide exchange [1,38]. Best estimates are that the concentration of free
cysteamine in tissues and body fluids is very low and often below the sensitivity of detection
techniques (< 0.2 pmol/mg protein)3 [1,19, 38–40]. However, after administration of
pharmacological doses of cysteamine [39] or cystamine [40] to rats, free cysteamine can be
detected in the brain. For example, Ogony et al. [39] reported about 22 nmol of free
cysteamine/mg protein in brain 30 min after intraperitoneal injection of 300 mg of
cysteamine per kg body weight into adult rats. Bousqet et al. [40] reported peak levels of
cysteamine in mouse brain of about 25, 30 and 110 pmol/kg 60 min after a single
intraperitoneal injection of 10, 30 and 50 mg/kg of cystamine. Ogony et al. [39] and
Bousquet et al. [40] used highly sensitive HPLC procedures to detect cysteamine previously
derivatized with a fluorescent “tag” at the -SH moiety. We have used HPLC with CoulArray
(coulometric) detection to analyze for redox-active compounds, including cysteamine, in rat
tissues [19]. A major advantage of this technique is that prior derivatization is not necessary,
provided the analyte is redox active. Using this technique, we reported that peak levels of
cysteamine in the brains of rats gavage fed pharmacological doses of cysteamine-HCl over a
period of 8 h were about 2.5 – 5.2 nmol/mg of protein [19].

Despite the fact that free cysteamine concentrations are normally very low, this compound is
metabolized once released from disulfide linkage or when cyst (e)amine is administered to
experimental animals in pharmacological doses. Evidence for a metabolic pathway for
cysteamine is that mammalian tissues contain a dioxygenase that is highly specific for
cysteamine [1,2]. The product of this reaction is hypotaurine. The generally accepted
pathway for metabolism of cysteamine involves its oxidation to hypotaurine followed by
oxidation of hypotaurine to taurine [18,41] (Fig. 1).

In mammals, cysteamine oxidation via the dioxygenase pathway is thought to occur
predominantly in the liver [1]. Cysteamine dioxygenase is of low specific activity in the
mammalian brain [1]. On the other hand, cystathionine β-synthase utilizes cysteamine as a
substrate (as an alternative substrate to homocysteine) [33,41], and is of relatively high
specific activity in rat brain [41]. Western blot analysis shows that the enzyme occurs in the
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hippocampus, forebrain and cerebellum [42]. When cysteamine replaces homocysteine as
substrate, the product is L-thialysine (S-(2-aminoethyl)-L-cysteine) rather than cystathionine
(Fig. 1). Thus, some investigators have suggested that cysteamine may be incorporated into
L-thialysine by the action of cystathionine β-synthase, especially in the brain. L-Thialysine
has been reported to be present in the urine of normal human adults at a concentration of
about ~12.7 μg/mg creatinine (~88 nmol/mg creatinine) [43]. This finding suggests that L-
thialysine is a normal metabolite. We have found variable, but low, levels of L-thialysine
(below the level of detection to ~160 pmol/mg protein) in the brains of rats administered
cysteamine by gavage feeding [19].

In the present work, we have developed, validated and applied a relatively straightforward,
precise and accurate method for the quantitative determination of AECK-DD (a potential
metabolite of thialysine) in a wide variety of biological tissues and fluids that includes
plasma, urine, and brain tissue as well as in plant tissues. Our method has the following
main advantages: a) we have synthesized a 13C-labeled AECK-DD (i.e., 13C2-AECK-DD)
and validated its use as an internal standard (IS) and b) we have developed this methodology
for use with GC-MS/MS technology, which possesses inherently high specificity and low
susceptibility to interference by endogenous and exogenous analytes due to the tandem mass
spectrometry approach. In contrast, other analytical approaches, including GC-MS, may be
less specific and prone to interference by other analytes if chromatographic resolution is
insufficient. Furthermore, the use of a stable-isotope labeled analogue as an internal standard
provides a robustness that is often not available with other analytical techniques. Under the
extraction conditions used in the present study, i.e., 100-μL aliquots of the biological
samples and 500-μL aliquots of the organic solvent ethyl acetate, unlabeled and labeled
AECK-DD were extracted quantitatively from buffered solutions, plasma and urine samples.
The extraction yield of endogenous AECK-DD from tissue homogenates such as rat brain
and vegetables is unknown. Nevertheless, the lipophilic nature of AECK-DD suggests that
the extraction yield of tissue AECK-DD is presumably as high as that noted with plasma
AECK-DD.

Based on previous articles that reported the physiological concentration of AECK-DD in
human plasma to be in the lower μM-range [8,9], we validated our method first in the
extended concentration range up to 50 μM in human plasma and urine. Upon the recognition
that physiological AECK-DD concentrations are much lower than originally reported, we
subsequently validated the GC-MS/MS method for an AECK-DD concentration range up to
1000 nM. Application of this method to urine and plasma samples of healthy volunteers
confirmed the physiological occurrence of AECK-DD in human urine, but indicated that the
previously reported values of AECK-DD concentrations in plasma are overestimates. Our
study shows that the basal concentration of AECK-DD is not higher than 4 nM in human
plasma, and ranges between the LOQ of the method (~ 2 nM) and 46 nM or between 0.1 and
6 nmol/mmol creatinine in human urine.

In the present work, we were able to detect AECK-DD in the brains of untreated mice of
about 1 nmol/g wet weight (range not detectable to 2.19). Thus, AECK is present in mouse
brain, but at low levels. It is of interest that AECK-DD was not detected in brain tissue
obtained from two OCT1/2 KO mice (3a,3b) and from two OCT1/2 KO mice gavage treated
with cysteamine (4a,4b); only a relatively low level was found in the brain of a third mouse
gavage treated with cysteamine (4c) (Table 4). This finding is consistent with a role of the
OCT1 and/or OCT2 transport in the cellular uptake of cysteamine.

In previous work, we were unable to assign a baseline value for AECK-DD for rat brain as
measured by the HPLC/CoulArray detection technique [19]. The present work confirms this
finding by a different analytical technique. Barely detectable levels were noted by GC-MS/
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MS (Fig. 7). However, after administration of pharmacological doses of cysteamine to the
rats (250 mg/kg) we noted levels of brain AECK-DD of ~2 – 4 nmol/g wet weight by
HPLC/CoulArray [19]. Based on this finding, we expected that there would be an increase
in brain AECK-DD in the mice treated with cystamine. Thus, we were surprised to find that
the level of mouse brain AECK-DD was actually significantly decreased in the cysteamine-
treated animals compared to controls (compare 1a, 1b, 5a, 5b to 2a, 2b, 6a, 6b, 6c; Table 4; p
= 0.03). This may suggest differences in the pharmacokinetics of cysteamine and AECK-DD
clearance/metabolism between rats and mice. It is also possible that extremely high dose of
cysteamine administered to the mice in the present study (125 mg/100 mg body weight) –
about 5 times that administered to the rats (on a per weight basis) in the previous study –
resulted in an inhibition of AECK-DD synthesis. Possibly, at very high levels cysteamine
competes with the serine binding site on cystathionine β-synthase.

As noted above, in addition to in vivo pathways hypothesized to occur in humans leading to
AECK-DD biosynthesis, some of the sulfur-containing AECK-DD has been suggested to
originate from natural sources [9], particularly vegetables that are naturally rich in sulfur.
Our study indicates that, of the vegetables analyzed only shallots exhibit a detectable source
of AECK-DD, albeit at a very low concentration. Appreciable anti-oxidant properties of
AECK-DD have been observed only in vitro at μM-concentrations (up to 250 μM), for
instance, AECK-DD is protective against tert-butyl hydroperoxide-induced oxidative stress
in human monocytic U937 cells [15].

The mechanisms by which AECK-DD may act as an antioxidant are unknown. Based on the
ease of oxidation of sulfur, it is likely that the two sulfur atoms of AECK-DD react
chemically with peroxynitrite, superoxide and hydrogen peroxide. However, to our
knowledge this has not been demonstrated so far. AECK-DD has been reported to be a
stronger antioxidant than the SH-containing N-acetylcysteine (NAC) [15]. However, in that
study Mancone et al. compared the cell-permeable AECK-DD with the cell-impermeable
(NAC). When one considers that the concentration of the most important intracellular
antioxidants, namely GSH and ascorbate, are generally in the mM range, the very low
content of AECK-DD in brain tissue, it is highly questionable that AECK-DD per se
exhibits biological significances as an anti-oxidant. Given its tissue concentration in the sub-
to low nanomolar range and its capacity as an effective antioxidant, AECK-DD may be an
important candidate to consider as an inducer of the Keap1/Nrf2/ARE pathway that
regulates expression of a network of ~100 genes associated with cytoprotection and
inhibition of proinflammatory responses. Regarding induction of a variety of cytoprotective
enzymes, a precedent for this potential effect of AECK-DD has been observed with a
number of tricyclic and pentacyclic synthetic compounds that interact directly with specific
sulfhydryl centers on Keap1 [44].

In summary, the GC-MS/MS method reported in this article is specific and sensitive and
allows for accurate measurement of AECK-DD in human plasma and urine, in animal brain
tissue and in vegetables. Although AECK-DD has been known for more than 50 years, its
biochemistry and physiology are still incompletely understood. The GC-MS/MS method we
report here should be a useful analytical tool for studying the occurrence and biological roles
of AECK-DD, its precursors and putative metabolites. In such investigations, 13C2-AECK-
DD will be a valuable non-radioactive IS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Theoretical pathways for cysteamine metabolism. In the upper pathway, cysteamine is
oxidized to hypotaurine by a highly specific cysteamine dioxygenase (step 1) [1,2]. In the
second step, hypotaurine is oxidized to taurine. It is not yet clear whether the second step is
enzyme catalyzed [1,2]. In the lower pathway, proposed by Cavallini and colleagues [3–17],
the first step (step 3) is catalyzed by cystathionine β-synthase. In this reaction, cysteamine is
postulated to replace L-homocysteine as a substrate [i.e., cysteamine + L-serine → L-
thialysine + H2O]. In agreement with this hypothesis it was later shown by Shen et al. that
human cystathionine β-synthase catalyzes an efficient β replacement reaction with L-serine
and cysteamine [18]. Thialysine (aminoethyl-L-cysteine) is transaminated to the
corresponding α-keto acid, which cyclizes to form a six-membered ring containing an
internal ketimine (aminoethyl cysteine ketimine, AECK) (step 4). The ketimine form of
AECK is in tautomeric equilibrium with an enamine structure. The latter predominates at
neutral pH [6], and is shown in the figure. AECK dimerizes and oxidizes with the loss of
one CO2 per dimer to generate aminoethyl cysteine ketimine decarboxylated dimer (AECK-
DD) presumably through non-enzymatic reactions (step 5).
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Fig. 2.
Synthetic sequence for the preparation of AECK-DD-5a,9a-13C2 (13C2-AECK-DD).
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Fig. 3.
GC-MS (A) and GC-MS/MS spectra of the pentafluorobenzyl derivatives of AECK-DD (B,
C, E) and 13C2-AECK-DD (D). Insets shows the proposed structures of the ions formed. P−

indicates the respective precursor ion subjected to collision-induced dissociation.
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Fig. 4.
(A) Linear relationship between the peak area ratio (PAR) of AECK-DD to 13C2-AECK-DD
after derivatization of the indicated amounts of AECK-DD with the fixed nominal amount of
5 nmol 13C2-AECK-DD and GC-MS analysis. (B) Linear relationship between the peak area
ratio (PAR) of AECK-DD to 13C2-AECK-DD after derivatization of the indicated amounts
of AECK-DD with the fixed corrected amount of 0.5 nmol 13C2-AECK-DD and GC-MS/
MS analysis. Data are presented as mean ± SD, n = 4 (two sets of determinations each
carried out in duplicate).
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Fig. 5.
Linear relationship between measured and added AECK-DD concentration in human plasma
and urine samples from two healthy volunteers in an extended (A) and in a narrow (B)
concentration range of AECK-DD. The final concentration of 13C2-AECK-DD added to the
urine and plasma specimens as IS was 25 μM in (A) and 250 nM in (B). Plasma was
obtained from blood anticoagulated with EDTA (A) or citrate (B). Data are presented as
mean ± SD, n = 4 (two sets of determinations each carried out in duplicate).
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Fig. 6.
Representative chromatograms from the GC-MS/MS analysis of AECK-DD in urine
samples of two healthy volunteers: subjects #18 (A) and subject #7 (B). The concentration
of 13C2-AECK-DD (IS) was 250 nM in each sample. The concentration of AECK-DD
calculated to be present in these urine specimens were <LOQ and 3.31 nM, respectively.
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Fig. 7.
A chromatogram from the GC-MS/MS analysis of AECK-DD in the brain of an untreated
adult male Sprague-Dawley rat. SRM of m/z 328 to m/z 268 for AECK-DD (upper panel)
and of m/z 330 to m/z 270 for 13C2-AECK-DD (lower panel) was performed. 13C2-AECK-
DD was added at a final content of 50 pmol per 100 mg tissue. The smaller retention time of
the PFB derivatives of AECK-DD and 13C2-AECK-DD (11.7 min versus 12.2 min) are due
to the shortening of GC column compared to previous analyses (e.g., Fig. 6).
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Fig. 8.
A chromatogram from the GC-MS/MS analysis of AECK-DD in fresh shallot. 13C2-AECK-
DD was added to the shallot-containing 100 mM phosphate buffer, pH 7.4, at a final content
of 1 nmol per 1 g shallot. SRM of m/z 328 to m/z 268 for AECK-DD (upper panel) and of
m/z 330 to m/z 270 for 13C2-AECK-DD (lower panel) was performed. The AECK-DD
content is estimated to be about 7 pmol/g shallot.

Tsikas et al. Page 28

Anal Biochem. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tsikas et al. Page 29

Table 1

Electron ionization mass spectra of native non-derivatized unlabeled AECK-DD and 13C2-AECK-DDa

m/z (intensity, %) Ion assignment m/z (intensity, %) Ion assignment

AECK-DD 13C2-AECK-DD

228 (100) M+• 230 (100) M+•

200 (36) [M–CO]+ • 202 (39) [M–CO]+ •

154 (58) [M–SCH2CH2N]+ • and [M–CH2CH2SCH2]+ • 156 (29)
155 (77)

[M–SCH2CH2N]+ •

[M–CH2CH2S13CH2]+ •

126 (21) [M–SCH2CH2N–CO]+ • and [M–CH2CH2SCH2–CO]+ • 128 (20)
127 (41)

[M–SCH2CH2NCH2–CO]+•

[M–CH2CH2S13CH2–CO]+ •

99 (17) [CH2CH2SCHCN]+• 100 (26) [CH2CH2S13CHCN]+ •

71 (17) [SCHCN]+ • 72 (15) [S13CHCN]+ •

45 (17) [SCH]+ • 46 (23) [SCH]+ •

28 (15) [CO]+ • and/or [CH2CH2]+• 28 (16) [CO]+ • and/or [CH2CH2]+•

a
Only ions with an intensity of ≥ 15% relative to M+• are listed.
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Table 2

Electron-capture negative-ion chemical ionization (ECNICI) mass spectra of the pentafluorobenzyl derivatives
of unlabeled AECK-DD and 13C2-AECK-DD

AECK-DD
m/z (intensity, %)

13C2-AECK-DD
m/z (intensity, %) Ion assignment

408 (6) 410 (2) M−•

388 (9) 390 (3) [M–HF]−•

368 (71) 370 (49) [M–2×HF]−•

328 (100) 330 (100) [M–4×HF]−•

308 (37) 310 (27) [M–5×HF]−•

226 (56) 228 (61) [M–PFB]−

181 (4) 181 (10) [PFB]−
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Table 4

AECK-DD in mouse brain tissuea

Identification number AECK-DD (pmol/g wet weight) Age (months), strain Treatment

1a 2190 2 m, FVB (WT) Water gavage

1b 729 2 m, FVB (WT) Water gavage

2a N.D. 2 m, FVB (WT) Cysteamine gavage

2b 143 2 m, FVB (WT) Cysteamine gavage

2c 93 2 m, FVB (WT) Cysteamine gavage

3a N.D. 2 m, FVB (OCT1/2 KO) Water gavage

3b N.D. 2 m, FVB (OCT1/2 KO) Water gavage

4a N.D. 2 m, FVB (OCT1/2 KO) Cysteamine gavage

4b N.D. 2 m, FVB (OCT1/2 KO) Cysteamine gavage

4c 280 2 m, FVB (OCT1/2 KO) Cysteamine gavage

5a 848 6 m, FVB (WT) Water gavage

5b 925 6 m, FVB (WT) Water gavage

6a N.D. 6 m, FVB (WT) Cysteamine gavage

6b N.D. 6 m, FVB (WT) Cysteamine gavage

6c 808 6 m, FVB (WT) Cysteamine gavage

a
Mice were sacrificed 2 h after gavage treatment with water or cysteamine. N.D., not detectable.
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