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Oral sodium phenylbutyrate (SPB) is currently under investigation as a histone deacetylation (HDAC)
inhibitor in Huntington disease (HD). Ongoing studies indicate that symptoms related to HD genetic
abnormalities decrease with SPB therapy. In a recently reported safety and tolerability study of SPB in
HD, we analyzed overall chromatographic patterns from a method that employs gradient liquid chroma-
tography with series electrochemical array, ultraviolet (UV), and fluorescence (LCECA/UV/F) for measur-
ing SPB and its metabolite phenylacetate (PA). We found that plasma and urine from SPB-treated patients
yielded individual-specific patterns of approximately 20 metabolites that may provide a means for the
selection of subjects for extended trials of SPB. The structural identification of these metabolites is of crit-
ical importance because their characterization will facilitate understanding the mechanisms of drug
action and possible side effects. We have now developed an iterative process with LCECA, parallel LCE-
CA/LCMS, and high-performance tandem MS for metabolite characterization. Here we report the details
of this method and its use for identification of 10 plasma and urinary metabolites in treated subjects,
including indole species in urine that are not themselves metabolites of SPB. Thus, this approach contrib-

utes to understanding metabolic pathways that differ among HD patients being treated with SPB.

© 2010 Elsevier Inc. All rights reserved.

Huntington disease (HD)' is an inherited neurodegenerative dis-
order characterized by motor and psychiatric dysfunction such as
choreic movements and dementia, with symptomatic onset typically
occurring between 30 and 50 years of age. HD is caused by the
expansion of an unstable CAG trinucleotide repeat located in the
Huntington gene of affected individuals. This repeat transcribes a
polyglutamine chain near the N terminus of the huntingtin protein
and puts HD in the broader category of polyglutamine diseases. Poly-

* Corresponding author. Fax: +1 617 638 6491.
E-mail address: cecmsms@bu.edu (C.E. Costello).

! Abbreviations used: HD, Huntington disease; HDAC, histone deacetylase; SPB,
sodium phenylbutyrate; ALS, amyotrophic lateral sclerosis; LCECA/UV/F, liquid
chromatography with electrochemical array/ultraviolet/fluorescence; PA, phenyl
acetate; PB, phenylbutyrate; NMR, nuclear magnetic resonance; GC/MS, gas chroma-
tography/mass spectrometry; LC-EC array-MS, liquid chromatography electrochem-
ical array with nanospray mass spectrometry; HPLC, high-performance liquid
chromatography; ESI, electrospray ionization; MS/MS, tandem mass spectrometry;
PHEND-HD, multicenter phase II study of SPB in individuals with early symptomatic
HD; ACN, acetonitrile; SPE, solid phase extraction; Q-o-TOF, quadrupole orthogonal
time-of-flight; IDA, information-dependent acquisition; CID, collision-induced
decomposition; XIC, extracted ion chromatogram; CoA, coenzyme A.

0003-2697/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2010.01.010

glutamine chains longer than 36 glutamines result in a toxic mutant
form of the huntingtin protein and cause those individuals to invari-
ably develop HD. Mutant huntingtin has been shown to disrupt acti-
vator-dependent transcription during the early stages of HD
pathogenesis [1]. In addition, transcriptional deregulation and func-
tional loss of transcriptional coactivator proteins have been impli-
cated in pathogenesis of HD [2,3] in that they lead to neuronal loss
and gliosis, particularly in the cortex and basal ganglia regions of
the HD patient brain [4,5].

Although there is no cure for HD, progress has been made in
slowing the rate of neurodegeneration as well as reducing or alle-
viating disease symptoms in genetic animal models. Studies car-
ried out in cell culture, yeast, and Drosophila models of
polyglutamine diseases have indicated that histone deacetylase
(HDAC) inhibitors might provide a useful class of therapeutic
agents for HD due to the association of histone acetylation with
gene transcription [6-10]. Steffan and coworkers showed that frag-
ments of the mutant huntingtin protein interact with CREB-bind-
ing protein, decreasing the acetylation of histone 4 [7]. When a
transgenic Drosophila model that exhibited this protein-protein
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interaction was treated with an HDAC inhibitor, degeneration and
early adult death were decreased [7]. These results suggest that re-
duced acetyl transferase activity may be an important component
to polyglutamine disease pathogenesis. Thus, HDAC inhibitors may
possibly be used to lessen the transcriptional changes in HD [11].

Sodium phenylbutyrate (SPB) has been explored as an HDAC
inhibitor in clinical trials for cytostatic antineoplastic agents and
has shown the ability to potentiate the effects of cytotoxic agents
on tumors [12,13]. SPB treatment has seemed promising due to
its limited side effects in both phase I and phase II clinical trials
as well as its reported success in treating patients with urea cycle
disorders, sickle cell anemia, thalassemia minor, and cystic fibrosis
[14-16]. This evidence, in addition to recent results suggesting that
the global reduction of HDAC activity slows the rate of neurode-
generation in in vivo models of HD [7,9,10,17], suggested SPB as
a therapeutic agent for HD.

To understand the mechanisms of SPB drug action and possible
individual-specific side effects in HD, it is essential to identify the
structures of metabolites whose levels in urine and plasma sam-
ples differ between HD patients and/or controls. Results reported
in published studies have identified metabolites of SPB in human
plasma and urine [18,19], and these studies have explored bio-
chemical pathways that SPB could take in the body [18]. Literature
data suggest that the patterns of SPB metabolites may vary for pa-
tients with different disorders. In recent studies of SPB therapy in
amyotrophic lateral sclerosis (ALS) and HD, we developed a liquid
chromatography with electrochemical array/ultraviolet/fluores-
cence (LCECA/UV/F) method targeted at SPB and its primary
metabolite phenylacetate (PA). We noted in the same subjects
multiple quantifiable responses but qualitatively uncharacterized
responses between subjects at baseline and on therapy. An exam-
ple is shown in Fig. 1. The evaluation of these qualitatively un-
known compounds indicated significant differences between ALS
and HD [20] subjects at similar dose levels. We undertook struc-
tural determinations of these compounds for two reasons. First,

to devise possible biological mechanisms relating unknown peaks
that correlate with drug effects, it is essential to know structures.
Second, the LCECA/UV/F method is robust and relatively inexpen-
sive, and using it to capture additional information, beyond the
simple pharmacokinetics of SPB and PA, would increase its utility
in phenylbutyrate (PB) trials.

Previous studies employed nuclear magnetic resonance (NMR)
spectrometry to identify SPB metabolites in urine and included
gas chromatography/mass spectrometry (GC/MS) analyses to con-
firm the assignments of several suspected metabolites [18].
Although these techniques have proven to be useful for identifica-
tion of some novel metabolites, they have disadvantages in that
they require large amounts of analyte (pug to mg of material in
the case of NMR), are limited to volatile analytes (GC/MS), or
necessitate derivatization prior to GC/MS.

We recently demonstrated the use of parallel liquid chromatog-
raphy electrochemical array with nanospray mass spectrometry
(LC-EC array-MS) to identify several SPB metabolites in the plasma
of SPB-treated HD subjects [21]. High-performance liquid chroma-
tography (HPLC) coupled with electrochemical array detection (EC
array) is a very sensitive technique used for profiling [22], analyz-
ing, and quantifying redox-active species, even those that are pres-
ent at low levels, down to picomolar concentrations [23,24]. In
addition to its sensitivity, this technique has the ability to quantify
more than 1000 components in biological samples in one HPLC
analysis [25,26] while also being able to differentiate among coel-
uting species based on their oxidation potentials; this feature adds
specificity to the analysis. Series coupling of ECA with UV and
fluorescence provides a further mode of detection. The major lim-
itation of the EC array is its inability to provide structural informa-
tion on the analytes. In our recently reported study, this limitation
was overcome by parallel coupling of HPLC with EC array and MS
[21], specifically nanoelectrospray on a quadrupole ion trap mass
spectrometer. Nanospray introduces the sample in very fine drop-
lets and is less subject to competition among components for
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Fig. 1. LC-EC array/UV/F method showing full 14-channel LC-EC array/UV/F-detected chromatograms of plasma from a patient, taken before treatment (A) and on visit 6
after SPB treatment (B). Metabolites of interest (M), phenylacetate (PA), and phenylbutyrate (PB) are labeled in panel B. This figure was generated directly from the CoulArray

software.
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favorable localization at the surface, with the result that the poten-
tial for ion suppression effects is minimized; thus, the coverage of
even low-abundance components is better than has been observed
for high-flow analysis of complex biological mixtures [27].
Although the initial coupling required consideration of a number
of parameters, including the redox activity of a compound, solvent
properties such as pH of the supporting electrolyte, and the LC flow
rate, our results showed that it is possible to create a method that
effectively satisfies the requirements of both the EC array and the
mass spectrometer.

Here we present an approach using on- and off-line LC-EC array
analysis to identify potential SPB metabolites and other unknown
components detected in plasma and/or urine that are unique (or
significantly changed in concentration) when compared with con-
trols. Structural elucidation of these compounds is achieved
through the use of a parallel coupling of LC-EC array and electro-
spray ionization (ESI)-MS, followed by off-line nanospray MS and
tandem MS (MS/MS) on a high-resolution, high-mass-accuracy
instrument. Plasma and urine samples were obtained from pa-
tients undergoing SPB treatment during a 4-month, double-blind,
placebo-controlled, multicenter phase II study of SPB in individuals
with early symptomatic HD (PHEND-HD). Among the components
whose abundances were significantly higher in treated subjects,
three novel and seven previously reported metabolites, not all orig-
inating directly from SPB, were isolated and their structures were
determined. This allows their quantification on the basis of their
responses in the LCECA/UV/F method used for routine monitoring
of subjects and assignment of the observed components to their
metabolic pathways. It also provides a more comprehensive ap-
proach to achieving a full understanding of the biochemical effects
of SPB as a therapeutic agent for HD and to classifying individual
responses to the drug.

Materials and methods
Plasma and urine samples

A total of 268 serial plasma and urine samples were obtained
from 60 HD subjects in the PHEND-HD study [28]. Baseline sam-
ples were obtained before treatment, and additional samples were
collected at five subsequent visits. The majority of subjects re-
ceived the dose of 15 g of SPB per day; however, some subjects re-
ceived a decreased dosage as a result of lower tolerance. Half of the
subjects were maintained on placebo through visit 2, and after-
ward all subjects were on active medication until washout.

Initial database creation and analysis

For pharmacokinetic and compliance studies, all samples were
analyzed using gradient LC with the series ECA/UV/F configuration
optimized for ECA to resolve SPB and PA from approximately 600
plasma or urine metabolites at nanogram/milliliter (ng/ml) levels.
Gradient LC-EC analyses were performed using ESA model 582
pumps (ESA Biosciences, Chelmsford, MA, USA) and a 14-channel
ESA model 5600 CoulArray detector. Channels 1 to 12 used series
coulometric electrodes set in equal increments of 70 mV from 0 to
840 mV. Channel 13 measured UV absorbance at A;;onm. Channel
14 recorded fluorescence with excitation /jonm/€mission A3zonm
(ESA Biosciences). A 4.6 x 250-mm Shiseido C18 5-pum column
(ESA Biosciences) was used. The gradient employed was linear from
0% phase A (0.1 M LiH,PO4, pH 3.0) to 100% phase B (0.1 M LiH,POy,,
pH 3.0,55% acetonitrile [ACN]) over 45 minata flowrate of 1 ml/min.

Plasma samples were prepared by a standard method as fol-
lows. Plasma (125 pl) was precipitated with 500 pl of ACN/0.4%
acetic acid, vortexed for 30s, and centrifuged at 21,000g for

25 min at 4 °C. The supernatant (500 pl) was centrifugally evapo-
rated and reconstituted to 100 pl in mobile phase A; a 50-ul ali-
quot was injected onto the system. Urine samples were diluted
1:5 with mobile phase A, and 50 pl was directly injected onto
the system. Fig. 1 shows a typical example of the EC analysis of
plasma from a subject before treatment and at visit 6, with areas
of metabolites identified. All urine assays in the original data set
were normalized to creatinine. Correlation of creatinine versus
individual compounds was performed to verify that it was an effec-
tive normalizer. Plasma and urine samples were obtained at Mas-
sachusetts General Hospital under institutional review board
approval. The primary report was restricted to SPB and PA; how-
ever, the characteristics of all resolved peaks were organized into
a database for future analysis.

Procedure for selecting peaks for identification

From the created database, components related to SPB and PA
were selected for identification as follows. Patterns of all analytes
were exported as peak tables and as digital maps following proto-
cols developed in a study of Parkinson disease [22]. Peak tables con-
tain entries for known compounds as concentrations (mol/L).
Qualitatively unknown compounds are entered as relative values
versus a pool of all samples in a study and identified by the channel
on which they show maximum response and by time (e.g., channel
7-21.98 min). Digital maps are created by exporting data as digital
values every 1.5 s and organizing these values in a column by
ascending channel. These capture the entirety of the response of
the platform [22] and allow definition of differences among classes
(treated vs. untreated) in areas of the platform response where peak
detection algorithms are not effective. Maps and peak tables were
compared for baseline versus dosed subjects to determine levels
of direct metabolite (metabolite of the drug) or induced metabolite
(metabolite significantly changed by the drug). The criteria for
selection of candidates for structural identification were that their
chromatographic peaks (i) had levels 50 times greater in dosed sub-
jects versus subjects at baseline before administration of the drug,
(ii) showed correlation with either SPB or PA (Pearson’s coefficient
of a compound >0.65 vs. SPB or PA), and (iii) demonstrated consis-
tency within an individual subject. A total of 20 peaks met these cri-
teria. A scheme depicting the process used for concentration,
isolation, and identification of the peaks is presented in Fig. 2.

Preparation of plasma fractions for off-line LC-EC array metabolite
identification

Pools of plasma from baseline and SPB-treated subjects were
prepared from 200-pu subaliquots. Plasma pools (6 ml) from both
baseline and treated HD subjects were precipitated with 24 ml of
ACN containing 0.4% glacial acetic acid at 20 °C. Samples were vor-
texed for 30 s and centrifuged for 30 min at 8000g and 4 °C. The
supernatant was centrifugally vacuum evaporated and concen-
trated to 300 pl.

Fractionation of plasma samples

Concentrated plasma was fractionated using solid phase extrac-
tion (SPE, 500 mg of Diazem C18 column, Diazem, Midland, MI,
USA). Columns were equilibrated with 2 ml of deionized water,
2 ml of ACN, and 2 ml of 2% acetic acid. Concentrated supernatant
from the plasma preparation (300 ) was loaded onto the SPE col-
umn. A single 300-pl collection was made to recover the void frac-
tion, and then 2 ml of each of the following eluents was collected:
0%, 10%, 20%, 30%, 40%, and 100% ACN. Each of the fractions was
centrifugally evaporated and reconstituted in 200 pl of 0.02 M
ammonium acetate (pH 4.2).
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Fig. 2. Flow chart showing the course of samples from initial off-line LC-EC array screening through sample fractionation, parallel LC-EC array-MS analysis, and high-

resolution MS/MS characterization.

Fractionation of urine samples

Pools of urine (7.5 ml) created from the 15 subjects who
showed the highest levels of SPB at visit 5 were compared with
pools of urine that had been obtained from the same subjects at
baseline (before treatment). Because several peaks of interest were
detected with electrochemical sensors at levels of approximately 1
to 5 ng/ml, samples with the highest levels of SPB were selected to
obtain sufficient material for MS identification. These were concen-
trated by centrifugal evaporation to reduce the volume by 75%. As
above, aliquots (300 pl) were separated on the same type of SPE
columns using the same sequence of ACN concentrations and vol-
umes, and the fractions were centrifugally evaporated and
reconstituted.

Off-line LC-EC array run of fractions in MS buffer

A 10-pl volume from each fraction was diluted tenfold. Then,
20 pl of the diluted solution was analyzed using the primary analyt-
ical method developed for initial database creation to confirm the
position and signal intensity of the peaks selected for structural
identification from the initial data analysis. Next, the solvent gradi-
ent developed for the LCECA/UV/F platform was modified to use
MS-compatible buffer systems: (i) phase A (0.02 M ammonium for-
mate/formic acid, pH 3.1) and phase B (0.02 M ammonium formate/
formic acid, pH 3.0), 55% ACN, gradient 0% A-100% B over 45 min; (ii)
phase A (0.01 M ammonium acetate/acetic acid, pH 4.2) and phase B
(0.01 M ammonium acetate/acetic acid, pH 4.2), 55% ACN, gradient
0% A-100% B over 45 min. The flow rate was 1.0 ml/min. The selected
peak locations and intensities were confirmed in this system using
20-pl injections.

Due to the presence of numerous compounds of interest in urine
fractions 0%, 10%, and 30% ACN, these were reextracted on Diazem
C18 columns with smaller increments over the same range of ACN
levels (0-20% in 2% increments). These fractions were once again
analyzed on the off-line LCECA/UV/F to verify the presence of the
metabolites of interest from their time and channel responses.

Parallel LC-EC array-MS instrumentation

LC-MS analyses were performed using ESA model 582 pumps
(ESA Biosciences) and an ESA model 5600 CoulArray detector,
channels 1 to 12, 0 to 840 mV in 70-mV increments (ESA Biosci-
ences), coupled on-line to a QStar quadrupole orthogonal time-

of-flight (Q-0-TOF) mass spectrometer (Sciex/Applied Biosystems,
Foster City, CA, USA) equipped with an ESI ion source. We sequen-
tially used positive and negative ion scan modes (m/z 100-2000,
ion spray voltage 4.5-5.5 kV). Metabolite mixtures were separated
on a 4.6 x 250-mm Shiseido C18 5-pum column. The flow rate was
varied between 0.5 and 1.0 ml/min to optimize peak width and
minimize noise levels for MS detection. The HPLC eluent was then
split at a ratio of 9:1, with 90% being directed to the EC array and
10% being delivered to the MS.

LC-EC array-MS method

The 20% and 30% plasma fractions were diluted between 1:10
and 1:100 in 60:40 mobile phase A:B. Dilutions were based on
the relative amounts of the compounds of interest and the require-
ments to (i) perform multiple different runs with varying LC and
MS parameters and (ii) preserve material for subsequent MS/MS
studies. Samples were assayed using a 20-min isocratic method
with a total flow rate of 0.5 ml/min. Mobile phase A (0.01 M
ammonium acetate) was delivered at 0.3 ml/min, and mobile
phase B (60% ACN/0.01 M ammonium acetate) was delivered at
0.2 ml/min. An information-dependent acquisition (IDA) MS meth-
od was designed to monitor the two most intense ion signals in the
range m/z 100 to 500 and to fragment each of these components
with the collision energy set to 20 eV and the quadrupole set to
low resolution. With this method, it was possible to monitor the
retention times of the metabolites of interest as they passed
through the mass spectrometer, to compare the times with those
of the peaks detected by the simultaneous EC array analysis, to ob-
tain initial values for parent masses of the compounds, and to ob-
tain the relevant MS/MS fragmentation. The above method was
also used for analysis of the 0 and 10% urine fractions and for the
20% ACN reextracted portion from the 0% urine fraction and the
15% ACN reextracted portion from the 10% urine fraction.

In addition, the plasma fraction from the 40% ACN fractionation
was diluted as above and assayed using a 60-min isocratic method.
A total flow rate of 1.0 ml/min was delivered at 0.9 ml/min A
(0.01 M ammonium acetate) and 0.1 ml/min B (75% ACN/0.01 M
ammonium acetate). The specific mobile phase compositions were
chosen to optimize the stability of the electrospray in the Q-o-TOF
MS. The IDA MS method was similar to that used above, but the
collision energy was set at 50 eV. The higher collision energy was
necessary to fragment the compound of interest in this fraction.



156 Identification of SPB-generated metabolites in HD/E.N. Ebbel et al./Anal. Biochem. 399 (2010) 152-161

Assignment of fragmentation by MS and MS/MS

The parallel LCEC-LCMS method performed on the Q-o-TOF
mass spectrometer allowed us to determine the mass of the
metabolites of interest qualitatively located in the off-line LCECA/
UV/F method. These preliminary MS data allowed us to focus on
these particular masses while obtaining exact masses using a
high-resolution, high-mass-accuracy instrument.

Plasma samples

The assignments for the compounds found in plasma samples
were made on the basis of high-resolution MS measurements of
the molecular ions with the Orbitrap and MS/MS fragmentation
in the quadrupole ion trap of the LTQ Orbitrap Discovery instru-
ment (ThermoFisher, San Jose, CA, USA) equipped with a NanoMate
TriVersa robot (Advion, Ithaca, NY, USA). The MS and MS/MS data
sets were obtained for samples from the 20%, 30%, and 40% ACN
fractions that were diluted 1:10 in 50:50 methanol/water and ana-
lyzed using nanoelectrospray in the negative ion mode. Detection
of intact molecular ions in the Orbitrap was obtained with mass
resolution 1:30,000. The mass measurement accuracy was better
than 5 ppm. Fragmentation was performed in the linear ion trap
with the normalized collision energy for collision-induced decom-
position (CID) set at 50.

Urine samples

As indicated in Fig. 1, the results from the initial LC-EC array
screening of the sample fractions were used to select the fractions
containing peaks not present in baseline samples for analysis via
parallel LC-EC array-MS. Preliminary MS/MS spectra for the com-
ponents in the urine fractions were acquired during the earlier
study that used an LCQ Classic quadrupole ion trap mass spectrom-
eter (ThermoFisher) [21]. In the current study, samples reextracted
from the 0% and 10% urine fractions were diluted 1:10 in 70:30
methanol/water and run by nanoelectrospray in the negative ion
mode. High-resolution MS/MS spectra for these compounds were
measured using the QStar and LTQ Orbitrap mass spectrometers.

Results

The overall analytical method developed here provides a com-
prehensive evaluation of plasma and urine samples obtained from
SPB-treated HD patients by using on-line EC array and MS detec-
tion, both separately and in parallel, and off-line high-performance
MS. A parallel LC-EC array-MS detection system was used to ana-
lyze samples obtained from SPB-treated HD patients taking part in
the PHEND-HD tolerability trial study. The system consists of a
binary HPLC pump connected to a normal bore C18 column fol-
lowed by a 9:1 passive flow splitter used to divide the eluent be-
tween the EC array and MS detectors. The MS flow rate was
maintained at less than 100 pl/min to minimize possible ion
suppression effects from both the biological samples and the
high-salt-containing EC array buffers and to facilitate efficient ion
transfer. In addition, the flow split was important for preserving
agreement of the retention times between the EC array and the
MS chromatograms to allow confident comparison between the
two instruments and identification of SPB metabolites [21]. As in
prior work, the transfer lines were set up such that arrival times
at the EC detector and the MS detector would be simultaneous
(within 1-2 s). The components determined to be of interest were
further characterized through the combination of high-resolution
MS measurements and CID MS/MS.

The entire metabolite characterization schema, from sample
processing and initial off-line LC-EC array profiling to parallel
LC-EC array-MS analyses and final high-resolution MS and MS/

MS characterization, is illustrated in Fig. 2. As shown in this figure,
the first step after preparing the samples with a simple protein
precipitation and concentration of the supernatant is efficient sep-
aration of all electrochemically active compounds and distinction
between the possible SPB metabolites and other components
whose concentrations are enhanced in response to SPB treatment
by comparing baseline, or pretreatment, patient samples with trea-
ted patient samples. In addition to profiling the EC-active metabo-
lites, the system used for this off-line LC-EC array analysis also
monitored the samples with UV and F out of consideration for
SPB’s lack of electrochemical activity but strong UV and F signals.

Fig. 1 shows a typical comparison of two off-line LC-EC array
chromatograms from the set used to detect SPB metabolites from
HD patients. The upper panel of the figure, indicated as baseline,
shows the LC-EC array chromatogram of pooled plasma from HD
patients prior to SPB administration. The bottom trace, marked as
visit 6, shows the LC-EC array chromatogram of pooled plasma ob-
tained at the patients’ sixth visit, approximately 4 months into the
study of the results from SPB administration. There are distinct
changes in the chromatograms; peaks marked with the letter M
in Fig. 1 represent new metabolites formed as a result of the SPB
drug treatment. To facilitate structural characterization of these
metabolites, it was necessary to reduce the number of compounds
being studied at one time. Thus, in the next stage of our methodol-
ogy (Fig. 2), the concentrated and pooled HD patient samples were
fractionated using SPE. The 10%, 20%, 30%, 40%, and 100% ACN
fractions were collected from a Diazem C18 column and were sub-
sequently analyzed with both the parallel LC-EC array-MS and off-
line LC-EC array systems. The fractions were rerun on the off-line
LC-EC array system to verify the positions of the metabolite peaks
in comparison with the unfractionated sample chromatogram.

After the initial LC-EC array screening of the plasma fractions, a
potential SPB metabolite previously observed in the unfractionated
sample was found to be isolated in the 40% ACN sample. This com-
pound eluted at 32 min in the chromatogram shown in Fig. 1B. To
identify this component, a parallel LC-EC array-MS analysis was
then performed on the 40% fraction. Fig. 3 shows the LC-EC array
chromatogram recorded for the 40% ACN fraction obtained from
the parallel LC-EC array-MS system. The LC-EC array retention
time of the 40% peak was again 32 min, and this corresponded ex-
actly to the retention time of a peak observed by MS (Fig. 4A). The
mass spectrum obtained at 32 min in the IDA mode (Fig. 4) showed
peaks at m/z 117.08 and 161.07. Together with the extracted ion
chromatograms (XICs) of these m/z values (Fig. 4C and D), this
mass spectrum indicated that the [M-H]~ of the compound was
m/z 161.07 and that the peak observed at m/z 117.08 was a product
obtained by fragmentation of this parent ion. Although, as indi-
cated previously, SPB itself is not electrochemically active and so
no SPB peak was observed in the LC-EC array chromatogram, the
elution of this component was detected as a maximum in the MS
chromatogram of its [M-H]|~ m/z 163.08 at 35.4 min (Fig. 4B) and
a signal at m/z 163 was detected in mass spectra obtained on either
side of the maximum. The combined capabilities for monitoring
both the EC-active and -inactive compounds via parallel EC array
and MS detection make the metabolite detection methodology
developed here a powerful tool for unknown metabolite
identification.

To obtain high-resolution MS data to enable determination of
the structure of the metabolite that has apparent [M-H]™ m/z
161.07, on the basis of its accurate mass and MS/MS fragmentation
pattern, the 40% fraction was analyzed via infusion using nanoelec-
trospray on an LTQ Orbitrap mass spectrometer. Fig. 5 shows the
full mass spectrum of the 40% fraction in the range m/z 100 to
200. The peak at m/z 163.0769 corresponds to the [M-H]~ of the
parent drug PB ([CioH1102]", calculated m/z 163.0764), which
had its elution maximum in the following fraction but was present
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Fig. 4. (A) QStar Q-o-TOF MS total ion chromatogram of the 40% ACN plasma fraction containing PB and an unknown SPB metabolite. Other panels show single ion
chromatograms of m/z 163 (B), corresponding to the [M-H]~ of PB, and m/z 117 (C) and m/z 161 (D), both of which displayed maxima at the retention time of the unknown

metabolite (32 min).

as a low-level contaminant in this fraction. For the spectrum
shown in Fig. 5, the ions observed at m/z 117.0713 and 161.0613
were initially attributed to an unknown metabolite(s). The Fig. 5
inset shows the MS/MS spectrum obtained on selection and frag-
mentation of the ion observed at m/z 161.0613. Accurate mass
measurement of the abundant fragment at m/z 117.0711 showed
that it corresponds to loss of CO, from the [M-H]|  and reinforced
the proposition that the peak observed at m/z 161.0 in the parallel
LC-EC array-MS experiment corresponded to a metabolite of SPB.
Additional fragment ions were observed; taken together, these al-
lowed elucidation of the detailed structure of the metabolite.
Shown at the right side of the inset are the structures proposed
for these abundant fragments, including the fragment observed
at mfz 133.0659 that results from loss of a CO group and the ion
at m/z 91.0556 that can be assigned as the result from cleavage
adjacent to the carbon located in the a-position with respect to
the benzene ring. The elemental compositions determined here

for the precursor and product ions of metabolite b led to its assign-
ment as another known SPB metabolite, 4-phenyl-trans-crotonate,
whose structure had been determined in SPB studies that investi-
gated the mechanism of 3-hydroxy-4-phenylbutyrate formation
in SPB-perfused rat livers [18]. However, this metabolite has not
previously been reported in any human studies; its detection here
provides new insight into the metabolism of SPB by these HD
patients.

The same combined approaches were then applied to the
remaining fractions of interest originating from both plasma and
urine. As described above for the 40% ACN plasma fraction, these
samples were injected onto the parallel LC-EC array-MS system,
with the MS being operated in the negative ion mode. Because
these fractions were more polar than both the identified 4-phe-
nyl-trans-crotonate metabolite and the parent SPB drug, they
eluted earlier than these compounds and it was only necessary
to record data for 20 min. Each subsequent fraction was analyzed
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metabolite selected as precursor and its abundant fragment ions.

in the same manner, and the results were examined with regard to
the presence of components showing identical EC array and MS
retention times. The Orbitrap mass spectra recorded at the corre-
sponding retention times provided high-accuracy m/z values for
the [M-H]~ signals. All of the unknown components of interest
were subjected to high-resolution MS analysis and/or CID MS/MS
fragmentation. Tables 1 and 2 show the structures and other data
pertinent to each of the unique metabolites found in the selected

Table 1
Metabolites found in SPB-treated HD patient plasma.

ACN fractions recovered by SPE from the total collected HD patient
samples—plasma (Table 1) and urine (Table 2). Using the ap-
proaches described in this study, we assigned these peaks as seven
metabolites that were previously reported in the literature [18,21]
and three previously undescribed metabolites (H, I, and ] in Fig. 6).
The approach used for identification of these metabolites and
determination of their molecular weights allowed correlation in
time and EC response with the screening method. In the absence

Plasma metabolite and instrument used for analysis [M-H]~

Plasma fraction Major fragments (observed m/z,

elemental composition, and error [ppm])

(A) Phenylbutyryl-B-glucuronate [18]
LTQ Orbitrap (MS and MS/MS)
—0.9 ppm

(B) Phenylacetylglutamine [18]
LTQ Orbitrap (MS and MS/MS)
—2.3 ppm

(C) Phenylacetate [18]
LTQ Orbitrap (MS)
+2.2 ppm

(D) Phenylacetyl-B-glucuronate [18]
LTQ Orbitrap (MS and MS/MS)
—0.6 ppm

(E) 3-Hydroxy-4-phenylbutyrate [18]
LTQ Orbitrap (MS and MS/MS)
+2.2 ppm

(F) Hydroxyphenylbutyric acid(s)
3 isomers [21]

LTQ Orbitrap (MS and MS/MS) +3.4 ppm

(G) 4-Phenyl-trans-crotonate [18]
LTQ Orbitrap (MS and MS/MS)
+1.5 ppm

(H) Benzyloxyl sulfate
LTQ Orbitrap (MS and MS/MS)
+0.5 ppm

339.1083 (observed)
339.1086 (calculated)

263.1031 (observed)
263.1037 (calculated)

135.0455 (observed)
135.0452 (calculated)

311.0771 (observed)
311.0773 (calculated)

179.0717 (observed)
179.0713 (calculated)

179.0719 (observed)
179.0713 (calculated)

161.0609 (observed)
161.0607 (calculated)

187.0071 (observed)
187.0070 (calculated)

20% ACN 193.0348, [CeHo07] , —2.6
175.0243, [CgH706] ", —2.3
163.0764, [C10H;10,]", 0.0
113.0243, [CsHs03]~, —0.9
20% ACN 245.0928, [C;3H13N,0], —0.8
145.0617, [CsHgN,05] ", +0.8
20% ACN (Solvent interference precluded MS/MS)
20% ACN 193.0350, [CsHe05] ", —1.6

175.0245, [CeH,06]~, —1.1
135.0449, [CsH;0,], 1.5
113.0244, [CsH50s] -, 0.0

161.0605, [C1oHg02]~, —1.2
135.0814, [CoH;,0], 0.7
133.0658, [CoHe0] ", 0.0
119.0502, [CsH,0]~, 0.0
117.0717, [CoHo] ", +6.8

20% and 30% ACN

30% ACN 135.0820, [CoH110] 7, +9.6
119.0507, [CsH,0] ", +4.2
106.0430, [C¢H50] 7, +5.7
59.0143, [C;H50,], +8.5

40% ACN 133.0659, [CoHo0], —0.7
117.0711, [CoHo]~, +1.7
91.0556, [C7H;]~, +3.3

20% ACN 107.0502, [C;H,0] ", 0.0

79.9575, [SO5]~, +2.5
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Table 2
Metabolites found in SPB-treated HD patient urine.

Urine metabolite and instrument used for analysis [M-H]~

Urine fraction Major fragments (observed m/z,

elemental composition, and error [ppm])

(B) Phenylacetylglutamine [18]
LTQ Orbitrap (MS) and QStar (MS/MS)

263.1036 (observed)

—0.4 ppm

(E) 3-Hydroxy-4-phenylbutyrate [18] 179.0715 (observed)
LTQ Orbitrap (MS and MS/MS)

+0.6 ppm

(H) Benzyloxyl sulfate 187.0071 (observed)
LTQ Orbitrap (MS and MS/MS)

+0.5 ppm

(I) 3-Indoxyl sulfate 212.0023 (observed)
LTQ Orbitrap (MS) and QStar (MS/MS)

+0.5 ppm

(J) 3-Carboxy sulfate indoline 242.0125 (observed)

LTQ Orbitrap (MS) and QStar (MS/MS)

263.1037 (calculated)

179.0714 (calculated)

187.0070 (calculated)

212.0022 (calculated)

242.0128 (calculated)

0% ACN
(20% reextracted)

145.0619, [CsHoN,05]", +0.7
127.0545, [CsH7N,0,]", +26.0

10% ACN 161.0605, [C1oHg0,]~, —1.2
135.0814, [CoH1;0]~, —0.7
133.0658, [CoHg0] ™, 0.0
119.0502, [CsH,0]", 0.0
117.0717, [CoHo]~, +6.8

10% ACN 107.0502, [C;H,0]", 0.0

(15% reextracted) 79.9575, [SOs3]~, +2.5

10% ACN
(15% reextracted)

132.044, [CsHgNO] -, —7.6
79.957, [SO5]", 0.0

10% ACN
(15% reextracted)

162.052, [CoHsNO, ], —24.7
79.956, [SOs]~, —12.5

—1.2 ppm
193.034 |
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Fig. 6. Structures and fragments of metabolites found in SPB-treated HD patient plasma and urine. Structures and fragments correspond to those listed in Tables 1 and 2.

of authentic standard reference materials, the estimates of their
concentrations were made from the coulometric response in the
LCECA [17].

Discussion

The process of using parallel LC-EC array/LC-MS to qualita-
tively identify both directly derived metabolites of SPB and metab-
olites that are significantly modified by SPB provided a further
qualification of the standard LCECA/UV/F method used in the ALS
and HD trials. Evidence suggests that different individuals and sub-

jects with different disorders tolerate and respond differently to
the drug. The ability to monitor these differences biochemically ex-
pands the utility of the method in trials of SPB.

The metabolites presented in Tables 1 and 2 reflect various
types of SPB metabolism. These include the pathways for enzy-
matic conversion to PA, enzymatic and nonenzymatic pathways re-
lated to oxidative stress, kidney, and liver function that result in
sulfonation and glucuronidation and suggest a possible effect on
indole metabolism. Each of these processes can be postulated to
be different among disorders and within individuals over time.
Compounds E and G are side products of coenzyme A (CoA)-med-
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iated metabolism to PA. The hydroxyphenyl butyrates (F in Fig. 6)
can be enzymatically derived or can result from the direct hydrox-
ylation that occurs as a result of the high level of free radical pro-
duction and oxidative stress in HD [29]. The glucuronide levels (A
and D in Fig. 6) and the sulfonated compounds (H, I, and ] in Fig. 6)
reflect modified patterns of kidney and liver function.

Documentation of either positive or adverse patient reactions to
SPB treatment and correlation of these reactions to each patient’s
individual metabolite patterns can lead to definition of biomarkers
for drug response. Once defined, these biomarkers may assist in
predicting how individual patients will react to SPB treatment
based on the presence and concentration of metabolites shown
to uniquely correlate with a positive or negative response to the
drug. These biomarkers can be identified as either metabolites of
SPB itself, such as glucuronide conjugates, or molecules from other
metabolic pathways that are being affected by SPB treatment.

The indole sulfonates (I and ] in Fig. 6), found in the urine of
only the HD subjects treated with SPB, point to a possible role of
SPB in modulating indole pathways. The formation of oxidized in-
doles has been shown to lead to toxicity in neurodegenerative dis-
eases [30-32]; for example, aberrations in the tryptophan pathway
are well known to occur in HD [33,34]. Ultimately, the neurotox-
icity is caused by aggregates formed from proteins crosslinked by
oxidized indoles [35-39]. In particular, the intermediate-free radi-
cal indole species formed by hydroxyl radical attack has been
implicated in protein aggregation [32,40] and may be involved in
crosslinking mechanisms similar to those of the polyglutamines
that are elevated in HD [41]. Although mechanistic studies were
not the primary focus of the current work, the excretion of elevated
levels of indoles from SPB-treated HD patients may indicate a sec-
ondary mechanism of SPB that modulates the potentially neuro-
toxic effect of indolic species.

Conclusions

We have demonstrated a systematic process for unknown
metabolite identification using EC array and MS detection both
separately and in parallel. The process was applied to the study
of SPB metabolism in HD patients. By applying this process, we ex-
panded the capability of a method, originally developed for simply
evaluating SPB and primary PA metabolite levels, to now include
compounds that reflect multiple modes of SPB metabolism and ef-
fects on metabolic pathways that may result from both disease-
and individual-specific processes. Most important, application of
the process to this sample set yielded the unexpected outcome of
finding increased excretion of indole species as a consequence of
therapy. The previously unreported elevation of these metabolites
as a result of SPB therapy may reflect both the disease processes in
HD and secondary effects of the therapeutic intervention in combi-
nation with HDAC processes.
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