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Abstract “Metabolomics”, the measurement of metabolite
concentrations and fluxes in cell systems, is an emerging
science that has enormous potential and several unique
characteristics. The current applications for this field are,
primarily, toxicological profiling and biomarker studies.
This review of metabolomics research highlights the iden-
tification of reliable biomarkers with emphasis on neuro-
AIDS. Such identification of candidate markers will be
advantageous for tracking the progression of human immu-
nodeficiency virus/central nervous system (HIV/CNS) dis-
ease to gain maximal benefit from antiretroviral treatment
and to provide insight into the mechanism of related
neuropathogenesis.
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Introduction

Neuropsychopathology, that is, central nervous system
(CNS) dysfunction leading to cognitive and behavioral
changes, continues to be the leading cause of disability and
death in AIDS patients (Albright et al. 2003). Damage to
the brain during human immunodeficiency virus (HIV)-
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induced disease was initially identified in late-stage AIDS,
during which clinically diagnosed dementia and neuro-
pathologically testable encephalitis developed in an appre-
ciable number of individuals. However, despite the current
availability of treatment, the brains of these patients remain
as a target of damage and the ensuing dysfunction. In many
countries, the combination of several (typically three or
four) antiretroviral drugs, known as Highly Active Anti-
retroviral Therapy (HAART), has been successful in greatly
decreasing the mortality rate and prolonging the life span of
humans infected with HIV. Nevertheless, the number of
individuals with HIV-related CNS disorders has increased
(Dore et al. 1999; Gray et al. 2003; Masliah et al. 2000). As
most HIV therapeutics do not readily cross the blood-brain
barrier, the treatment of this epidemic poses a daunting task.
Furthermore, worldwide, only a small fraction of those
infected with HIV receive effective treatment.

Soon after entering its host, HIV migrates into the CNS,
where it remains detectable throughout the course of
infection. Although HIV does not infect neurons, it does
attack cells of the monocytic lineage in the brain, namely,
macrophages and microglia (Davis et al. 1992; Gendelman
et al. 1994; Gray et al. 1993; Kaul et al. 2001). Therefore,
neurotoxicity resulting from HIV infection stems from an
indirect mechanism, possibly involving toxic viral proteins
or inflammatory mediators produced by activated macro-
phages and microglia (Diesing et al. 2002; Gartner 2000;
Lane et al. 1996; Nuovo and Alfieri 1996; Sharer 1992) and
also from the adaptive immune response to this virus in the
brain (Marcondes et al. 2001; Roberts et al. 2006). The
resulting neurological, motor, and cognitive impairments in
these patients have been termed “neuroAIDS”.

A critical gap in the field of neuroAIDS research is the
identification of reliable molecular markers that divulge the
mechanisms of neuropathogenesis. Furthermore, the detec-
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tion of individuals at risk for the CNS complications of
HIV infection, and those in whom CNS abnormalities may
be prevented, progress, or respond to treatment, is severely
hampered by the lack of reliable biomarkers for this aspect
of HIV pathogenesis. Because such biomarkers are amena-
ble to objective tracking and quantification, they indicate
changes in physiological states due to pathogenic processes
or therapeutic intervention. In addition to being invaluable
clinically, these markers play an increasingly prominent
role in drug development and medical research (Frank and
Hargreaves 2003; Matsumoto and Kuhara 1996; Horning
and Horning 1971).

Metabolomics: New applications, new insights

With the advent of DNA and oligonucleotide microarray
technology, one could simultaneously analyze the expres-
sion and activity of several gene transcripts, thus revolution-
izing genomics and genetic research. Earlier studies from our
group met with significant success in transcriptional profil-
ing of the brain using gene microarrays (Roberts et al. 2003,
2004, 2006; Masliah et al. 2004) to address questions in
neuroAIDS. But we now believe this challenge can best be
met with metabolomics.

Analogous to the genome (set of all genes in an
organism), the metabolome is a quantitative description of
all low-molecular-weight endogenous metabolites in speci-
fied cellular, tissue or biofluid compartments. Since numer-
ous high-profile publications on this subject have now
appeared, interest in metabolomics is increasing rapidly.
This branch of “omics” may even become superior to any
other postgenomics technologies for pattern-recognition
analyses of biological samples. Present applications for this
field center around toxicological profiling and biomarker
studies, and emerging data indicate that metabolomics can
serve as a true window for new insights into the actual
biochemical state of the cell/organism (Fig. 1). Metabolo-
mics draws on the strengths of a century of progress in
biochemistry and recent advances in technology, allowing
separation and quantitative analysis, as elucidated below.

Metabolomics techniques
Nuclear magnetic resonance

In the 1980s and 1990s, high-field proton nuclear magnetic
resonance (NMR) became prevalent for metabolite studies
(Nicholson et al. 2002) and has since been widely utilized
for metabolomics research in areas as diverse as plant metab-
olism (Bligny and Douce 2001; Ratcliffe and Shachar-Hill
2001), Duchenne muscular dystrophy (Griffin et al. 2001),

73
DNA
(Genomics)
RNA Central Dogma

(Transcriptomics)

v

Protein
(Proteomics)

v

Metabolites
(Metabolomics)

v

(Acquisition of datasets

(NMR,LC/MS,HPLC)

v

Database management
Data Processing

Data Integration

Data analysis

Pathway linkage

v

(' BIOMARKERS )

Fig. 1 Metabolomics—the new kin in the “omics” family. The
position of metabolomics is shown in respect to the other “omic”
approaches and to the central dogma of modern molecular biology.
The initial phase involves screening of metabolites to deduce a
metabolite database using a wide array of techniques. After the
generation of a database from metabolic responses, this can be used in
obtaining a validated biomarker (NMR: nuclear magnetic resonance;
LC/MS: liquid chromatography combined with mass spectrometry;
HPLC: high-performance liquid chromatography).

neurological disorders (Holmes et al. 2006), and hepatotox-
icity and nephrotoxicity in rodents (Bollard et al. 2005; Lenz
et al. 2005; Craig et al. 2006).

One key advantage of using NMR for metabolomics is
the minimal sample preparation required, often involving
no more than pH buffering plus the addition of a deuterated
solvent such as chloroform, methanol, or acetonitrile
(Defernez and Colquhoun 2003) for the study of biofluids,
cell lysates, and tissues. Other advantages of NMR include
both rapid and quantitative analysis (Dunn et al. 2005) and
preservation of the sample, which is particularly important
when amounts of material are small. By using high-
throughput NMR techniques such as flow injection NMR,
hundreds of samples per day can be analyzed, which makes
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this technique applicable to metabolomics studies (Dunn
et al. 2005). Additionally, the advent of new NMR probe
techniques, particularly the introduction of cryoprobes
(Spraul et al. 2003), has resulted in electronic noise reduc-
tion and up to a fourfold increase in sensitivity (Yang 2006).

However, to provide extensive coverage of biofluid and
tissue metabolomes, a combination of separation and
detection techniques will be needed. For example, in
NMR, although analytes can be measured quickly and
accurately without the need for initial sample processing,
the spectra can be complex, containing overlapping
resonances from components other than metabolites, in-
cluding proteins, lipids, and lipoproteins (Tang et al. 2004).
As a result, only a small percentage of the compounds in a
sample may actually be observed, because metabolites
present at low concentrations may be masked by more
abundant molecules. This issue is particularly troublesome
in plasma, where lipids and proteins may overwhelm the
signals from small metabolites (Reo 2002).

Here, mass spectrometry (MS) can offer additional
insight into the metabolome. When coupled with appropri-
ate separation techniques, MS analysis of biofluids can
offer high sensitivity and specificity. However, despite
liquid chromatography (LC)-MS being the foremost tech-
nique for the analysis of known compounds (Yang 2006),
as well as the determination of unknowns using tandem MS
(MS/MS), one limitation is the inability of LC-MS alone to
unequivocally distinguish between some coeluting stereo-
isomers (Dachtler et al. 2001). Additionally, some com-
pounds do not ionize well using any of the common
ionization techniques and so cannot be detected by using
MS alone. Coupled NMR and MS have been combined
with LC (LC-NMR-MS) and applied to metabolite studies,
such as in the pharmaceutical arena (Corcoran and Spraul
2003; Yang 2006). This technique allows data from both
MS and NMR to be collected in a single LC run; the
complementary information thus provided makes this
approach a powerful tool for the detection and identifica-
tion of both known and unknown compounds (Yang 2006).
Furthermore, software is being developed to cope with
analysis of the complex data produced by these instru-
ments, in particular, statistical heterospectroscopy, an
approach to the integrated analysis of NMR and ultrahigh-
performance liquid chromatography (UPLC)-MS data sets
(Crockford et al. 2000).

Mass spectrometry in metabolomics

MS has revolutionized the biological sciences, because of
its ability to monitor a vast repertoire of metabolites with
high quantitative accuracy. The result is discovery of
markers for disease diagnosis as well as drug metabolite
analysis and pharmacokinetic studies (Maurer 2005; Ma
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et al. 2006). MS is already well established as tool that
reproducibly quantitates small molecules and, because the
metabolite profile reflects enzymatic activity, directly
monitors normal biochemical events and perturbations that
lead to disease. In biofluids, the dynamic range of small
molecules easily exceeds 9 orders of magnitude, and the
diversity of species ranges from simple amino acids to
complex carbohydrates. MS offers the capability of measur-
ing over a wide dynamic range and also of observing a
diverse number of molecular species, both of which are
important attributes when addressing the challenges of
metabolomics (see Table 1). In this study we discuss MS
in terms of varied approaches to metabolomics, with
particular focus on liquid chromatography electrospray
ionization mass spectrometry (LC-ESI-MS), now a com-
monly used method in these studies (Wilson et al. 2005a).

Gas chromatography/mass spectrometry

A prominent technique in the 1970s and 1980s for metabolite
analyses, gas chromatography/mass spectrometry (GC/MS)
is still used today for the detection of numerous metabolic
disorders such as organic acidemias as well as states of
steroid metabolism (Chace 2001; Kuhara 2005). GC/MS
offers high resolution, efficient chromatographic separation,
sensitivity, and confirmation power based on electron impact
(EI) ionization mass spectra. In recent years, GC/MS has also
been successfully applied to metabolomics, particularly for
plant functional genomics (Fiehn et al. 2000) as a significant
improvement over previously existing methods. However,
this technique is not always ideal, because metabolomics
studies often call for a high throughput and the detection of
a wide range of metabolites, both in size and hydrophobic-
ity. Disadvantages including convoluted sample prepara-
tion, lengthy analysis time, and limitations on the size and
type of molecule that can be analyzed reduce the
applicability of GC/MS to metabolomics (Table 1).

Liquid chromatography/mass spectrometry

The development of atmospheric pressure ionization tech-
niques made the use of liquid chromatography/mass
spectrometry (LC/MS) (Ma et al. 2006) advantageous for
metabolomics studies. Its attributes include good sensitivity
and dynamic range, simple sample preparation and analy-
sis, as well as expanded access to metabolites of diverse
chemical structure and size (Table 1). As stated above, LC/
ESI-MS is a well-established tool for metabolite studies.
ESI offers many benefits over other ionization techniques,
such as analysis of low and high mass compounds,
excellent quantitative capacity and reproducibility, high
sensitivity, simple sample preparation, amenability to
automation, and soft ionization (Voyksner 1997; Siuzdak
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Table 1 Technical considerations of using GC/MS, NMR, ESI-LC/MS, and flow injection analysis (FIA) with ESI in metabolite profiling studies

GC/MS NMR LC/MS FIA
Sample Extraction and chemical modification Typically none/minimal-pH Extraction often needed. Urine  Extraction
preparation needed buffering, plus addition may simply be diluted. Plasma
of a deuterated solvent contains large amounts of
protein that require removal
Chromatographic High-resolution separation No separation Medium (conventional) to No
separation high (UPLC) resolution separation
separation
Sensitivity millimolar to nanomolar millimolar to high micromolar millimolar to nanomolar millimolar
to
micromolar
Speed Slow (~30 min) Rapid (1-5 min) Slow to Rapid (Conventional Rapid (1 to
LC up to 90min, UPLC < 5 min)
2 min)
Quantitative +10% +10% +10% +10%
accuracy
Advantages High resolution EI-MS library Minimal sample preparation Soft ionization. Large mass Data in one
available Nondestructive Fast Quantitative range spectrum
Structural information Fast
Disadvantages Significant sample preparation Some chemical classes not Sample destruction. Some Signal
with chemical modification, detected. Overlapping chemical classes do not suppression
slow analysis time, harsh resonances from proteins, ionize and are not detected. from
ionization, and limited number lipids, and lipoproteins may Formation of multiple adducts — multiple
of molecules can be analyzed mask signals from small metabolites may complicate data components

2006). By performing chromatography to separate the
thousands of small molecules present in biofluids, electro-
spray ion suppression can be reduced (Gangl et al. 2001) as
the number of competing analytes entering the mass spec-
trometer ion source at any one time decreases. This combina-
tion of chromatographic separation and efficient ionization
results in a selectivity that allows for both quantitation and
structural information, with sensitivities in the pg/ml range
achieved readily (Plumb et al. 2001). However, when
combined with tandem MS/MS, ESI can be effective even
without separation techniques, offering the advantage of
faster analysis times and higher sample throughput. Direct
ESI-MS/MS applications to metabolite screening emerged
in the early 1990s, and more than 2 million newborn infants
have been screened worldwide for more than 35 amino
acid, organic acid, and fatty acid oxidation disorders,
including phenylketonuria (Chace et al. 2003) (Fig. 2).
Often in metabolomics studies, potential biomarkers may
be present in such small amounts that only the most
sensitive analytic techniques can detect them. One such
technology is nano-ESI-LC, which has already proved
important in proteomics (Chelius et al. 2003). NanoLC/
nano-ESI-MS is performed at much lower flow rates
(~200 nL/min) than LC-ESI-MS (~300 pL/min) (Fig. 3),
allowing for more efficient transfer of ions into the mass
analyzer and a higher tolerance of complex mixtures. This

improved sensitivity and dynamic range are advantageous
in metabolite analysis (Griffiths et al. 1999).

Ultrahigh-performance liquid chromatography-mass
spectrometry

Although the separation of components in complex mix-
tures makes conventional LC/MS especially useful in the
initial stages of metabolomics research, traditionally, data
acquisition speed is reduced and subsequent analysis time is
increased. However, UPLC (Wilson et al. 2005b) utilizes
columns with packing material of a much smaller particle
size (1.4—1.7 um) than traditional columns, thereby improv-
ing separation and increasing resolution. By using this
approach, sample analysis times can be reduced to as little
as 1 min (Wilson et al. 2005a), greatly increasing through-
put. UPLC produces narrower chromatographic peaks than
older methods, resulting in increased peak capacity, lower
ion suppression, and improved signal-to-noise ratio, thereby
heightening sensitivity. Recent studies comparing UPLC
and HPLC for application to metabolomics showed that
UPLC detects more components than the latter (Plumb et al.
2004). A 20% increase over the same chromatographic
length was reported (Nordstrom et al. 2006), and UPLC
also displayed superior retention time, reproducibility, and
signal-to-noise ratios than HPLC.
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Selection of potential biomarkers

Metabolomics studies generate large, complex data sets that
require sophisticated software to enable interpretation.
Often, two or more sample sets, such as those for individuals
with disease and for healthy controls, are being compared for
changes in metabolites, either increased or decreased levels.
To achieve this comparison, metabolites must first be
detected in all samples, matched between the samples and
then evaluated for levels. Multiple adducts can be formed
using LC-ESI/MS (such as sodium and potassium in positive
mode, acetate in negative mode), thus complicating the data
produced by increasing the number of peaks detected. It is
imperative that the same metabolites are correctly identified
in all samples to enable this comparison. To this end,
algorithms and complete software have been written to allow
peak picking and comparison. Many instrument manufac-
turers have produced their own software, which often works
solely with data generated from a particular instrument.
Some researchers desire the freedom to modify many
parameters and also to compare data from different instru-
ments and so have developed their own software, such as
MZmine (Katajamaa and Oresic 2005; Katajamaa et al.
2006) and XCMS (Smith et al. 2006). These programs are
freely available for download and modification.

With many of these software suites, data (e.g., peak lists)
can be output in a suitable format to be analyzed using
multivariate statistics, such as principal component analysis
and partial least-squares discriminant analysis. These

multivariate techniques can help to discern peaks with high
discriminating power between the sample groups being
analyzed, i.e., potential biomarkers (Lutz et al. 2006).

Biomarker characterization

Although some of the metabolites that are detected and
identified in metabolomics studies may be well known and
characterized, often a potential biomarker is an unknown
compound, which then requires precise identification. The
characterization of biomarkers is perhaps the greatest chal-
lenge facing metabolomics, given the often limited sample
amount and minute quantities of some metabolites. Despite
the availability of EI ionization mass spectral databases for
GC/MS, one current limitation of LC/MS is the lack of
complete databases with which to compare as yet unidenti-
fied compounds. However, several databases are available
for such searches, such as the KEGG database (Kanehisa
2002) and METLIN (Smith et al. 2005) to find possible
matches. Obtaining MS fragmentation data using a quad-
rupole time-of-flight (Q-TOF) and exact mass measure-
ments by using a Fourier transform-MS (FTMS) instrument
or orthogonal acceleration Q-TOF/MS (Wolff et al. 2001;
Wilson et al. 2005b) for comparison can often narrow
further the number of potential matches.

Comparison of the unknown metabolite with the
chromatographic retention time, tandem MS data, and exact
mass measurements of commercially obtained standards or

Multiple Reaction Monitoring (MRM) with a triple quadrupole

collision gas
into Q2
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Fig. 2 Direct ESI-MS/MS experiments are now standard for monitoring
over 35 different diseases in neonates, including disorders of amino acid,
organic acid, and fatty acid oxidation. Here, an example of monitoring for
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Fig. 3 NanoESI creates a smaller droplet than conventional ESI,
which provides for less signal suppression and greater coverage of
metabolites. Comparison of LC/MS spectra of methanol-extracted

synthesized compounds can aid the identification of
biomarkers. Ultimately, upon identification of a biomarker,
extraction combined with flow injection analysis can be
used to quantify the compound with the aid of authentic
standards (Chace 2001). Here, samples are introduced
directly into the mass spectrometer, without prior separa-
tion. This method is rapid, with an analysis time of 2 min or
less per sample and can include automated procedures for
peak assignment (Castrillo et al. 2003).

However, despite the important information gleaned
from MS, ultimately the combination of many technologies,
including high-sensitivity capillary NMR experiments to
provide metabolite structure characterization down to a low
microgram level (Olson et al. 2004), chemical modification
experiments will often be required to identify unknown
metabolites.

Novel biomarkers for SI'V-associated CNS dysfunction

\Any discourse on the benefit of metabolomics for enlarging
knowledge in the medical sciences would be incomplete
without presenting a vivid example of its application. One
such example is the study of simian immunodeficiency virus
(SIV), nonhuman primate lentiviruses that can cause AIDS-
like disease in certain monkeys. In this model system, AIDS
develops and progresses in far less time than in humans yet
recapitulates most aspects of HIV-induced neuropathology
(Sharer et al. 1988; Rausch et al. 1999; Fox et al. 1997).
Choosing an optimal parameter that enables one to monitor
the metabolic state of the brain under varying conditions is

1000 nL/min

5 800
serum samples analyzed at flow rates of 100 and 1000 nl/min show
a significant improvement in the signal-to-noise ratio at the lower
flow rate, resulting in enhanced detection of metabolites.

a prerequisite to a successful quest for measurable bio-
markers. Two major areas that are being extensively pursued
in biomarker discovery are neuroimaging and biochemical
markers in body fluids such as cerebrospinal fluid (CSF),
plasma, and urine. The role of neuroimaging is beyond the
scope of this review and is not discussed further. However,
CSF is close to the site of neuropathology in the brain and
serves as an ideal source of the biochemical markers of
interest here. An added advantage is that multiple samples
can be obtained from the same individuals over time, thus
making it feasible to conduct longitudinal molecular analy-
ses of changes during the course of neurological diseases.
For these reasons, there is a growing consensus that the CSF
is the most ideal material for biomarker discovery with
respect to neurodegenerative diseases.

Before the advent of treatment for AIDS, examination of
the CSF for the presence and amount of virus as well as
signs of immune activation was helpful in the diagnosis of
HIV-associated dementia (Brew 2001; McArthur et al.
2003). Increases in other markers, such as cytokines and
chemokines in the CSF, have also been found in patients
with HIV-associated dementia (Conant et al. 1998; Kelder
et al. 1998; Mastroianni et al. 1992; Kolb et al. 1999). How-
ever, these correlations may not hold in the current era of
HAART. Furthermore, only one study found a marker (CSF
levels of HIV-1 RNA) that predicts the development of
neurocognitive abnormalities (Ellis et al. 2002); however,
antiviral therapy may weaken this correlation (Sevigny et al.
2004; Cysique et al. 2005).

Although metabolomic studies are absolutely feasible in
humans, the SIV-monkey model allows controlled, readily
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manipulatable experiments in which to discover potential
biomarkers for CNS disease in the setting of HIV. Serial
CSF samples of either historically archived or prospectively
obtained materials can be examined by using metabolomic
technology and, through bioinformatics-assisted analysis,
mined for candidate markers that can then be assessed in
samples derived from humans. We believe that the reduced
“noise” in the laboratory-controlled SIV-monkey system
offers a high likelihood of success in identifying the
biomarkers of HIV infection, making the subsequent studies
in samples from humans much more efficient.

Several experimental SIV infections result in neurological
disease. The two most potent of these systems involve either
combining an immune suppressing SIV stock and a neuro-
virulent SIV molecular clone for infection of pigtailed
macaque monkeys (Mankowski et al. 2002), or the use of a
pathogenic SIVmac strain to infect rhesus macaques whose
CDS8 cells are depleted during the acute stage of infection
(Williams et al. 2001; Roberts et al. 2003). However, the vast
majority of these animals die within 3 months from related
CNS disease, making discovery of predictive biomarkers
problematic, as comparison with the much longer-lived
controls that did not develop CNS disease was quite limited.

Although requiring a longer time period of experimenta-
tion, we believe that examination of a more typical disease
course in the SIV-monkey model would be preferable for the
identification of biomarkers applicable to human neuro-
AIDS. An ideal model would include the following stages:
(1) acute infection, during which viruses enter the brain; (2)
chronic infection, during which a low-level viral/immune
interaction occurs in the brain; (3) treatment, using regimens
similar to HAART; and (4) development (or not) of CNS
disease. Because identifying molecular markers for neuro-
AIDS is so valuable for both diagnostic and etiopathogenic
purposes, we believe the recent developments in metabolo-
mics utilizing LC/MS give this technique a distinct advan-
tage in achieving that goal. Furthermore, our recent studies
indicate that high-quality metabolomic profiling by LC/MS
can be obtained from frozen (—80°C) archived samples, which
greatly enhances the ability to find candidate biomarkers.

Conclusion

Although the science of metabolomics has a longer history
than some technologies of the present postgenomics era,
recognition of its potential has lagged behind that of other
high-throughput methods. Yet, this conduit promises to yield
new insights into human physiology and profound discov-
eries that will strengthen and support medical science.

Acknowledgments Our work on biomarkers in neuroAIDS is
supported by NIH grants MHO073490 and MHO062261. This is
manuscript number 18317 from The Scripps Research Institute.

@ Springer

References

Albright AV, Soldan SS, Gonzalez-Scarano F (2003) Pathogenesis
of human immunodeficiency virus-induced neurological dis-
ease. J Neurovirol 9:222-227

Bligny R, Douce R (2001) NMR and plant metabolism. Curr Opin
Plant Biol 4(3):191-196

Bollard ME, Keun HC, Beckonert O, Ebbels TM, Antti H,
Nicholls AW, Shockcor JP, Cantor GH, Stevens G, Lindon JC,
Holmes E, Nicholson JK (2005) Comparative metabonomics of
differential hydrazine toxicity in the rat and mouse. Toxicol Appl
Pharmacol 204(2):135-151

Brew BJ (2001) AIDS Demetia Complex. Oxford University Press,
Oxford

Castrillo JI, Hayes A, Mohammed S, Gaskell SJ, Oliver SG (2003)
An optimized protocol for metabolome analysis in yeast using
direct infusion electrospray mass spectrometry. Phytochemistry
62(6):929-937

Chace DH (2001) Mass spectrometry in the clinical laboratory. Chem
Rev 101(2):445-477

Chace DH, Kalas TA, Naylor EW (2003) Use of tandem mass
spectrometry for multianalyte screening of dried blood specimens
from newborns. Clin Chem 49(11):1797-1817

Chelius D, Zhang T, Wang G, Shen RF (2003) Global protein
identification and quantification technology using two-dimensional
liquid chromatography nanospray mass spectrometry. Anal Chem
75(23):6658—-6665

Conant K, Garzino-Demo A, Nath A, McArthur JC, Halliday W,
Power C, Gallo RC, Major EO (1998) Induction of monocyte
chemoattractant protein-1 in HIV-1 Tat-stimulated astrocytes
and elevation in AIDS dementia. Proc Natl Acad Sci USA
95:3117-3121

Corcoran O, Spraul M (2003) LC-NMR-MS in drug discovery. Drug
Discov Today 15 8(14):624-631

Craig A, Sidaway J, Holmes E, Orton T, Jackson D, Rowlinson R,
Nickson J, Tonge R, Wilson I, Nicholson J (2006) Systems
toxicology: integrated genomic, proteomic and metabonomic
analysis of methapyrilene induced hepatotoxicity in the rat.
J Proteome Res 5(7):1586-1601

Crockford DJ, Holmes E, Lindon JC, Plumb RS, Zirah S, Bruce SJ,
Rainville P, Stumpf CL, Nicholson JK (2006) Statistical hetero-
spectroscopy, an approach to the integrated analysis of NMR and
UPLC-MS data sets: application in metabonomic toxicology
studies. Anal Chem 78(2):363-371

Cysique LA, Brew BJ, Halman M, Catalan J, Sacktor N, Price RW,
Brown S, Atkinson JH, Clifford DB, Simpson D, Torres G, Hall
C, Power C, Marder K, McArthur JC, Symonds W, Romero C
(2005) Undetectable cerebrospinal fluid HIV RNA and beta-2
microglobulin do not indicate inactive AIDS dementia complex
in highly active antiretroviral therapy-treated patients. J Acquir
Immune Defic Syndr 39:426-429

Dachtler M, Glaser T, Kohler K, Albert K (2001) Combined HPLC-
MS and HPLC-NMR on-line coupling for the separation and
determination of lutein and zeaxanthin stereoisomers in spinach
and in retina. Anal Chem 73(3):667-674

Davis LE, Hjelle BL, Miller VE, Palmer DL, Llewellyn AL, Merlin
TL, Young SA, Mills RG, Wachsman W, Wiley CA (1992) Early
viral brain invasion in iatrogenic human immunodeficiency virus
infection. Neurology 42:1736—1739

Defernez M, Colquhoun 1J (2003) Factors affecting the robustness of
metabolite fingerprinting using 1H NMR spectra. Phytochemistry
62(6):1009-1017

Diesing TS, Swindells S, Gelbard H, Gendelman HE (2002) HIV-1-
associated dementia: a basic science and clinical perspective.
AIDS Read 12:358-368



J Neuroimmune Pharmacol (2007) 2:72-80

79

Dore GJ, Correll PK, Li Y, Kaldor JM, Cooper DA, Brew BJ (1999)
Changes to AIDS dementia complex in the era of highly active
antiretroviral therapy. Aids 13:1249-1253

Dunn WB, Bailey NJ, Johnson HE (2005) Measuring the metabolome:
current analytical technologies. Analyst 130(5):606-25

Ellis RJ, Moore DJ, Childers ME, Letendre S, McCutchan JA,
Wolfson T, Spector SA, Hsia K, Heaton RK, Grant I (2002)
Progression to neuropsychological impairment in human immu-
nodeficiency virus infection predicted by elevated cerebrospinal
fluid levels of human immunodeficiency virus RNA. Arch
Neurol 59:923-928

Fiehn O, Kopka J, Dormann P, Altmann T, Trethewey RN, Willmitzer
L (2000) Metabolite profiling for plant functional genomics. Nat
Biotechnol 18(11):1157-1161

Fox HS, Gold LH, Henriksen SJ, Bloom FE (1997) Simian immuno-
deficiency virus: a model for neuroAIDS. Neurobiol Dis 4:265—
274

Frank R, Hargreaves R (2003) Clinical biomarkers in drug discovery
and development. Nat Rev Drug Discov 2:566-580

Gangl ET, Annan MM, Spooner N, Vouros P (2001) Reduction of
signal suppression effects in ESI-MS using a nanosplitting
device. Anal Chem 73(23):5635-5644

Gartner S (2000) HIV infection and dementia. Science 287:602—-604

Gendelman HE, Lipton SA, Tardieu M, Bukrinsky MI, Nottet HS
(1994) The neuropathogenesis of HIV-1 infection. J Leukoc Biol
56:389-398

Gray F, Hurtrel M, Hurtrel B (1993) Early central nervous system
changes in human immunodeficiency virus (HIV)-infection.
Neuropathol Appl Neurobiol 19:3-9

Gray F, Chretien F, Vallat-Decouvelacre AV, Scaravilli F (2003)
The changing pattern of HIV neuropathology in the HAART
era. J Neuropathol Exp Neurol 62:429-440

Griffin JL, Williams HJ, Sang E, Clarke K, Rae C, Nicholson JK
(2001) Metabolic profiling of genetic disorders: a multitissue (1)
H nuclear magnetic resonance spectroscopic and pattern recog-
nition study into dystrophic tissue. Anal Biochem 293(1):16-21

Griffiths WJ, Liu S, Yang Y, Purdy RH, Sjovall J (1999) Nano-
electrospray tandem mass spectrometry for the analysis of
neurosteroid sulphates. Rapid Commun Mass Spectrom 13(15):
1595-1610

Holmes E, Tsang TM, Tabrizi SJ (2006) The application of NMR-based
metabonomics in neurological disorders. NeuroRx 3(3):358-372

Horning EC, Horning MG (1971) Metabolic profiles: gas-phase
methods for analysis of metabolites. Clin Chem 17:802-809

Kanehisa M (2002) The KEGG database. Novartis Found Symp.
247:91-101; discussion 101-103, 119-128, 244-252

Katajamaa M, Oresic M (2005) Processing methods for differential
analysis of LC/MS profile data. BMC Bioinformatics 6:179

Katajamaa M, Miettinen J, Oresic M (2006) MZmine: toolbox for
processing and visualization of mass spectrometry based molec-
ular profile data. Bioinformatics 22(5):634-636

Kaul M, Garden GA, Lipton SA (2001) Pathways to neuronal injury
and apoptosis in HIV-associated dementia. Nature 410:988-994

Kelder W, McArthur JC, Nance-Sproson T, McClernon D, Griffin DE
(1998) Beta-chemokines MCP-1 and RANTES are selectively
increased in cerebrospinal fluid of patients with human immu-
nodeficiency virus-associated dementia. Ann Neurol 44:831-835

Kolb SA, Sporer B, Lahrtz F, Koedel U, Pfister HW, Fontana A
(1999) Identification of a T cell chemotactic factor in the
cerebrospinal fluid of HIV-I-infected individuals as interferon-
gamma inducible protein 10. J Neuroimmunol 93:172—-181

Kuhara T (2005) Gas chromatographic-mass spectrometric urinary
metabolome analysis to study mutations of inborn errors of
metabolism. Mass Spectrom Rev 24(6):814-827

Lane TE, Buchmeier MJ, Watry DD, Fox HS (1996) Expression of
inflammatory cytokines and inducible nitric oxide synthase in

brains of SIV-infected rhesus monkeys: applications to HIV-
induced central nervous system disease. Mol Med 2:27-37

Lenz EM, Bright J, Knight R, Westwood FR, Davies D, Major H,
Wilson ID (2005) Metabonomics with "H-NMR spectroscopy
and liquid chromatography-mass spectrometry applied to the
investigation of metabolic changes caused by gentamicin-induced
nephrotoxicity in the rat. Biomarkers 10(2-3):173-187

Lutz U, Lutz RW, Lutz WK (2006) Metabolic profiling of glucu-
ronides in human urine by LC-MS/MS and partial least-squares
discriminant analysis for classification and prediction of gender.
Anal Chem 78(13):4564-4571

Ma S, Chowdhury SK, Alton KB (2006) Application of mass
spectrometry for metabolite identification. Curr Drug Metab 7
(5):503-523

Mankowski JL, Clements JE, Zink MC (2002) Searching for clues:
tracking the pathogenesis of human immunodeficiency virus
central nervous system disease by use of an accelerated,
consistent simian immunodeficiency virus macaque model.
J Infect Dis 186 (Suppl) 2:5S199-S208

Marcondes MC, Burudi EM, Huitron-Resendiz S, Sanchez-Alavez M,
Watry D, Zandonatti M, Henriksen SJ, Fox HS (2001) Highly
activated CD8(+) T cells in the brain correlate with early central
nervous system dysfunction in simian immunodeficiency virus
infection. J Immunol 167:5429-5438

Masliah E, DeTeresa RM, Mallory ME, Hansen LA (2000) Changes
in pathological findings at autopsy in AIDS cases for the last 15
years. Aids 14:69-74

Masliah E, Roberts ES, Langford D, Everall I, Crews L, Adame A,
Rockenstein E, Fox HS (2004) Patterns of gene dysregulation in
the frontal cortex of patients with HIV encephalitis. J
Neuroimmunol 157:163-175

Mastroianni CM, Paoletti F, Valenti C, Vullo V, Jirillo E, Delia S (1992)
Tumour necrosis factor (TNF-alpha) and neurological disorders in
HIV infection. J Neurol Neurosurg Psychiatry 55:219-221

Matsumoto I, Kuhara T (1996) A new chemical diagnostic method for
inborn errors of metabolism by mass spectrometry—rapid,
practical and simultaneous urinary metabolites analysis. Mass
Spectrom Rev 15:43-57

Maurer HH (2005) Advances in analytical toxicology: the current role
of liquid chromatography-mass spectrometry in drug quantifica-
tion in blood and oral fluid. Anal Bioanal Chem 381(1):110-118

McArthur JC, Haughey N, Gartner S, Conant K, Pardo C, Nath A,
Sacktor N (2003) Human immunodeficiency virus-associated
dementia: an evolving disease. J Neurovirol 9:205-221

Nicholson JK, Connelly J, Lindon JC, Holmes E (2002) Metabonomics:
a platform for studying drug toxicity and gene function. Nat Rev
Drug Discov 1:153-161

Nordstrom A, O’maille G, Qin C, Siuzdak G (2006) Nonlinear data
alignment for UPLC-MS and HPLC-MS based metabolomics:
quantitative analysis of endogenous and exogenous metabolites
in human serum. Anal Chem 78(10):3289-3295

Nuovo GJ, Alfieri ML (1996) AIDS dementia is associated with
massive, activated HIV-1 infection and concomitant expression
of several cytokines. Mol Med 2:358-366

Olson DL, Norcross JA, O’Neil-Johnson M, Molitor PF, Detlefsen DJ,
Wilson AG, Peck TL (2004) Microflow NMR: concepts and
capabilities. Anal Chem 76(10):2966-2974

Plumb RS, Warwick H, Higton D, Dear GJ, Mallett DN (2001)
Determination of 4-hydroxytamoxifen in mouse plasma in the
pg/mL range by gradient capillary liquid chromatography/
tandem mass spectrometry. Rapid Commun Mass Spectrom 15
(4):297-303

Plumb R, Castro-Perez J, Granger J, Beattie I, Joncour K, Wright A
(2004) Ultra-performance liquid chromatography coupled to
quadrupole-orthogonal time-of-flight mass spectrometry. Rapid
Commun Mass Spectrom 18(19):2331-2337

@ Springer



80

J Neuroimmune Pharmacol (2007) 2:72-80

Ratcliffe RG, Shachar-Hill Y (2001) Probing plant metabolism with
NMR. Annu Rev Plant Physiol Plant Mol Biol 52:499-526
Rausch DM, Murray EA, Eiden LE (1999) The SIV-infected rhesus
monkey model for HIV-associated dementia and implications for
neurological diseases. J Leukoc Biol 65:466-474

Reo NV (2002) NMR-based metabolomics. Drug Chem Toxicol
25(4):375-382

Roberts ES, Zandonatti MA, Watry DD, Madden LJ, Henriksen SJ,
Taffe MA, Fox HS (2003) Induction of pathogenic sets of genes
in macrophages and neurons in NeuroAIDS. Am J Pathol
162:2041-2057

Roberts ES, Burudi EM, Flynn C, Madden LJ, Roinick KL, Watry
DD, Zandonatti MA, Taffe MA, Fox HS (2004) Acute SIV
infection of the brain leads to upregulation of IL6 and interferon-
regulated genes: expression patterns throughout disease progres-
sion and impact on neuroAIDS. J Neuroimmunol 157:81-92

Roberts ES, Huitron-Resendiz S, Taffe MA, Marcondes MC, Flynn CT,
Lanigan CM, Hammond JA, Head SR, Henriksen SJ, Fox HS
(2006) Host response and dysfunction in the CNS during chronic
simian immunodeficiency virus infection. J Neurosci 26:4577-4585

Sevigny 1J, Albert SM, McDermott MP, McArthur JC, Sacktor N,
Conant K, Schifitto G, Selnes OA, Stern Y, McClernon DR,
Palumbo D, Kieburtz K, Riggs G, Cohen B, Epstein LG, Marder
K (2004) Evaluation of HIV RNA and markers of immune
activation as predictors of HIV-associated dementia. Neurology
63:2084-2090

Sharer LR, Baskin GB, Cho ES, Murphey-Corb M, Blumberg BM,
Epstein LG (1988) Comparison of simian immunodeficiency
virus and human immunodeficiency virus encephalitides in the
immature host. Ann Neurol 23 (Suppl):S108-S112

Sharer LR (1992) Pathology of HIV-1 infection of the central nervous
system. A review. J Neuropathol Exp Neurol 51:3—11

Siuzdak G (2006) The Expanding Role of Mass Spectrometry in
Biotechnology, 2nd edn. MCC Press, San Diego, pp 1-252

Smith CA, O’Maille G, Want EJ, Qin C, Trauger SA, Brandon TR,
Custodio DE, Abagyan R, Siuzdak G (2005) METLIN: a metabolite
mass spectral database. Ther Drug Monit 27(6):747-751

@ Springer

Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G (2006)
XCMS: processing mass spectrometry data for metabolite
profiling using nonlinear peak alignment, matching and identifi-
cation. Anal Chem 78:779-787

Spraul M, Freund AS, Nast RE, Withers RS, Maas WE, Corcoran O
(2003) Advancing NMR sensitivity for LC-NMR-MS using a
cryoflow probe: application to the analysis of acetaminophen
metabolites in urine. Anal Chem 75(6):1536—1541

Tang H, Wang Y, Nicholson JK, Lindon JC (2004) Use of relaxation-
edited one-dimensional and two dimensional nuclear magnetic
resonance spectroscopy to improve detection of small metabolites
in blood plasma. Anal Biochem 325(2):260-272

Voyksner RD (1997) Combining liquid chromatography with elec-
tospray mass spectrometry. In: Cole RB (ed) Electrospray
Ionization Mass Spectrometry. Wiley, New York, pp 323-341

Williams K, Alvarez X, Lackner AA (2001) Central nervous system
perivascular cells are immunoregulatory cells that connect the
CNS with the peripheral immune system. Glia 36:156—164.

Wilson ID, Plumb R, Granger J, Major H, Williams R, Lenz EM
(2005a) HPLC-MS-based methods for the study of metabonomics.
J Chromatogr B Anal Technol Biomed Life Sci 817(1):67-76

Wilson ID, Nicholson JK, Castro-Perez J, Granger JH, Johnson
KA, Smith BW, Plumb RS (2005b) High resolution “ultra
performance” liquid chromatography coupled to oa-TOF mass
spectrometry as a tool for differential metabolic pathway
profiling in functional genomic studies. J Proteome Res 4(2):
591-598

Wolff JC, Eckers C, Sage AB, Giles K, Bateman R (2001) Accurate
mass liquid chromatography/mass spectrometry on quadrupole
orthogonal acceleration time-of-flight mass analyzers using
switching between separate sample and reference sprays. 2.
Applications using the dual-electrospray ion source. Anal Chem
73(11):2605-2612

Yang Z (2006) Online hyphenated liquid chromatography-nuclear
magnetic resonance spectroscopy-mass spectrometry for drug
metabolite and nature product analysis. J Pharm Biomed Anal
40(3):516-527



	Biomarkers for NeuroAIDS: The Widening Scope of Metabolomics
	Abstract
	Introduction
	Metabolomics: New applications, new insights
	Metabolomics techniques
	Nuclear magnetic resonance
	Mass spectrometry in metabolomics
	Gas chromatography/mass spectrometry
	Liquid chromatography/mass spectrometry
	Ultrahigh-performance liquid chromatography-mass spectrometry

	Selection of potential biomarkers
	Biomarker characterization
	Novel biomarkers for SIV-associated CNS dysfunction
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


