
                                                                    

University of Dundee

Metabolic profiling of CSF

Holmes, Elaine; Tsang, Tsz M.; Huang, Jeffrey T.J.; Leweke, F. Markus; Koethe, Dagmar;
Gerth, Christoph W.
Published in:
PLoS Medicine

DOI:
10.1371/journal.pmed.0030327

Publication date:
2006

Licence:
CC BY

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):
Holmes, E., Tsang, T. M., Huang, J. T. J., Leweke, F. M., Koethe, D., Gerth, C. W., Nolden, B. M., Gross, S.,
Schreiber, D., Nicholson, J. K., & Bahn, S. (2006). Metabolic profiling of CSF: Evidence that early intervention
may impact on disease progression and outcome in schizophrenia. PLoS Medicine, 3(8), 1420-1428.
https://doi.org/10.1371/journal.pmed.0030327

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 25. Aug. 2022

https://doi.org/10.1371/journal.pmed.0030327
https://discovery.dundee.ac.uk/en/publications/6f18f05f-7471-42c2-959c-1292b8314763
https://doi.org/10.1371/journal.pmed.0030327


Metabolic Profiling of CSF: Evidence That
Early Intervention May Impact on Disease
Progression and Outcome in Schizophrenia
Elaine Holmes

1[
, Tsz M. Tsang

1[
, Jeffrey T.-J. Huang

2[
, F. Markus Leweke

3[
, Dagmar Koethe

3
, Christoph W. Gerth

3
,

Brit M. Nolden
3

, Sonja Gross
3

, Daniela Schreiber
3

, Jeremy K. Nicholson
1

, Sabine Bahn
2*

1 Biological Chemistry, Biomedical Sciences Division, Faculty of Medicine, Imperial College, London, United Kingdom, 2 Institute of Biotechnology, University of Cambridge,

Cambridge, United Kingdom, 3 Department of Psychiatry and Psychotherapy, University of Cologne, Cologne, Germany

Funding: The study was funded
through grants from the Stanley
Medical Research Institute (USA) and
the Henry Smith Charity (UK). The
funders had no role in study design,
data collection and analysis, decision
to publish, or preparation of the
manuscript.

Competing Interests: The authors
have declared that no competing
interests exist.

Academic Editor: John McGrath,
University of Queensland, Australia

Citation: Holmes E, Tsang TM,
Huang JTJ, Leweke FM, Koethe D, et
al. (2006) Metabolic profiling of CSF:
Evidence that early intervention may
impact on disease progression and
outcome in schizophrenia. PLoS Med
3(8): e327. DOI: 10.1371/journal.
pmed.0030327

Received: January 12, 2006
Accepted: May 26, 2006
Published: August 22, 2006

DOI:
10.1371/journal.pmed.0030327

Copyright: � 2006 Holmes et al.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution
License, which permits unrestricted
use, distribution, and reproduction
in any medium, provided the
original author and source are
credited.

Abbreviations: ASPA,
aspartoacylase; CSF, cerebrospinal
fluid; NAA, N-acetylaspartate; NMR,
nuclear magnetic resonance; OSC,
orthogonal signal correction; PLS-
DA, partial least square discriminant
analysis

* To whom correspondence should
be addressed. E-mail: sb209@cam.ac.
uk

[ These authors contributed equally
to this work.

A B S T R A C T
Background

The identification of schizophrenia biomarkers is a crucial step towards improving current
diagnosis, developing new presymptomatic treatments, identifying high-risk individuals and
disease subgroups, and assessing the efficacy of preventative interventions at a rate that is not
currently possible.

Methods and Findings
1H nuclear magnetic resonance spectroscopy in conjunction with computerized pattern

recognition analysis were employed to investigate metabolic profiles of a total of 152
cerebrospinal fluid (CSF) samples from drug-naı̈ve or minimally treated patients with first-onset
paranoid schizophrenia (referred to as ‘‘schizophrenia’’ in the following text) and healthy
controls. Partial least square discriminant analysis showed a highly significant separation of
patients with first-onset schizophrenia away from healthy controls. Short-term treatment with
antipsychotic medication resulted in a normalization of the disease signature in over half the
patients, well before overt clinical improvement. No normalization was observed in patients in
which treatment had not been initiated at first presentation, providing the first molecular
evidence for the importance of early intervention for psychotic disorders. Furthermore, the
alterations identified in drug-naı̈ve patients could be validated in a test sample set achieving a
sensitivity and specificity of 82% and 85%, respectively.

Conclusions

Our findings suggest brain-specific alterations in glucoregulatory processes in the CSF of
drug-naı̈ve patients with first-onset schizophrenia, implying that these abnormalities are
intrinsic to the disease, rather than a side effect of antipsychotic medication. Short-term
treatment with atypical antipsychotic medication resulted in a normalization of the CSF disease
signature in half the patients well before a clinical improvement would be expected.
Furthermore, our results suggest that the initiation of antipsychotic treatment during a first
psychotic episode may influence treatment response and/or outcome.

The Editors’ Summary of this article follows the references.
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Introduction

The current diagnosis of schizophrenia remains subjective,
not only because of the complex spectrum of symptoms and
their similarities to other mental disorders, but also due to
the lack of empirical disease markers. There is a great clinical
need for diagnostic tests and more effective drugs for the
treatment of severe mental illnesses. An understanding of the
molecular characteristics underlying the disease processes of
schizophrenia is a fundamental prerequisite to the develop-
ment of presymptomatic diagnostics and high-value ther-
apeutics.

Biomarkers derived from global expression profiling
techniques performed on readily accessible body fluids, such
as cerebrospinal fluid (CSF), serum, urine, or saliva, can help
identify disease subtypes, aid in predicting and monitoring
treatment response and compliance, and identify novel drug
targets. These biomarkers could also open up the possibility
of developing new early or presymptomatic treatments to
improve outcomes or even prevent pathology. Furthermore,
the validation of biomarkers that can detect early changes
specifically correlated to reversal or progression of mental
disorders is crucial for intervention. Used as predictors, these
biomarkers could help to identify high-risk individuals and
disease subgroups potentially useful as targets for chemo-
intervention trials, whilst as surrogate endpoints, biomarkers
may be useful for assessing the efficacy and cost effectiveness
of preventative interventions at a speed that is not possible
when the incidence of manifest mental disorder is used as the
endpoint.

1H nuclear magnetic resonance (NMR) spectra of biofluids
and tissues provide a characteristic ‘‘fingerprint’’ for a range
(approximately 20 metabolites can be reliably detected and
quantified in CSF) of biologically important endogenous
metabolites, such as glucose, lactate and amino acids [1–9].
Quantifiable differences in metabolite patterns in biofluids
and tissues can give insight into the underlying molecular
mechanisms of disease and can be characterized using
automated computer programs that present each metabolite
measured in the biofluid spectrum as a coordinate in

multidimensional space. Successful application of this tech-
nology has achieved identification of biomarkers for a wide
range of pathologies, including inborn errors of metabolism,
liver and kidney disease, cardiovascular disease, insulin
resistance, and neurodegenerative disorders, amongst others
[3,4,10–13]. Although a wealth of disease studies have been
performed on biofluids such as urine and plasma, relatively
few metabolite profiling studies have been performed on CSF
for the purpose of disease diagnosis [14–19]. In this study, we
undertook an extensive metabolic profiling analysis of CSF
samples from control individuals and patients with schizo-
phrenia (note that four of the 54 patients investigated had a
diagosis of brief psychotic disorder; i.e., these patients
presented with symptoms of paranoid schizophrenia, but
had not been ill for a minimum of six months at the time of
sample collection, which is required for a DSM IV diagnosis
of schizophenia) using 1H NMR spectroscopy in combination
with computerized pattern recognition analysis. The aim of
this investigation was to identify and characterize a possible
altered biochemical profile of the CSF in patients with
schizophrenia and to determine the metabolic impact of
typical and atypical antipsychotic drugs in drug-treated
patients with schizophrenia.

Methods

Clinical Samples
The Ethical Committee of the Medical Faculty of the

University of Cologne (Cologne, Germany) reviewed and
approved the protocol of this study and the procedures for
sample collection and analysis. All study participants gave
their written informed consent. All clinical investigations
were conducted according to the principles expressed in the
Declaration of Helsinki. CSF samples were collected from
drug-naı̈ve patients diagnosed with first episode paranoid
schizophrenia (hereafter referred to as schizophrenia) or
brief psychotic disorder (n ¼ 4) due to duration of illness
(DSM-IV 295.30 or 298.8; n ¼ 54) and from demographically
matched healthy volunteers (n ¼ 70) (Table 1). Additionally,
samples from patients fulfilling DSM-IV criteria of schizo-

Table 1. Demographic Details and CSF and Serum Glucose Levels of Patients

Variable HVs

(n ¼ 70)

PSs,

First Cohort

(n ¼ 37)

PSs,

Second Cohort

(n ¼ 17)

STs

(n ¼ 6)

SATs

(n ¼ 22)

Age (years)a 27.4 6 5.9 28.1 6 9.4 25.0 6 5.6 31.5 6 5.5 29.2 6 10.1

Sexb, male 39 27 12 5 17

Sexb, female 31 10 5 1 5

Glucose (mg/dl), CSF 58.5 6 4.6c 62.3 6 5.5 65.3 6 6.4 65.0 6 5.9 64.9 6 6.4

Glucose (mg/dl), serum 87.2 6 15.0d 93.1 6 14.4 91.5 6 9.9 87.3 6 19.2 103.5 6 24.7

Duration of treatment (days) N/A N/A N/A 9.6 6 8.3 9.2 6 6.2

All data are shown as mean 6 s. d.
aThere is no significant difference in age between the control and disease groups (one-way ANOVA).
bFemale gender is overrepresented in the HV group, but sex appears to have no effect on CSF metabolite profiles (see Figure S1).
cGlucose levels in CSF from HVs were lower than levels in CSF from PSs, STs, and SATs (HVs versus PSs [both cohorts included], p , 0.001; HVs versus SATs, p , 0.001; HVs versus STs, p¼
0.02; one-way ANOVA with Tukey’s test).
dSerum glucose levels are significantly increased only in patients with schizophrenia who were treated with atypical antipsychotics (HV versus SAT, p ¼ 0.05, one-way ANOVA with
Dunnett’s T3 test). There is no significant difference in serum glucose level between other groups.
HV, healthy volunteer; PS, patient with schizophrenia; SAT, patient with schizophrenia who was treated with ‘‘atypical’’ antipsychotic medications; ST, patient with paranoid schizophrenia
who was treated with ‘‘typical’’ antipsychotic medications.
DOI: 10.1371/journal.pmed.0030327.t001
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phrenia (DSM-IV 295.30) undergoing treatment with either
typical (total n¼6: fluphenazine, n¼1; haloperidol, n¼4; and
perazine, n ¼ 1) or atypical (total n ¼ 22: amisulpride, n ¼ 1;
clozapine, n ¼ 1; olanzapine, n ¼ 9; risperidone, n ¼ 8;
quetiapine, n ¼ 2; and ziprasidone n ¼ 1) antipsychotic
medication were also included. Thus, in addition to the
healthy volunteer group, four groups with schizophrenia were
examined in this study: two cohorts of drug-naı̈ve patients
with first-onset schizophrenia (n¼37 and n¼17, respectively),
one group of patients with schizophrenia who were treated
with typical antipsychotic medications, and one group of
patients with schizophrenia who were treated with atypical
antipsychotic medications.

Due to an overrepresentation of females in the healthy
volunteer group we examined the effect of gender on the
metabolite profile, but did not find a gender-specific effect
(see Figure S1). We also examined the influence of recent and
lifetime cannabis use, determined by urine drug screen and
clinical interview, respectively (see Figure S2 and Results).

All samples were collected in a standardized fashion by the
same team of experienced clinicians using a nontraumatic
lumbar puncture procedure. Trained clinical psychiatrists
performed psychiatric assessments. Glucose levels in CSF and
serum from healthy participants and patients with schizo-
phrenia were measured immediately after collection using a
NOVA BioProfile analyser (Nova Biomedical, Waltham,
Massachusetts, United States). CSF samples were divided into
aliquots and stored at�80 8C. None of the samples underwent
more than two freeze-thaw cycles prior to acquisition of NMR
spectra. All experiments were performed under blind and
randomized conditions. The volume of CSF samples (150 ll)
was made up to a final volume of 500 ll by the addition of
D2O in preparation for 1H NMR analysis.

1H NMR Spectroscopy of CSF Samples
Standard one-dimensional 600 MHz 1H NMR spectra were

acquired for all samples using a presaturation pulse sequence
to effect suppression of the water resonance (pulse sequence:
relaxation delay-908-t1-908-tm-908-acquire FID; Bruker Analy-
tische GmbH, Rheinstetten, Germany). In this pulse sequence,
a secondary radio frequency irradiation is applied specifically
at the water resonance frequency during the relaxation delay
of 2 s and the mixing period (tm¼100 ms), with t1 fixed at 3 ls.
Typically 256 transients were acquired at 25 8C into 32,000
data points, with a spectral width of 6000 Hz and an
acquisition time of 1.36 s per scan. Prior to Fourier
transformation, the FIDs were multiplied by an exponential
weight function corresponding to a line-broadening factor of
0.3 Hz.

Data Reduction and Pattern Recognition Procedure
To efficiently evaluate the metabolic variability within and

between biofluids derived from patients and controls, spectra
were digitally analysed using the software program AMIX
(Analysis of MIXtures version 2.5, Bruker Rheinstetten,
Germany) and exported into SIMCA-P (version 10.5, Ume-
trics AB, Umeå, Sweden), in which a range of multivariate
statistical analyses were conducted. Initially principal com-
ponents analysis was applied to the data in order to discern
the presence of inherent similarities in spectral profiles. Only
one spectrum was excluded from the analysis on the basis of
the Hotelling’s t-test, which provides a 95% confidence value

for a model based on the sample composition. Poor water
suppression and high citrate composition were the main
cause of sample exclusion. Where the classification of 1H
NMR spectra was influenced by exogenous contaminants, the
spectral regions containing those signals were removed from
statistical analysis. In order to confirm the biomarkers
differentiating the patients with schizophrenia from matched
controls, partial least square discriminant analysis (PLS-DA)
was employed.

Orthogonal Signal Correction of NMR Data
The orthogonal signal correction (OSC) method removes

variation in the data matrix between samples that is not
correlated with the Y-vector [20]. The resulting dataset was
filtered to allow pattern recognition focused on the variation
correlated to features of interest within the sample popula-
tion, which improves the predictivity and separation power of
pattern recognition methods [4].

Other Statistical Methods
Where appropriate, data were subjected to one-way

ANOVA using the Statistical Package for Social Scientists
(SPSS/PCþ; SPSS, Chicago, Illinois, United States). Where the
F ratio gave p , 0.05, comparisons between individual group
means were made by Tukey’s test for post-hoc comparisons
when the variance was equal between groups. Dunnett’s T3
test was used for post-hoc comparisons if variances are not
equal. Significance levels were set at p ¼ 0.05. Experimental
and clinical data were stored in distant research sites, and
correlations and subgroup analyses were performed blind.

Results

Alterations of CSF Metabolic Profiles in First-Onset, Drug-
Naı̈ve, Patients with Schizophrenia
Plots of PLS-DA scores based on 1H NMR spectra of CSF

samples showed a clear differentiation between healthy
volunteers and drug-naı̈ve patients with first-onset schizo-
phrenia (Figure 1). The loading coefficients indicated that
glucose, acetate, alanine, and glutamine resonances were
predominantly responsible for the separation between
classes. Results from 1H NMR spectroscopy showed signifi-
cantly elevated glucose concentrations in CSF samples from
drug-naı̈ve patients with first-onset schizophrenia, as com-
pared to the demographically matched control group, with a
relative increase in concentration of 6.5% (p ¼ 0.04;
calculated from a distinct resonance signal at 3.68–3.72
ppm). Direct measurements of CSF glucose levels (performed
immediately after sample collection) confirmed a highly
significant increase in glucose levels in drug-naı̈ve patients
with schizophrenia in the first cohort (6.5% increase, p ¼
0.005; Table 1). Serum glucose levels obtained from the same
patients with schizophrenia and from healthy participants
showed no difference (p ¼ 0.24), suggesting a brain and/or
CSF-specific elevation in glucose levels. In contrast, acetate
and lactate concentrations were reduced (11.5%, p ¼ 0.006;
and 17.3%, p ¼ 0.05 [t test], respectively) in drug-naı̈ve
patients with schizophrenia from the first cohort compared
to matched controls. Spectral changes corresponding to
glutamine and alanine resulted from a pH-dependent change
in the chemical shift of these resonances. CSF samples from
untreated patients with schizophrenia was on average 0.1 pH
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units lower than in the matched control samples (p , 0.05, t
test), which corresponds to a mean chemical shift change of
0.015 ppm for the b-CH2 resonance of glutamine and 0.016
ppm for the alanine CH3 signal.

Effects of Antipsychotic Drug Treatment on CSF Metabolic

Profile in Patients with First-Onset Schizophrenia
Short-term treatment for an average of about nine days

(see Methods and Table 1 for details) with atypical anti-
psychotic medications resulted in a normalization of the CSF
metabolite profile in approximately 50% of patients with
schizophrenia (Figure 2A), whereas treatment with one of the
typical antipsychotic medications did not show such an effect
(Figure 2A). Because the number of patients treated with
typical antipsychotic medications is low (n ¼ 6), however, no
clear conclusions can be drawn from this observation.
Interestingly, we observed that patients who suffered several
psychotic episodes before drug treatment was initiated
(either with typical or atypical antipsychotic medications)
did not show a normalization of their CSF disease profiles. Six
out of a total of seven patients with more than one psychotic
episode before drug treatment cluster closely with the drug-
naı̈ve schizophrenia group and, indeed, none of them cluster

with the healthy control group (Figure 2B). Moreover, all
patients with schizophrenia who exhibited a normalization of
the CSF metabolite profile (either with typical or atypical
antipsychotic medications) had been commenced on medi-
cation during their first psychotic presentation. In statistical
terms (recognizing that the numbers are small), our study
suggests that if treatment is initiated during a first episode,
some of the patients (58% in this study) may recover normal
CSF metabolite profiles, whereas if medication is given after a
second psychotic episode, normalization may not occur or
may be more rare (none of the seven patients showed
normalization). Note that experimental and clinical data were
stored in distant research sites; all experiments and sub-
sequent data analyses were performed blind to avoid
experimental bias.
Due to the prevalent cannabis use amongst patients with

schizophrenia and the known effect of cannabis on glucor-
egulation, we examined the influence of this potential
confounding factor in the disease and control groups. None
of the control patients had tested positive on urine drug
screen and no change in CSF metabolites was observed
between healthy volunteers who reported moderate (20–50
times per lifetime) or low/no (,5 times per lifetime) cannabis

Figure 1. Metabonomic Analysis of CSF Samples from Drug-Naı̈ve Patients with Schizophrenia

(A) Partial 1H NMR spectrum of a CSF sample from a representative drug-naı̈ve patient with first-onset schizophrenia (red) and a matched control (black)
illustrate a characteristic pH-dependent shift in the b-CH2 and c-CH2 resonances of glutamine. The prominent signals at ;3.7 and 1.2 ppm correspond
to ethanol, a contaminant from skin disinfection prior to lumbar puncture. These signals were removed from statistical analysis.
(B) PLS-DA scores plot showing a differentiation of drug-naı̈ve patients with schizophrenia from demographically matched controls as determined by
the 1H NMR CSF spectra.
(C) PLS-DA loadings plot showing major contributing variables towards the separation in the PLS-DA scores plots.
DOI: 10.1371/journal.pmed.0030327.g001
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use (unpublished data). In the drug naı̈ve group with
schizophrenia, seven patients (out of a total of 37 in the first
cohort) tested positive for cannabis on urine drug screen.
Cannabis-positive patients had significantly lower serum
glucose levels (9% decrease; p ¼ 0.05, t test), but no effect
on CSF glucose levels was observed (p¼ 0.20, t test; see Table
S1). Three patients who tested positive for cannabis were
found to have highly altered CSF metabolite profiles and
formed a separate cluster in the PLS-DA plot (away from both
healthy controls and patients with schizophrenia) whilst the
remaining four cannabis-positive patients clustered with the
drug-naı̈ve schizophrenia group (Figure S2).

Validation of Key Metabolic Alterations in an Independent

Test Sample Set
To validate our findings, we reanalyzed samples from the

first cohort (70 controls and 37 drug-naı̈ve patients with first-
onset schizophrenia CSF samples), alongside a second cohort
of 17 additional drug-naı̈ve patients with first-onset schizo-
phrenia. A model was built based on a training set of 50
randomly selected control samples and the 37 samples from
drug-naı̈ve patients with first-onset schizophrenia from the
first cohort. Both principal components analysis and PLS-DA
showed results similar to those in Figure 1 (see also Figure S3).

This model was then used to predict class membership in a
test set comprising 20 control CSF samples (from the first
cohort) and 17 drug-naı̈ve patients with first-onset schizo-
phrenia (from the second cohort, Table 1). OSC was applied
to enhance the metabolic differentiation between classes
within the model [4]. After OSC, separation of control and
drug-naı̈ve with first-onset schizophrenia groups in the PLS
scores plots (Figure 3A) was characterized by similar spectral
regions as previously identified to contribute to the separa-
tion of the classes—i.e., glucose, lactate, shifts in glutamine
resonances, and citrate (Figure 3B). The PLS model calculated

Figure 2. Effects of ‘‘Typical’’ and ‘‘Atypical’’ Medication on CSF

Metabolic Profiles in Patients with First-Onset Schizophrenia

(A) Spectra from 28 CSF samples from patients with first-onset
schizophrenia minimally treated (,9 d, see text for details) with either
typical (n ¼ 6, blue diamonds) or atypical (n ¼ 22, green circles)
antipsychotic medications were compared to first onset, drug naı̈ve
patients (red triangles) and healthy volunteers (black squares) using PLS-
DA. The PLS-DA scores plots show that atypical antipsychotic drug
treatment resulted in a shift of approximately 50% of patients with
schizophrenia towards the cluster of healthy controls.
(B) The same PLS-DA scores plot as (A) except that only minimally treated
patients (from both drug groups) with more than one psychotic episode
prior to antipsychotic treatment are shown. Note that none of these
patients shifted towards the healthy control cluster.
DOI: 10.1371/journal.pmed.0030327.g002

Figure 3. Validation and Prediction of Schizophrenia Group Membership

Using a PLS Model

A PLS model was constructed using the OSC-filtered data from 37 drug-
naı̈ve patients with first-onset schizophrenia from the first cohort (red
points) and 50 randomly selected healthy volunteers (blue points) (the
‘‘training set’’). The scores plot (A) and the loadings plot (B) indicate the
key resonances contributing to the separation: lactate, glucose,
glutamine, and citrate. This model was then used to predict ‘‘group
membership’’ (i.e., schizophrenia or control) in a test set of 17 drug-naı̈ve
patients (second cohort) with first-onset schizophrenia and the remain-
ing 20 healthy volunteers which had not been used in the construction
of the model. Predictions are made using a Y-predicted scatter plot with
an a priori cut-off of 0.5 for class membership (C).
DOI: 10.1371/journal.pmed.0030327.g003
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from OSC-filtered NMR data was then used to predict class
membership in the test sample set. The Y-predicted scatter
plot assigned samples to either the control or the schizo-
phrenia group using an a priori cut-off of 0.5, and showed the
ability of 1H-NMR metabonomics analysis to predict class
membership of unknown samples with a sensitivity of 82%
and a specificity of 85% (Figure 3C).

Discussion

Analysis of the 1H NMR spectra of CSF samples showed a
differential distribution of metabolites in samples from
healthy volunteers away from drug-naı̈ve patients with first-
onset schizophrenia (Figure 1B and 1C). The metabolic
profile of CSF was characteristically altered in patients with
schizophrenia, and the majority of key metabolites contribu-
ting to the separation were replicated in an independent test
set (Figure 3). There was some overlap between the first
cohort of drug-naı̈ve patients with first-onset schizophrenia
and controls in the PLS-DA scores plot derived from the
NMR spectra (Figure 1B and 1C). Whilst the drug-naı̈ve
patients with first-onset schizophrenia clustered very tightly
together, a small number of samples did not show a clear
separation in the PLS-DA analysis. This may indicate the
existence of schizophrenia subgroups, and it will be of
interest to explore whether clinical parameters, such as
disease progression, severity, and/or drug response relate to
distinct metabolic signatures. Although the sample size of this
study is too small to make assumptions about patient
subgroups, we note that the four patients who clustered with
the control group (Figure 1B) had an exceptionally good
outcome or recovered fully from a first episode of psychosis.

Abnormal glucose levels in serum have been linked to
antipsychotic drug treatment [21,22], yet our observation of
an elevation of CSF glucose concentrations in patients with
schizophrenia implies that glucoregulatory alterations may be
intrinsic to the schizophrenia syndrome as well as brain-
specific, since (1) CSF samples collected from drug-naı̈ve,
first-onset patients showed significantly increased glucose,
and (2) sera from the same patients showed no such glucose
elevation. Elevated CSF glucose has not previously been
reported for schizophrenia; however, abnormally high fasting
glucose tolerance has been observed in serum from first-onset
patients [23]. It is of interest that the prevalence of diabetes
type II is substantially increased in patients with schizophre-
nia (15.8%, compared to 2%–3% in the general population)
[24]. Studies also found increased plasma levels of glucose and
norepinephrine in patients with schizophrenia [25–27],
although increased serum glucose and the high prevalence
of type II diabetes in these patients have mainly been
attributed to antipsychotic drug treatment [21,27]. Indeed,
we found serum glucose levels increased in patients treated
with atypical antipsychotic medication (Table 1). It is possible
that drug treatment precipitates the onset of diabetes in
patients with schizophrenia in the context of a co-predis-
position, and that both schizophrenia and diabetes type II
share common disease mechanisms. Our recent study inves-
tigating global gene, protein, and metabolite alterations in
schizophrenia postmortem brain tissue demonstrated signifi-
cant alterations of pathways relating to glucoregulation and
mitochondrial function [37], further supporting the notion of

disturbed glucose metabolism in the brains of patients with
schizophrenia.
Additionally, a significantly lowered CSF pH aligns very

well with our observations in postmortem brain and with
alterations observed in energy metabolism at large [37].
Several other studies on postmortem brain also found
mitochondrial changes in schizophrenia (e.g., [28,29]). The
lowered pH observed in CSF in this study may thus be due to
alterations in cellular respiration. Surprisingly, however,
although we identified an increase in lactate in postmortem
brain tissue, we observed a significant decrease in CSF lactate
levels in patients with first-onset schizophrenia. At this stage
we are unable to pinpoint which metabolite alterations are
contributing to the lowered pH in CSF. A possible explan-
ation could be that the ‘‘schizophrenia brain’’ preferentially
utilizes lactate over glucose as an energy substrate. Brain
lactate is believed to be predominantly produced by
astrocytes [30] and is used as energy substrate in brain,
especially by neurons under certain physiological conditions
[30]. In fact, significant monocarboxylate utilization by the
brain was also reported in different pathological states such
as diabetes and prolong starvation [31,32].
Acetate was also significantly reduced in the CSF of drug-

naı̈ve patients with first-onset schizophrenia. Since a major
portion of acetate in the brain is utilised in fatty acid and
lipid synthesis [33], the decreased acetate concentration may
suggest a compromised synthesis of myelin-related fatty acids
and lipids in the schizophrenia brain. Acetate in the brain is
primarily derived from N-acetylaspartate (NAA), which is
hydrolyzed into L-aspartate and acetate by the enzyme
aspartoacylase (ASPA) [34]. NAA is synthesized in neuronal
mitochondria and transferred to oligodendrocytes, where
ASPA liberates the acetate moiety to be used for myelin lipid
synthesis [35]. An in vivo reduction in NAA levels in
schizophrenia is a well-established observation [36]. Further-
more, we found ASPA transcripts down-regulated in post-
mortem brain by microarray and quantitative PCR analysis in
schizophrenia postmortem brain (�1.78, p ¼ 0.09 by micro-
array; �1.61, p ¼ 0.04 by quantitative PCR; n ¼ 15
schizophrenia prefrontal cortex and matched controls [un-
published data]). Together with our findings of a significant
decrease of acetate in CSF, this lends further support not
only for altered NAA metabolism, but also for oligodendro-
cyte dysfunction, which we and others previously reported
[37,38]. Perturbations in CSF acetate concentrations have
also been observed in patients with Creutzfeldt-Jakob disease,
although in contrast to the current study, Creutzfeldt-Jakob
disease was associated with an increase in acetate concen-
trations [39].
The specificity of the metabolic signature for schizophrenia

found in this study remains to be verified. Disturbed glucose
metabolism has also been associated with mood and psychotic
disorders [40], although to our knowledge none of these
studies measured CSF glucose levels. However, the increased
concentrations of glucose together with other metabolic
perturbations, such as lower levels of acetate and lactate, and
a pH-dependent shift in glutamine resonances, may represent
a more specific disease diagnostic for schizophrenia.
The effects of two drug treatment regimens—the use of

typical and atypical antipsychotic medication—were eval-
uated using the same analytical methods. Normalization of
the metabolite profiles was observed in patients (n¼ 28) who
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had been treated with atypical antipsychotic medication for
an average of about nine days. Figure 2 illustrates a shift of
approximately 50% (11 of 22) of patients on atypical
antipsychotic medications towards the cluster of healthy
controls within the PLS-DA plot. Although certainly pre-
liminary, these results suggest that atypical medication
results in a normalization of the metabonomic disease
signature. Only between 40% and 70% (according to
different sources) of patients with schizophrenia respond
to antipsychotic intervention. Clinical response is generally
observed only after weeks or months of treatment. Thus it
will be of great interest to examine whether normalization of
the metabonomic signature is predictive of clinical drug
response. If the normalizing response, which occurs after
only a few days of treatment, is confirmed in larger future
studies, this could revolutionise schizophrenia treatment and
drug discovery approaches. As the sample size of individual
antipsychotic drugs in this study was too small to evaluate
metabolic effects of each drug, further studies are also
required to evaluate their specific effects of individual
medications.

A striking finding of this study is the effect of number of
psychotic episodes prior to commencing antipsychotic treat-
ment on the CSF metabolite profile in patients with
schizophrenia. Again, the numbers were relatively small, but
of 21 patients who were commenced on antipsychotic
medication during their first psychotic episode, 57% clus-
tered with healthy controls, whereas six out of the seven
patients who had several psychotic episodes prior to treat-
ment clustered with the group of drug-naı̈ve patients with
first-onset schizophrenia (Figure 2B). These results suggest
that the initiation of antipsychotic treatment during a first
psychotic episode may influence treatment response and/or
indeed outcome. This view is in agreement with the Personal
Assessment and Crisis Evaluation (PACE) clinic study [41], the
Prevention through Risk Identification, Management and
Education (PRIME) study [42] and other ongoing studies that
support the notion that early identification and treatment of
patients at risk of developing schizophrenia may reduce
morbidity and adverse outcomes. Metabonomic approaches
of profiling CSF may provide a novel avenue of achieving
both early diagnosis and aid in monitoring therapeutic
intervention for schizophrenia.

Many patients with schizophrenia are recreational canna-
bis users, and cannabis has a known effect on glucoregulation;
thus we examined this potential confounding factor very
closely. We found that recent cannabis use was associated
with a significant reduction in serum glucose, but observed
no influence on the CSF metabolite profile (Figure S2 and
Table S1).

In summary, we suggest that the application of metabolite
profiling tools can provide an efficient means for early
diagnosis of schizophrenia and provide a practical method
for monitoring therapeutic intervention by providing metrics
for the normalization of biofluid spectra by multivariate
comparison with the relevant control profiles.
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Figure S1. Gender Effect on CSF Metabolic Profile in Drug-Naı̈ve
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The PLS-DA model demonstrates that gender did not influence the
CSF metabolite profile in either healthy volunteers or the group of
drug-naı̈ve patients with schizophrenia.
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Figure S2. CSF Metabolite Profiles of Patients with Schizophrenia
Who Tested Positive for Cannabis on Urine Drug Screen
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Figure S3. Replication of Metabonomic Analysis on CSF Samples
from a ‘‘Training Sample Set’’ Comprising 50 Healthy Volunteers and
37 Drug-Naı̈ve Patients with First-Onset Schizophrenia

PLS-DA scores plot (A) and loadings plot (B) show profiles and
components discriminating between healthy volunteers (in blue) and
drug-naı̈ve patients with schizophrenia from the first cohort (in red),
indicating a similar result as reported in Figure 1. These samples were
independently reanalysed under an identical condition. Note that the
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Found at DOI: 10.1371/journal.pmed.0030327.sg003 (54 KB DOC).

Table S1. Effect of Cannabis Use on Serum and CSF Glucose Levels in
Patients with Schizophrenia
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Accession Numbers
The National Center for Biotechnology Information Unigene

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db¼unigene) accession
number of aspartoacylase (ASPA) is Hs.171142.

Acknowledgments

The authors would like to thank the Stanley Medical Research
Institute and the Henry Smith Charity for centre support, special
thanks to Drs Fuller Torrey, Robert H. Yolken, and Professor Chris
Lowe for intellectual input. Thanks to all other members of the Bahn
laboratory for discussions, help, and encouragement. Most of all,
thanks to all patients and healthy volunteers for their selfless
donation of CSF and blood.

Author contributions. SB initiated and conceptualised the study.
EH, TMT, JTJH, FML, and SB designed the study. TMT, JTJH, and
FML analysed the data. FML, DK, CWG, BMN, SG, and DS enrolled
and assessed patients. EH, TMT, JTJH, FML, DK, JKN, and SB
contributed to writing the paper. EH designed the metabonomic part
of the study. FML raised the funding for the clinical part of the study.
FML, DK, CWG, BMN, SG, and DS selected hospital patients,
examined them clinically, psychiatrically, and neurologically, and
assessed their psychopathology. For most of the patients FML and DK
performed the lumbar punctures, collected blood for metabolic
genetic investigations, performed urine drug screens and initiated
standard biochemical analysis on the samples.

References
1. Nicholson JK, Lindon JC, Holmes E (1999) ‘‘Metabonomics’’: Under-

standing the metabolic responses of living systems to pathophysiological
stimuli via multivariate statistical analysis of biological NMR spectroscopic
data. Xenobiotica 29: 1181–1189.

2. Tsang TM, Griffin JL, Haselden J, Fish C, Holmes E (2005) Metabolic
characterization of distinct neuroanatomical regions in rats by magic angle
spinning 1H nuclear magnetic resonance spectroscopy. Magn Reson Med
53: 1018–1024.

3. 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.

4. Brindle JT, Antti H, Holmes E, Tranter G, Nicholson JK, et al. (2002) Rapid
and noninvasive diagnosis of the presence and severity of coronary heart
disease using 1H-NMR-based metabonomics. Nat Med 8: 1439–1444.

5. Nicholson JK, Holmes E, Lindon JC, Wilson ID (2004) The challenges of
modeling mammalian biocomplexity. Nat Biotechnol 22: 1268–1274.

6. Brindle JT, Nicholson JK, Schofield PM, Grainger DJ, Holmes E (2003)
Application of chemometrics to 1H NMR spectroscopic data to investigate
a relationship between human serum metabolic profiles and hypertension.
Analyst 128: 32–36.

7. Dunne VG, Bhattachayya S, Besser M, Rae C, Griffin JL (2005) Metabolites
from cerebrospinal fluid in aneurysmal subarachnoid haemorrhage
correlate with vasospasm and clinical outcome: A pattern-recognition 1H
NMR study. NMR Biomed 18: 24–33.

PLoS Medicine | www.plosmedicine.org August 2006 | Volume 3 | Issue 8 | e3271426

CSF Metabolic Profile in Schizophrenia



8. Odunsi K, Wollman RM, Ambrosone CB, Hutson A, McCann SE, et al.
(2005) Detection of epithelial ovarian cancer using 1H-NMR-based
metabonomics. Int J Cancer 113: 782–788.

9. Tsang TM, Woodman B, McLoughlin GA, Griffin JL, Tabrizi SJ, et al. (2006)
Metabolic characterization of the R6/2 transgenic mouse model of
Huntington’s disease by high-resolution MAS 1H NMR spectroscopy. J
Proteome Res 5: 483–492.

10. Cheng LL, Newell K, Mallory AE, Hyman BT, Gonzalez RG (2002)
Quantification of neurons in Alzheimer and control brains with ex vivo
high resolution magic angle spinning proton magnetic resonance spectro-
scopy and stereology. Magn Reson Imaging 20: 527–533.

11. Cheng LL, Ma MJ, Becerra L, Ptak T, Tracey I, et al. (1997) Quantitative
neuropathology by high resolution magic angle spinning proton magnetic
resonance spectroscopy. Proc Natl Acad Sci U S A 94: 6408–6413.

12. Beckwith-Hall BM, Nicholson JK, Nicholls AW, Foxall PJ, Lindon JC, et al.
(1998) Nuclear magnetic resonance spectroscopic and principal compo-
nents analysis investigations into biochemical effects of three model
hepatotoxins. Chem Res Toxicol 11: 260–272.

13. Holmes E, Foxall PJ, Spraul M, Farrant RD, Nicholson JK, et al. (1997) 750
MHz 1H NMR spectroscopy characterisation of the complex metabolic
pattern of urine from patients with inborn errors of metabolism: 2-
Hydroxyglutaric aciduria and maple syrup urine disease. J Pharm Biomed
Anal 15: 1647–1659.

14. Garseth M, Sonnewald U, White LR, Rod M, Nygaard O, et al. (2002)
Metabolic changes in the cerebrospinal fluid of patients with lumbar disc
herniation or spinal stenosis. J Neurosci Res 69: 692–695.

15. Braun KP, Gooskens RH, Vandertop WP, Tulleken CA, van der Grond J
(2003) 1H magnetic resonance spectroscopy in human hydrocephalus. J
Magn Reson Imaging 17: 291–299.

16. Koschorek F, Offermann W, Stelten J, Braunsdorf WE, Steller U, et al.
(1993) High-resolution 1H NMR spectroscopy of cerebrospinal fluid in
spinal diseases. Neurosurg Rev 16: 307–315.

17. Hashimoto K, Engberg G, Shimizu E, Nordin C, Lindstrom L, et al. (2005)
Elevated glutamine/glutamate ratio in cerebrospinal fluid of first episode
and drug naive schizophrenic patients. BMC Psychiatry 5: 1–6.

18. White LR, Garseth M, Aasly J, Sonnewald U (2004) Cerebrospinal fluid from
patients with dementia contains increased amounts of an unknown factor. J
Neurosci Res 78: 297–301.

19. Do KQ, Trabesinger AH, Kirsten-Kruger M, Lauer CJ, Dydak U, et al. (2000)
Schizophrenia: Glutathione deficit in cerebrospinal fluid and prefrontal
cortex in vivo. Eur J Neurosci 12: 3721–3728.

20. Wold S, Antti H, Lindgren F, Ohman J (1998) Orthogonal signal correction
of near-infrared spectra. Chemometrics Intelligent Lab Systems 44: 175–
185.

21. Henderson DC, Cagliero E, Copeland PM, Borba CP, Evins E, et al. (2005)
Glucose metabolism in patients with schizophrenia treated with atypical
antipsychotic agents: A frequently sampled intravenous glucose tolerance
test and minimal model analysis. Arch Gen Psychiatry 62: 19–28.

22. Newcomer JW (2004) Abnormalities of glucose metabolism associated with
atypical antipsychotic drugs. J Clin Psychiatry 65: 36–46.

23. Ryan MC, Collins P, Thakore JH (2003) Impaired fasting glucose tolerance
in first-episode, drug-naive patients with schizophrenia. Am J Psychiatry
160: 284–289.

24. Henderson DC, Ettinger ER (2002) Schizophrenia and diabetes. Int Rev
Neurobiol 51: 481–501.

25. Arranz B, Rosel P, Ramirez N, Duenas R, Fernandez P, et al. (2004) Insulin
resistance and increased leptin concentrations in noncompliant schizo-

phrenia patients but not in antipsychotic-naive first-episode schizophrenia
patients. J Clin Psychiatry 65: 1335–1342.

26. Dinan T, Peveler R, Holt R (2004) Understanding schizophrenia and
diabetes. Hosp Med 65: 485–488.

27. Elman I, Rott D, Green AI, Langleben DD, Lukas SE, et al. (2004) Effects of
pharmacological doses of 2-deoxyglucose on plasma catecholamines and
glucose levels in patients with schizophrenia. Psychopharmacology (Berl)
176: 369–375.

28. Iwamoto K, Bundo M, Kato T (2005) Altered expression of mitochondria-
related genes in postmortem brains of patients with bipolar disorder or
schizophrenia, as revealed by large-scale DNA microarray analysis. Hum
Mol Genet 14: 241–253.

29. Karry R, Klein E, Ben Shachar D (2004) Mitochondrial complex I subunits
expression is altered in schizophrenia: A postmortem study. Biol Psychiatry
55: 676–684.

30. Pierre K, Pellerin L (2005) Monocarboxylate transporters in the central
nervous system: Distribution, regulation and function. J Neurochem 94: 1–
14.

31. Hawkins RA, Mans AM, Davis DW (1986) Regional ketone body utilization
by rat brain in starvation and diabetes. Am J Physiol 250: E169–E178.

32. Fernandes J, Berger R, Smit GP (1982) Lactate as energy source for brain in
glucose-6-phosphatase deficient child. Lancet 1: 113.

33. Kammula RG, Fong BC (1973) Metabolism of glucose and acetate by the
ovine brain in vivo. Am J Physiol 225: 110–113.

34. Madhavarao CN, Arun P, Moffett JR, Szucs S, Surendran S, et al. (2005)
Defective N-acetylaspartate catabolism reduces brain acetate levels and
myelin lipid synthesis in Canavan’s disease. Proc Natl Acad Sci U S A 102:
5221–5226.

35. Chakraborty G, Mekala P, Yahya D, Wu G, Ledeen RW (2001) Intraneuronal
N-acetylaspartate supplies acetyl groups for myelin lipid synthesis:
Evidence for myelin-associated aspartoacylase. J Neurochem 78: 736–745.

36. Steen RG, Hamer RM, Lieberman JA (2005) Measurement of brain
metabolites by 1H magnetic resonance spectroscopy in patients with
schizophrenia: A systematic review and meta-analysis. Neuropsychophar-
macology 30: 1949–1962.

37. Prabakaran S, Swatton JE, Ryan MM, Huffaker SJ, Huang JT, et al. (2004) .
(2004) Mitochondrial dysfunction in schizophrenia: Evidence for compro-
mised brain metabolism and oxidative stress. Mol Psychiatry 9: 684–697,
643.

38. Hakak Y, Walker JR, Li C, Wong WH, Davis KL, et al. (2001) Genome-wide
expression analysis reveals dysregulation of myelination-related genes in
chronic schizophrenia. Proc Natl Acad Sci U S A 98: 4746–4751.

39. Maillet S, Vion-Dury J, Confort-Gouny S, Nicoli F, Lutz NW, et al. (1998)
Experimental protocol for clinical analysis of cerebrospinal fluid by high
resolution proton magnetic resonance spectroscopy. Brain Res Brain Res
Protoc 3: 123–134.

40. Regenold WT, Phatak P, Kling MA, Hauser P (2004) Post-mortem evidence
from human brain tissue of disturbed glucose metabolism in mood and
psychotic disorders. Mol Psychiatry 9: 731–733.

41. McGorry PD, Yung AR, Phillips LJ, Yuen HP, Francey S, et al. (2002)
Randomized controlled trial of interventions designed to reduce the risk of
progression to first-episode psychosis in a clinical sample with subthres-
hold symptoms. Arch Gen Psychiatry 59: 921–928.

42. McGlashan TH, Zipursky RB, Perkins D, Addington J, Miller T, et al. (2006)
Randomized, double-blind trial of olanzapine versus placebo in patients
prodromally symptomatic for psychosis. Am J Psychiatry 163: 790–799.

PLoS Medicine | www.plosmedicine.org August 2006 | Volume 3 | Issue 8 | e3271427

CSF Metabolic Profile in Schizophrenia



Editors’ Summary

Background Biological markers, or ‘‘biomarkers,’’ are combinations of
molecules that are present in certain diseases. Scientists are interested in
discovering new biomarkers because they could be useful for diagnosis
of those diseases. The presence of such biomarkers might in some cases
even precede the development of disease symptoms, which could help
in early diagnosis, treatment, and maybe even prevention. Schizophrenia
is a disease for which no ‘‘objective’’ biological test exists, and scientists
are trying to find biomarkers that would help with diagnosis. The current
diagnosis of schizophrenia is based on the symptoms experienced and
reported by the patient, in combination with signs observed by a
psychiatrist, clinical psychologist, or other clinician.

Why Was This Study Done? This study was done to search for
biomarkers for schizophrenia. The researchers studied the metabolic
state of patients and healthy volunteers (controls). In other words, they
focused on the small molecules present in cells, tissues, or body fluids.
The metabolic state reflects what has been encoded by a person’s genes
and modified by environmental factors. Focusing on the metabolic state
makes sense for a disease like schizophrenia, since many different
genetic and environmental factors are thought to be responsible for
causing it.

What Did the Researchers Do and Find? The researchers studied the
metabolic state of 82 patients with schizophrenia and 70 healthy
controls by studying the levels of different molecules present in their
cerebrospinal fluid (the clear body fluid that surrounds the brain and the
spinal cord). Of the patients, 54 had just been diagnosed with
schizophrenia (or a similar illness called brief psychotic disorder) and
had not yet taken any medications to treat schizophrenia (so-called
antipsychotic medication). The remaining patients were undergoing
treatment with a range of antipsychotic drugs. The researchers found
different levels of certain molecules in the spinal fluid of newly

diagnosed patients who had never taken schizophrenia drugs compared
with healthy individuals of the same ages. These molecules might
therefore turn out to be useful biomarkers for schizophrenia. The
differences between patients and controls suggested that the metab-
olism of several substances—including glucose and acetate—might be
altered in the brains of patients with schizophrenia or brief psychotic
disorder. The researchers also found that the levels of these molecules in
some of the patients with newly diagnosed schizophrenia who were
given medication became similar to the levels in the control individuals.

What Do These Findings Mean? These results are encouraging because
they suggest that studying ‘‘metabolic profiles’’ might lead to finding a
set of biomarkers that could reliably help in early diagnosis of
schizophrenia. Such biomarkers might possibly also help in monitoring
patients’ responses to drug treatment. However, as acknowledged by
the study’s authors and emphasized by Rima Kaddhurah Daouk in an
accompanying Perspective, these early results need to be tested in larger
studies and confirmed before their clinical relevance will be known. It will
be important for such follow-up studies to involve patients with other
psychiatric diseases (not just schizophrenia), to see whether the
biomarkers are specific to schizophrenia or whether they indicate a
broader range of psychiatric diseases.

Additional Information. Please access these Web sites via the online
version of this summary at http://dx.doi.org/10.1371/journal.pmed.
0030327.
� National Institutes of Mental Health pages on schizophrenia
� The National Alliance for Research on Schizophrenia and Depression
� The National Alliance for the Mentally Ill
� The Schizophrenia Society of Canada
� Wikipedia page on schizophrenia (note: Wikipedia is an online

encyclopedia that anyone can edit)
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