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Abstract

Measuring biomarkers to identify and assess illness is a strategy growing in popularity and relevance. Although already in clinical use for treat-
ing and predicting cancer, no biological measurement is used clinically for any psychiatric disorder. Biomarkers could predict the course of a
medical problem, and aid in determining how and when to treat. Several studies have indicated that of candidate psychiatric biomarkers
detected using proteomic techniques, cholesterol and associated proteins, specifically apolipoproteins (Apos), may be of interest. Cholesterol is
necessary for brain development and its synthesis continues at a lower rate in the adult brain. Apos are the protein component of lipoproteins
responsible for lipid transport. There is extensive evidence that the levels of cholesterol and Apos may be disturbed in psychiatric disorders,
including autistic spectrum disorders (ASD). Here, we describe putative serum biomarkers for psychiatric disorders, and the role of cholesterol
and Apos in central nervous system (CNS) disorders.
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Introduction

Measuring biomarkers to predict or identify illness is a strategy that
is growing in popularity and relevance. Although the term biomarker
has been used permissively in recent years, the United States Food

and Drug Administration (FDA) strictly defines a biomarker as an
objective measurement of a normal biological process, a pathologi-
cal biological process or an objective measurement that indicates

*Correspondence to: Prof. Alisa G. WOODS
Department of Chemistry & Biomolecular Science, Clarkson University,

Box 5810, 8 Clarkson Avenue, Potsdam, NY 13699, USA.

Tel.: (315) 268-7763
Fax: (315) 268-6610

E-mail: awoods@clarkson.edu

doi: 10.1111/j.1582-4934.2012.01543.x
ª 2012 The Authors

Journal of Cellular and Molecular Medicine © 2012 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

J. Cell. Mol. Med. Vol 16, No 6, 2012 pp. 1184-1195



pharmacological response to a therapeutic (reviewed by [1]).
Although biomarkers are already in clinical use for treating and pre-
dicting diseases such as cancer [2–4], only candidate biomarkers are
currently under study in the field of psychiatry. No true biomarker is
currently used clinically to diagnose or identify any psychiatric disor-
der, despite proposals that biological changes underlie or contribute
to many psychiatric syndromes. Biomarkers could lend a special sig-
nificance to the field of psychiatry [5, 6]. Many psychiatric disorders
have an unclear cause and biomarkers could help to clarify the aetiol-
ogy of psychiatric problems, or confirm that individuals categorized
with the same disorder in fact have distinct syndromes with identical
symptoms. They could aid in helping to predict the course of a disor-
der, and in determining how and when to treat. Perhaps based on this
promise, interest in putative psychiatric biomarkers has recently
spiked, with over 200 scientific articles published on this topic in
2008 according to one literature search, compared with no articles in
2002 and very few in previous years [6].

A potential molecular biomarker may consist of a difference in a
measurable biochemical parameter, either intracellular or extracellu-
lar, between physiological and pathological states. Candidate biomar-
kers may be genes and their RNA transcription products, proteins
and their post-translational modification or even higher order struc-
tures such as cholesterol lipid rafts and protein complexes or small
molecular weight metabolites. Therefore, virtually almost any intracel-
lular or extracellular molecule from the body may be a molecular bio-
marker candidate if changes in its levels are associated with a disease
or disorder. Most researchers recognize biomarkers as an actual mol-
ecule or molecules, but biomarkers can consist of other characteris-
tics. Although not under discussion in the present review, patterns of
brain activity (such as those identified by functional magnetic reso-
nance imaging, single photon emission computed tomography or
electroencephalography), have also been explored as potential psy-
chiatric biomarkers [7, 8]. One molecular biomarker, if used for diag-
nostic and/or prognostic purposes, may not have the strongest
statistical power by itself. Therefore, the current trend in molecular
biomarker research leans towards identifying a signature of a set of
biomarkers.

Candidate genomic biomarkers have been found for several psy-
chiatric problems [9–12], often confirming the heritability of many
disorders that were previously implicated based on familial patterns.
The role of specific gene mutations and their interaction with environ-
mental pressures to ultimately cause a psychiatric problem has been
a topic of several studies [13–16]. However, although gene informa-
tion is useful, genomic information does not necessarily reflect active
protein levels [17] or tell the researcher about possible important
post-translational modifications such as glycosylation, phosphoryla-
tion or formation/destruction of disulphide bridges to keep/disturb
the protein’s three-dimensional structure [18]. Such additional prote-
omic information may expand possibilities for a disorder’s identifica-
tion in clinical tests. Proteins represent the functional molecules in a
biological system; therefore, study of proteins may take a researcher
closer to identifying the cause of a disorder and could also suggest
targets for therapeutics. Protein profiling of serum candidate biomar-
kers in psychiatry is therefore an area of great interest and one with
great potential.

Methods for proteomic analysis

Sample fractionation/biochemical fractionation

Protein profiling in psychiatric research often involves examining pro-
teins in blood sera or plasma, cerebrospinal fluid (CSF), saliva or
urine. Sometimes, brain can be analysed if post-mortem or biopsied
tissue is available. Blood sera are generally the most common fluid
used. Advantages of protein profiling over genomic profiling include
the possibility that levels of protein may alter along with the severity
of the disorder or particular symptoms of the disorder. Protein levels
could therefore be monitored not simply to determine disease pres-
ence but also severity and to gauge response to treatment. Several
systems have been used to study proteins including Western blotting,
ELISA, immunocytochemistry, protein chips and proteomics. Proteo-
mics in particular may be an advantageous approach for understand-
ing psychiatric disorders, as proteomic methods are relatively
unbiased and reveal changed proteins without the need for a priori
hypotheses [19, 20]. In addition, proteomic techniques, when cus-
tomized for particular needs, can theoretically identify any protein that
is altered relative to healthy controls, whereas other techniques
enable the measurement of only one or few pre-specified proteins
[21–25]. Based on the complex nature of psychiatric disorders, one
might expect the need to monitor multiple rather than single proteins
[26].

A proteomics experiment usually involves biochemical fraction-
ation of proteins and their identification by mass spectrometry (MS)
[27–33]. The biochemical fractionation is performed by most
researchers using electrophoresis and chromatography. These meth-
ods separate proteins according to their intrinsic (isoelectric point,
molecular mass, hydrophobicity, etc.) and extrinsic (external charge
induced by the buffer, detergent or dye) properties. Examples of
electrophoresis methods include sodium dodecyl-sulphate polyacryl-
amide gel electrophoresis (SDS-PAGE), Tricine-PAGE, and Blue-Native
PAGE. In addition to electrophoresis, chromatography is a choice for
protein separation. Among them, ion exchange chromatography, size
exclusion chromatography, hydrophobic interactions (or normal and
reversed phase) chromatography and affinity chromatography are the
most used methods. Given the wide range of choices for biochemical
separation of proteins, protein complexes and peptides, countless
possibilities for analyses exist. Once the proteins and peptides are
biochemically fractionated, they are analysed by MS. In MS, the
sample is ionized in the ionization source; then it travels through a
mass analyser according to the mass over charge and then hits the
detector, where the spectra are recorded.

MS

MS analyses of proteins and peptides are usually performed using
Matrix Assisted Laser Desorption Ionization Mass Spectrometry
(MALDI-MS) and/or electrospray-ionization-mass spectrometry (ESI/
MS). In MALDI-MS, the protein or peptide sample is co-crystalized
with a matrix (a compound that absorbs easily UV light and becomes
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ionized and then ionizes the protein or peptide sample), while in ESI/
MS, the sample is ionized using the electric current (electrospray
source). Depending on the type of the mass spectrometer, the sample
may be analysed in either MS mode or in MS/MS mode. In MS mode,
the compound to be analysed (protein or peptide) is ionized in the ion
source, then analysed in the analyser and then detected in the detec-
tor. In MS/MS mode, the protein or peptide of interest is analysed
twice: first, it is analysed in MS mode, as previously explained, then
the peak that corresponds to this peptide or protein is selected and
fragmented in pieces in MS/MS mode, and then the peaks that corre-
spond to the fragments are analysed in the analyser and then detected
in the detector.

A common combination that is widely used in proteomics is a
mass spectrometer with ESI source and MS/MS capability combined
with a liquid chromatography system (also called HPLC or high-per-
formance liquid chromatography). A system capable of very low flow
rates is named liquid chromatography tandem mass spectrometry
(LC-MS/MS). Therefore, instead of analysing a considerable number
of peptides simultaneously (and detecting only the most abundant
peptides) by ESI-MS, pre-fractionation of these peptides on a HLPC
prior to their analysis by MS allows sequential analysis of more pep-
tides within the same experiment. In other words, if one has a sample
with 100 peptides and analyses them simultaneously by ESI-MS,
there would not be enough time to analyse all of them at once. How-
ever, if one uses LC-MS/MS, prefractionation performed by HPLC,
this would allow the MS to analyse a higher number of peptides from
the same sample.

Although the ionization methods are quite different (ESI source
for ESI-MS and MALDI source for MALDI-MS), these two ionization
methods do not exclude each other. On the contrary, these methods
complement each other quite well. Regardless of the MS method cho-
sen (MALDI-MS or LC-MS/MS), the end result is identification of a
protein or a set of proteins. An example of a full proteomics experi-
ment is shown in Figure 1. An example of a LC-MS/MS analysis of a
peptide mixture, leading to the identification of a peptide that is part
of ApoA1 protein, is shown in Figure 2.

In addition to qualitative information, MS may provide quantitative
information about a particular protein. Methods such as differential
gel electrophoresis (DIGE) [34], isotope-coded affinity tag (ICAT)
[35], stable isotope labelling by amino acids in cell culture (SILAC)
[36], absolute quantification (AQUA) [37], multiple reaction monitor-
ing (MRM) [38], or spectral counting [39] allow detection, identifica-
tion and quantification of proteins or peptides.

The cholesterol system

Cholesterol and apolipoproteins

Several studies have indicated that of the candidate psychiatric bio-
markers that can be detected using the previously mentioned proteo-
mic techniques, cholesterol and proteins associated with the
cholesterol system, specifically Apos, may be of particular interest
[19, 22, 40, 41].

Almost every bodily cell can synthesize cholesterol from acetyl-
CoA and Apos of different types help transport cholesterol throughout
the body and facilitate the uptake of cholesterol by cells. The compo-
sition of cholesterol plus an Apo (as well as other molecules such as
phospholipids and triacylglycerols that can surround the lipid) is
known as a lipoprotein [42]. Cholesterol the molecule is therefore dis-
tinct from common clinical terms regarding total cholesterol, which
refer to the composition of low-density lipoprotein (LDL), high-den-
sity lipoprotein (HDL), and triglycerides [43]. LDL is well known as
‘bad cholesterol’ with the potential to build up on artery walls, form
plaques and eventually atherosclerosis. HDL is the ‘good’ cholesterol,
as higher HDL levels can prevent heart disease. HDL may actually
remove cholesterol from plaques. Triglycerides are a form of bodily
fat that also make up total cholesterol. High triglyceride levels can
also contribute to high total cholesterol level and heart disease [43].
In the CNS, perturbations of the vascular system via cholesterol
build-up can naturally contribute to stroke and possibly compromise
the blood–brain barrier, causing or exacerbating a disorder.

Fig. 1 Example of a proteomics experiment. The sample is fractionated

during the sample preparation. The fractionation may be electrophoresis

(e.g. two dimensional electrophoresis, 2DE) or HPLC or other standard
biochemical fractionation methods. The sample is then digested by an

enzyme (usually trypsin) and then is ionized in the ion source of the

MALDI-MS or ESI-MS mass spectrometer. The ions fly and are sorted
through different types of mass analysers (Time of Flight, Quadrupole,

Ion trap or a combination of them) and then are detected in the ion

detector and recorded in a mass spectrum. If a protein is cleaved upon

trypsin digestion in, for example, 10 peptides and only seven of them
can fly into the mass spectrometer (e.g. due to their hydrophobicity or

lack of basic residues or small size), then data analysis can lead to

identification of the protein through a procedure named peptide mass

fingerprinting (e.g. seven of ten peptides match with the peptides from
a protein and ultimately lead to identification of that protein). In a differ-

ent procedure shown in more detail in Figure 2, one of these seven

peptides can be selected for fragmentation by the mass spectrometer
and the fragmentation can lead to determination of the amino acid

sequence of that peptide (which is part of the protein), which by itself

can identify the full length protein.
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Cholesterol

Cholesterol is necessary for brain development and its synthesis con-
tinues in the adult brain, although at a lower rate than when the brain
is developing [44]. Cholesterol is an important part of cell plasma
membranes [45, 46], helping to determine membrane permeability to
molecules as well as charged ions [44] and cholesterol is needed for
synapse formation [47]. Naturally, this makes cholesterol important
for normal neuron signalling. About 25% of all human bodily choles-
terol is found in the brain, where cholesterol is made by both astro-
cytes and oligodendroglia. Almost all brain cholesterol is un-esterified
and about 70% of brain cholesterol is found in myelin and the remain-
ing cholesterol resides in neuronal and astrocytic plasma membranes

[48]. Cholesterol in the brain is synthesized locally, due to the pres-
ence of the blood–brain barrier. This makes recycling of brain choles-
terol by Apos particularly important, as little cholesterol is derived
directly from lipoprotein cholesterol found in the circulation [48]. Apo
interactions with cholesterol are therefore highly relevant to consider
when studying CNS conditions.

Apos

Apos are the protein component of lipoproteins responsible for lipid
transport. They combine with free cholesterol, cholesterol esters,
phospholipids, and triacylglycerols, forming lipoproteins. Combina-

Fig. 2 LC-MS/MS analysis of a peptide mixture for identification of ApoA1. The serum sample was separated by Tricine PAGE gel electrophoresis
and the gel bands were cut according to their molecular mass and digested by trypsin. Here, the gel band that corresponds to about 25 kD was

digested and analysed. The resulting peptide mixture was loaded onto a C18 reversed phase column and separated over a 60-min. linear gradient

using an aqueous solution (solution A, which consisted of 0.1% (v/v) formic acid in HPLC water) and an organic solution [solution B, which con-
sisted of 0.1% (v/v) formic acid in acetonitrile]. The gradient was achieved via a constant increase in the organic solvent from 2% to 55% in

40 min., followed by washing with 55% solution B for 2 min., a linear gradient from 55% solution B to 100% solution B over 5 min., washing with

100% solution B for 3 min. and then re-equilibration of the column with 2% solution B over the last 10 min. of run (A). The sample was fraction-

ated using a Waters Alliance 2695 HPLC and analysed by a Micromass/Waters QTOF Micro mass spectrometer. During separation of the peptides
by liquid chromatography (A), the mass spectrometer recorded a MS survey mass spectrum (B), in which one double-charged peak (2+) at m/z of

804.07 (expanded in the inbox) was fragmented by MS/MS and produced a MS/MS spectrum (C). Each MS/MS results from fragmentation of a pep-

tide into peaks that correspond to the amino acid components of the peptide. Therefore, fragmentation of a peptide by MS/MS could lead to identifi-

cation of that peptide by data analysis, which, in theory, could also lead to identification of one protein. The resulting peaks in the MS/MS spectrum
correspond to a, b and y ions (mostly the peptidic bonds from the peptides are broken) from a peptide, which was part of ApoA1 protein. Data anal-

ysis of these peaks led to identification of the peptide with the amino acid sequence shown in (C). Data analysis of the MS/MS that corresponds to

the peptide shown in (C), either alone or in combination with the data that resulted from the MS/MS of other peptides that are part of ApoA1 led to

identification of the protein from the 25 kD band as ApoA1.
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tions of the Apo proteins with lipids can form different density parti-
cles, including low-density chylomicrons, VLDLs up to very high-den-
sity lipoproteins (VHDLs) [42]. This gene family includes APOA1,
APOA2, APOA4, APOB-48, APOB-100, APOCI, APOCII, APOCIII,
APOD, APOE, APOJ, APOL2, APOH [42, 49]. Some atypical Apos do
not form lipoproteins independently, but associate with other Apos or
associate with other molecules via unconventional hydrophobic bind-
ing [49]. The function of Apos is principally to make lipoproteins sta-
ble and soluble in the blood. They therefore maintain the structure of
lipoproteins, act as cofactors in enzymatic reactions and as lipopro-
tein receptor ligands [42]. The Apos found at the highest levels in CSF
include ApoE and ApoA1. ApoJ, ApoD, ApoA2 and ApoA4 are also
found in the CSF at lower levels [50, 51]. Some notable Apos that
have been implicated in psychiatric and neurological conditions
include ApoE, ApoB, ApoA1 and ApoA4 [19, 52, 53].

ApoE

ApoE is found in all plasma lipoproteins. About 10–20% of VLDLs are
composed of apoE and 1–2% of HDLs. ApoE has three common
potential isoforms, E2, E3 and E4 [54]. It is critical for cholesterol
transport and lipoprotein particle metabolism and may also be
involved in immune regulation, nerve regeneration, lipolytic enzyme
activation, synaptogenesis, may be a ligand for various receptors and
may promote neuronal homeostasis as well as tissue repair [53, 55].
ApoE is synthesized in most organs and substantial amounts are pro-
duced in brain [56], which is the site in the body with the second
greatest synthesis [57]. Brain-derived ApoE is separate from periph-
eral ApoE [58], primarily secreted and synthesized by astrocytes [59],
although APOE is expressed by other brain cells, including neurons
(reviewed in [49]). ApoE-containing lipoproteins bind LDL receptors
found in neuronal membranes, acting to signal both axonal growth
and neuron survival [59, 60]. Both ApoE and cholesterol are essential
for maintaining both myelin and neuronal synapses [55].

ApoB

ApoB is produced primarily in liver and intestine [61] and is found in
two forms, named ApoB48 and ApoB100 [62, 63]. It is the principal
protein comprising plasma chylomicrons, VLDL and LDL [61].
ApoB100 is also found in intermediate density lipoproteins (IDL) and
HDL [19]. The interaction between LDL and the LDL receptor is medi-
ated by ApoB100 [64]. Modification of the APOB gene in mice can
result in hydrocephaly or exocephaly, pointing towards a possible
critical role in CNS development [65, 66].

ApoA1 and ApoA4

ApoA1 is the major protein component of HDL [56, 67]. It also facili-
tates reverse transport of cholesterol from tissues for excretion and
by acting as a lecithin cholesterol acetyltransferase cofactor [68].
ApoA1 is present in neurons in the brain and spinal cord [69–71]

attesting to a possible role in cognition and mental processes. In con-
trast to ApoE, it is synthesized in the plasma and enters the brain by
crossing the blood–brain barrier [72, 73]. ApoA4 is a major compo-
nent of chylomicrons and HDL, and to a limited extent VLDL [74].
ApoA4 may increase HDL formation and facilitate triglyceride clear-
ance [75] and helps to remove cholesterol from peripheral cells, facil-
itating cholesterol deposition in the liver [74]. ApoA4 is mainly
synthesized in the intestine and is secreted into plasma [56]. In the
brain, it is also produced in the hypothalamus where it may act as a
satiety signal [76].

The cholesterol system and specific
disorders

Alzheimer’s disease

The present review focuses primarily on psychiatric versus neurologi-
cal illness; however, Alzheimer’s disease (AD) merits particular men-
tion due to the extensive literature attesting to cholesterol
dysregulation in this CNS disorder [77]. Elevated total cholesterol and
LDL levels correspond to increased neuritic plaque density in people
with AD; this correlation is stronger for people with the APOE4 allele
[78]. Having the ApoE4 isoform is the most established genetic risk
factor for late-onset AD [53, 79]. A protective role of the ApoE2 iso-
form has been proposed for late-onset AD [80]. Polymorphisms in
APOC1, APOJ (clusterin) and APOD have been identified as AD risk
factors as well [77, 81]. ApoB has been colocalized to amyloid pla-
ques in a mouse model of AD and in people with AD [82, 83] and
ApoB over-expression leads to neuronal degeneration in transgenic
mice [84]. Increases in serum ApoB relative to age-matched controls
have been observed in people with AD [85]. Supporting the possibility
that Alzheimer’s may at least in part be a vascular disease, increased
ApoB levels and APOB polymorphisms are associated with increased
stroke risk [86–88]. ApoA1 declines have been associated with AD
and AD animal models [52, 89, 90], as well as mild cognitive impair-
ment [90, 91]. Increased ApoA1 benefits cognitive performance in an
AD mouse model [92] and in humans with multiple sclerosis [93].

Schizophrenia

Much literature on schizophrenia focuses on the cholesterol perturba-
tions and other metabolic side effects that occur as a result of anti-
psychotic treatment [94]. The present review does not consider the
effects of drug treatment on cholesterol, but instead attempts to
focus on cholesterol system disturbances that may occur intrinsic to
the disease state. For example, increased levels of the ApoE4 isoform
has been reported for schizophrenia [95], although other studies
failed to support an association between ApoE4 alternations and
schizophrenia [96, 97]. Increased levels of brain and CNS ApoE pro-
tein [98–101] and LDL receptor-related protein [100] have also been
observed, but also decreases in plasma ApoE [102]. ApoA1 declines
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have been associated with schizophrenia [40, 103, 104], although
one study identified increases in CNS ApoA1 [101]. Variability in mea-
surements of cholesterol-associated molecules may reflect schizo-
phrenia heterogeneity. Although the direction of Apo disturbances is
unclear in schizophrenia, aberrations in the system do seem consis-
tent. Cholesterol metabolism in schizophrenia (independent of anti-
psychotic effects) warrants further study and elucidation.

Depression

The role of cholesterol levels in affective disorders has been fre-
quently suggested, although whether or not cholesterol perturba-
tions consistently occur in mood disorders such as depression
remains a topic of debate [105]. For example, total cholesterol has
been found to be lower in depressed people versus controls, with
lower HDL, LDL and higher LDL triglyceride/ApoB ratio as well as
more artherogenic LDL particle size in depressed individuals [106–
108]. Low cholesterol has also been associated with increased suici-
dality [109]. Low LDL and LDL/HDL and LDL/ApoB ratios are
reversed by antidepressant treatment, which is considered to be a
favourable change in serum lipoproteins [106]. Low levels of HDL
cholesterol are associated with long symptom duration [107]. In
contrast, another study found that total cholesterol, HDL-cholesterol,
LDL-cholesterol and ApoB levels were significantly higher and ApoA1
levels were significantly lower in people with major depression ver-
sus non-depressed controls [110].

Developmental disorders: ASDs

Autistic spectrum disorders are characterized by impaired social
interaction, stereotyped behaviours/interests and communication
deficits. They include ‘classic’ autism, Asperger’s syndrome and
pervasive developmental disorder not otherwise specified (PDD-
NOS or atypical autism) [111]. Proteomic analysis in ASD is a spar-
sely explored research area with great potential. Much research
indicates that cholesterol, in particular, may be altered in ASD [41].
A study examining ASD/non-ASD sibling pairs found dysregulation
of cholesterol metabolism-associated genes in ASD [112]. Smith-
Lemli-Opitz-Syndrome (SLOS) is an inborn decrease of cholesterol
synthesis associated with ASD symptoms [113–115]. SLOS symp-
toms improve rapidly with cholesterol supplementation and ASD-
affected children without SLOS have been identified with low total
cholesterol [41]. However, SLOS is an uncommon cause of ASDs
(about 1%). A recent study found that as high as 20% of an ASD
sample of 100 children with ASD had hypocholesterolemia, suggest-
ing that other syndromes associated with ASD may be characterized
by low cholesterol [116]. For example, X-linked ichthyosis is
another cholesterol-related disorder in which ASD symptoms are
present [117]. Higher triglycerides (TG), lower HDL and LDL/HDL
ratio were observed in autistic versus healthy boys [118]. Elevated
total cholesterol and LDL have been observed in Asperger syn-
drome [119]. In addition, the levels of ApoB100 and ApoA4 were
higher in children with high versus low-functioning autism [19].

Studies investigating ApoE expression and autism have failed to find
any association [120, 121]. In reflection of the possible important
role of cholesterol in ASD, a large-scale clinical trial examining cho-
lesterol supplementation on ASD symptoms has been initiated
[122]. Recently, Taurines et al. (2010) found differences in the pro-
tein content of sera taken from 16 children with ASD versus 16
age-matched normal controls using matrix-assisted laser desorp-
tion/ionization-time of flight-mass spectrometry (MALDI-ToF-MS),
but were not able to specify which proteins were altered [22, 123].
They have suggested that one of the proteins may be an Apo [20].
Interestingly, in another developmental disorder, attention deficit
hyperactivity disorder (ADHD), free cholesterol, HDL and ApoA1
were found to be higher in children with ADHD versus controls
[124]. Cholesterol parameters in ADHD remain relatively unex-
plored.

Discussion

Proteomic considerations for analysis of Apos

The significance of cholesterol and of Apos in psychiatric disorders
is still under-investigated and their roles wait to be revealed. Bio-
chemically, Apo proteins are intensely post-translationally modified,
which make it difficult to monitor these proteins in bodily fluids such
as sera. For example, ApoE [54, 125–127] has 317 amino acids
(36 kD), but the first 18 are removed (signal sequence) and the
remaining protein is post-translationally modified by phosphorylation
at one serine residue and glycosylation of both N-linked- (one site)
and O-linked (two sites) oligosaccharides. ApoB isoforms [62, 128–
131], ApoB100 and ApoB48, derive from the same initial APOB gene,
but due to an editing event, a stop codon is introduced in the mRNA
sequence and the ApoB48 is produced. ApoB100 has 4563 amino
acids (515 kD) and ApoB48 has 2179 amino acids (243 kD). ApoBs
are also intensely post-translationally modified. Both proteins have a
27 amino acid signal sequence that is removed upon secretion.
ApoB100 has 19 potential sites for N-linked oligosaccharides, 8 di-
sulphide bridges, two serine residues phosphorylated, one lysine
modified at the N6 by an acetyl group, and one cysteine modified to
S-palmitoyl-cysteine.

ApoA1 [132–136] has 267 amino acids (31 kD). ApoA1 is pro-
cessed from the pre-pro-protein into pro-protein through removal of
the first 18 amino acids and then it is secreted into the blood stream,
where is further processed into fully mature protein, by removal of six
amino acids from the N-terminal part of the protein. Furthermore, this
protein is also processed at the C-terminus, where one amino acid is
removed, resulting in two protein isoforms: ApoA1 and ApoA1 (1-
242). This protein is further modified by a phosphate group at one
serine residue and by glycation at an asparagine residue. Further-
more, it has also been reported that ApoA1 is cleaved by serum prote-
ases into a 14 kD fragment and the rest of the protein is degraded.
ApoA4 [133, 137] has 396 amino acids (45 kD) and is one of the Apo
proteins with the fewest post-translational modifications. The
secreted form of the protein has the first 20 amino acids removed
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(signal sequence) and is then phosphorylated at one serine residue. A
summary of the post-translational modifications in ApoE, ApoB,
ApoA1 and ApoA4 proteins is shown in Figure 3.

As observed from only a few examples, there are many places
where a protein can go wrong. If one glycosylation site that is sup-
posed to be occupied by an oligosaccharide is not occupied the solu-
bility of the protein decreases and therefore its serum lifetime as well.
If two cysteine residues are supposed to be disulphide bridges, but
they are not, then the conformation of that protein may not be suit-
able for transport of cholesterol, or may not even be functional. Even
worse, the free cysteine residues may form disulphide bonds with
other proteins (similar or different proteins), leading to formation of
aggregates in the blood that damage kidney function. Other insuffi-
cient or excessive modifications such as phosphorylation, palmitoyl-
aton or acetylation may also responsible for changing the levels of
proteins in general, and Apo proteins in particular, that may lead to
diseases and/or disorders. To identify and thereby help prevent or
treat a disease or disorder, MS and proteomics may be one option,
although it is far too early to be validated as the method of choice by
any scientist.

Considering diet and lifestyle effects on the
cholesterol system

When conducting proteomic research, extrinsic effects, in particular
diet, need to be accounted for. Disturbances in lipid metabolism may
be secondary phenomena due to lifestyle factors, diet or medication.
As already mentioned, atypical antipsychotics are frequently used to
treat schizophrenia [138] and are increasingly being prescribed for
depression as well, (generally as augmentation to another medica-
tion) [139]. Although no indicated medications exist for ASD, children
with ASD are sometimes prescribed atypical antipsychotics for ASD
symptoms or symptoms associated with comorbitities [140]. Atypical
antipsychotics are well known to cause perturbations of the choles-
terol system [138]. In addition, diet and other lifestyle factors such as
smoking, physical activity and alcohol consumption can be less
healthy in people with depression and schizophrenia, which in turn
may affect cholesterol levels [141–143]. ASD specifically, is associ-
ated with stereotyped behaviour, which can include a limited diet and
refusal to eat certain foods [144]. In addition, immunological distur-
bances have been identified in the gastrointestinal tract in subgroups
of children with ASD [145]. It is therefore possible that in this sub-
group, gastrointestinal processing contributes to cholesterol system
disturbances. Studies measuring cholesterol-associated potential bio-
markers in psychiatric disorders should ideally account for and mea-
sure these variables by identifying all relevant subject characteristics,
such as medication use, lifestyle factors, dietary habits and gastroin-
testinal disorders.

Consequences of disturbed cholesterol and Apos
in the CNS

In the event that a specific disturbance of the cholesterol system is
identified as a consistent biomarker for a disorder or for disorder
severity, several questions emerge, such as: Is the disturbance of the
cholesterol system contributing to the disorder or is it a conse-
quence? Does the magnitude of changes correspond to changes in
specific symptoms? Can correction of cholesterol metabolism abnor-
malities alleviate symptoms? In ASD, a large-scale clinical trial exam-
ining cholesterol supplementation in children with ASD is currently
underway to study this last question [122]. It is hoped that answers
will rapidly emerge from this study. In schizophrenia and depression,
there are several studies examining the effects of ingesting omega-3
fatty acids [43, 146]. Potentially, ingestion of omega-3s or correction
of an omega-6/omega-3 imbalance [43, 147] can contribute to bal-
ancing the cholesterol system and alleviating psychiatric symptoms.
Other possibilities include pharmacological interventions to correct
cholesterol system abnormalities.

With ingestion of food supplements as well as oral medications,
the permeability of the blood–brain barrier to serum cholesterol and
carrier proteins also needs to be considered, based on the tendency
of local brain cholesterol synthesis [48], as well as local brain synthe-
sis of specific Apos and their different abilities to permeate the
blood–brain barrier. For example, ApoE used in the brain tends to be

Fig. 3 Schematic representing the post-translational modification of the
ApoE, ApoB100, ApoA1 and ApoA4. ApoB48 is a truncated form of

Apo100. The most important domains and motifs in these proteins are

also shown, explained in the legend. The number of amino acids shown
for each protein represents the unprocessed proteins; the actual length

of the processed, mature proteins is shorter, but their size is larger,

due to an additional modification such as glycosylation.
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synthesized there, whereas ApoA1 can cross the blood–brain barrier
[58, 59, 72, 73]. When considering Apos as therapeutics, the relevant
Apo for a disorder as well as its permeability characteristics would
need to be taken into account.

Conclusion

Putative protein biomarkers associated with the cholesterol system
may be altered in psychiatric disorders. Proteomics has been a valu-
able tool for studying changes in the cholesterol system in CNS dis-
ease states. Perturbations of the cholesterol system seem clear in AD
disease, depression and schizophrenia, although the direction of
changes in cholesterol system molecules is somewhat inconsistent
for depression and quite inconsistent in schizophrenia. Proteomics
have been applied to the study of cholesterol system abnormalities in
CNS disorders in adults, but are only recently being applied to the
study of cholesterol systems in childhood. Untreated childhood disor-
ders can have devastating and enduring consequences well into adult-

hood [148, 149]; therefore, clues for diagnosis and early intervention
are highly valuable. As cholesterol and associated molecules are criti-
cal to the formation of the CNS, the cholesterol system is a viable
subject for studies of CNS development. There is considerable evi-
dence that cholesterol and associated molecules may be disturbed in
ASD. Further proteomic studies of cholesterol and associated mole-
cules in ASD specifically are warranted.
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