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ARTICLE INFO ABSTRACT

Keywords: Cholesterol is one of the most important chemical substances as a structural element in human cells, and it is
Oxysterols very susceptible to oxidation reactions that form oxysterol. Oxysterols exhibit almost the exact structure as
Biomarker

cholesterol and a cholesterol precursor (7-dehydrocholesterol) with an additional hydroxyl, epoxy or ketone
moiety. The oxidation reaction is performed via an enzymatic or non-enzymatic mechanism. The wide array of
enzymatic oxysterols encountered in the human body varies in origin and function. Oxysterols establish a
concentration equilibrium in human body fluids. Disease may alter the equilibrium, and oxysterols may be used
as a diagnostic tool. The current review presents the possibility of using non-enzymatic oxysterols and dis-
turbances in enzymatic oxysterol equilibrium in the human body as a potential biomarker for diagnosing and/or
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monitoring of the progression of various diseases.

1. Introduction

Cholesterol is one of the most important chemical compounds in the
human body. It is present in all cells primarily as a structural element of
lipid bilayers, where it regulates membrane fluidity. Cholesterol is also
an essential substrate for the biosynthesis of bile acids, steroid hor-
mones, vitamin D and oxysterols [1-3]. Most cholesterol is biosynthe-
sized in cells, despite its relatively high uptake in the intestines from
food. Brain cells must synthesize cholesterol de novo from acetyl-CoA
because the blood-brain barrier (BBB) efficiently prevents cholesterol
uptake from the circulation into the brain. The average content of un-
esterified cholesterol in the central nervous system (CNS) accounts for
25% of the sterol present in the body, which is the highest content
compared to any other tissue. A total of 70% of the cholesterol in the
brain is localized in myelin, which acts as a discontinuous electrical
insulator. The rest of the cholesterol pool is localized in glial cells
(primarily astrocytes and microglia) and neurons, which contribute to
20% and 10%, respectively. The high content of cholesterol supports its
involvement in essential processes in the brain, like CNS maturation,
participation in signal transduction, neurotransmitter release,

synaptogenesis and membrane trafficking [4].

The cholesterol molecule is relatively easily oxidized, and it may be
transformed into numerous oxidation products, including oxysterols.
Sterol oxidation products include various chemical compounds that
contain additional oxygen moieties, such as alcohol, ketone, epoxy or
carboxyl (Fig. 1). These compounds are formed via different mechan-
isms, such as cholesterol auto-oxidation [1], as a result of lipid perox-
idation [2] or due to enzymatic cholesterol metabolism [3]. Structures
of the most abundant oxysterols and their end products with the routes
of synthesis are presented in Fig. 1.

One of the primary sterol autoxidation products is 7-hydro-
peroxidecholesterol, which is rapidly transformed into the major oxi-
dized oxysterols: 7-ketocholesterol (7-kCh), 7a-hydroxycholesterol (7a-
hCh), and 7p-hydroxycholesterol (73-hCh) [5]. The most abundant
oxysterols in human sera are generated from the enzymatic reaction of
mitochondrial or endoplasmic reticulum cholesterol hydroxylases,
which are part of the cytochrome P450 family, and include 43-hydro-
xycholesterol (4p-hCh), 7a-hydrocholesterol (7a-hCh), 24(S)-hydro-
xycholesterol (24(S)-hCh), and 27-hydroxycholesterol (27-hCh) [6].
Therefore, oxysterols are compounds that constantly exist in the human
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Fig. 1. Main products of enzymatic or auto-oxidation of cholesterol found in humans [2,6-8].

body as a result of cholesterol reaction with radical forms of oxygen or vivo. Salonen et al. [14] demonstrated that increased plasma con-
cholesterol hydroxylases in the cytochrome P450 family [6]. Oxysterols centrations of 73-hCh are associated with the risk of developing cor-
formed via non-enzymatic or enzymatic reactions establish an equili- onary atherosclerotic plaques. Increased serum 73-hCH concentration is
brium in the human body. Notably, oxysterol equilibrium in human one of the strongest single predictors of progression in carotid athero-
bodily fluids are disturbed during certain diseases and may be used as a sclerosis and carotid wall thickening. Increased levels of 73-hCh are
biomarker for diagnosing and/or monitoring of the progression of these also associated with a high risk of many cardiovascular diseases [15].
diseases. Rimner et al. [16] measured, using GC-FID, free plasma oxysterol levels

of 42 patients with an atherogenic risk profile and symptoms of cor-
onary artery disease (CAD). Total free plasma oxysterols were elevated
more than 2-fold in patients (232.6 = 49.1ng/mL, p < 0.05) with
stable CAD compared to a control group (107.9 = 18.6 ng/mL) with a
similar atherogenic risk profile and angiographically normal coronary
arteries. Oxysterols 7-kCh, p-epoxCh (25.7 + 10.0ng/mL vs
7.3 = 1.4ng/mL, p =0.07) and 7p-hCh (65.1 * 15.7ng/mL vs
19.4 + 8.9ng/mL, p < 0.01) were primarily responsible for this in-
crease. Yasunobu et al. [17] investigated the relevance of oxysterols to
CAD in 183 patients undergoing coronary angiography. Serum con-
centrations of 7fB-hCh (98.9 = 8.7nmol/L vs. 67.9 + 6.8 nmol/L,
p < 0.05), 25-hCh (28.2 = 5.0nmol/L. vs. 13.1 = 2.3nmol/L,
p < 0.05), and 27-hCh (47.7 + 4.8nmol/L vs. 30.4 = 4.3 nmol/L,
p < 0.05) were significantly higher in the stenotic group than the
normal group, which was measured using high-performance liquid

1.1. Coronary artery disease; atherosclerosis

Atherosclerosis is a disease that affects the multifocal repetitive
regions of the arterial tree. It is not a disease strictly connected with the
ageing process, but rather a chronic inflammatory condition that may
lead to intimal destruction, arterial thrombosis and end-organ
ischaemia [9]. Pro-atherogenic properties of oxidized forms of choles-
terol were postulated because of their presence in atherosclerotic le-
sions [5]. The influence of oxysterols on the initiation and progression
of atherosclerotic plagues has been exhaustively reviewed previously
[9]. Numerous researchers demonstrated that oxysterols from auto-
oxidized cholesterol induced significant apoptosis or necrosis in vas-
cular cells [10-12]. Reported auto-oxidated sterol composition in
atherosclerotic lesions or plasma primarily includes six oxysterols: 7- -
KkCh, 7a-hCh, 7B-hCh, 5,6a-epoxycholesterol (a-epoxCh), 5,6B-epox- chromatography method. I'<hat1b et al. [18] concludet':l that plasma 7p-
ycholesterol (B-epoxCh) and cholestane-3p,5,6p-triol (triolCh) [13]. hCh level was useful as a biomarker ff)r C.AD. Ufnetam et al. [19] found
Further, oxysterols exhibit at least 100-fold higher concentrations in that'27-hCh promoted atherosclerosis via promﬂammatory processes
atherosclerotic plaques than human plasma [5]. Several reports in- mediated by estrogen receptor alpha (ER.O‘)’ and thls oxysterol atFe—
dicated that plasma concentrations of 73-hCh are related to athero- nuated  estrogen-related atheroprotection. Additionally, ~proin-

sclerotic disease progression. The presence of the physiologically oc- ﬂarnmfitory responses were obser\./ed, such as incre?sed leukocy'{e-en-
curring oxysterol 7B-hCh suggests an increase in lipid peroxidation in dothelial adhesion and upregulation of NF-xB, which are associated
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with atherogenesis. Fuhrmann et al. [20] recently investigated 376
patients admitted for elective coronary angiography, who were not on
lipid-lowering drugs. The oxysterol contents were measured by isotope
dilution gas chromatography-mass spectrometry (GC-MS). Eighty-two
of these patients suffered cardiovascular events, and these patients had
significantly higher 7a-hydroxycampesterol (7a-hCamp) plasma levels
(0,51 = 0,29 nmol/L vs 0.39 = 0.22nmol/L, p = 0.003) and 7a-
hCamp-to-cholesterol ratios than controls without events (0.08 vs.
0.05 nmol/mmol; p = 0.005). They concluded that 7a-hCamp and its
cholesterol-corrected ratio were associated with cardiovascular events
based on the results [20].

To date, there are an arsenal of diagnostic tests and tools to assess
risk or confirm the presence of atherosclerosis — blood morphology
including lipid profile with total cholesterol, triglycerides, high-density
lipoprotein (HDL) and low-density lipoprotein (LDL); an exercise stress
test (cardiac stress test), assessment of the ratio of ankle-brachial index
(ABI) and imaging tests: angiogram (arteriogram), carotid duplex ul-
trasound, computed tomography (CT) scan, an echocardiogram, an
electrocardiogram (ECG or EKG), an intravascular ultrasound, magnetic
resonance imaging scan (MRI) and positron emission tomography scan
(PET) [21]. Identifying atherosclerotic disease, with those techniques
rely heavily on the evaluation of the arterial lumen or obstruction of
blood flow [22]. However, a significant portion of the arterial wall can
be involved with an atherosclerotic plague before the lumen is com-
promised [23]. Further, techniques such as carotid ultrasound and CT
scan are only moderate at best for detection of subclinical athero-
sclerosis [24]. Therefore, it is necessary to find an appropriate bio-
marker that will allow the diagnosis of atherosclerosis at the earliest
possible stage. Available studies suggest that increased concentrations
of oxysterols in the circulation are important in the diagnosis of CAD.
These various data strongly suggest the potential use of auto-oxidation
oxysterols as biomarkers of atherosclerosis. Further studies are needed
to assess whether blood may be sufficient to measure this type of bio-
marker in the diagnosis of CAD.

2. Neurological diseases
2.1. Alzheimer's disease

Alzheimer's disease (AD) is the most common neurodegenerative
disorder resulting in cognitive impairment. AD is a gradually debili-
tating disease that leads to dementia. Approximately 11% of people
over the age of 65 years and 32% over the age of 85 years are estimated
to suffer from AD [25]. The molecular mechanisms underlying AD are
still not clear, and no reliable biomarkers are available for early diag-
nosis. An analysis of three biomarkers in cerebrospinal (CSF) fluid is
used in the laboratory diagnosis of AD: Af4,, total tau, and phospho-tau
[26,27].

However, epidemiological and molecular studies indicate a link
between cholesterol and neurodegenerative diseases. One of the im-
portant risk factors of the AD is hypercholesterolemia because choles-
terol influences various processes involved in the generation of the
neurotic plaques and neurofibrillary tangles [28,29]. Cholesterol un-
dergoes continuous biosynthesis in brain cells, and the concentration of
cholesterol must be maintained in homeostasis with excretion of excess
cholesterol (See Fig. 2). The BBB efficiently prevents cholesterol uptake
from the circulation into the brain and the release of cholesterol from
brain to the circulation. Therefore, excess cholesterol is converted into
24(S)-hCh (also known as cerebrosterol) via the neuron-specific enzyme
CYP46A1, which exhibits more hydrophilic properties and penetrates
the BBB [30]. Greater than 98% of the 24(S)-hCh produced in brain
fluxes directly into the bloodstream, which is approximately 6-8 mg
daily [31]. The concentration of 24(S)-hCh in blood strictly depends on
the number of metabolically active neurons in the grey matter of the
brain. Therefore, neurodegeneration significantly reduces the con-
centrations of this oxysterol. Less than 1% of 24(S)-hCh, which is
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approximately 1-2mg/day, goes to the CSF in ApoE-bound form
[31,32], and this result likely reflects the rate of neuronal degeneration
rather than the total number of metabolically active neuronal cells.
Patients with neurodegenerative disorders exhibit increased con-
centrations of 24(S)-hCh in CSF in parallel with decreased concentra-
tions in the circulation. The oxysterol 24(S)-hCh maintains cholesterol
homeostasis and influences neuron signalling via activation of tyrosine
hydroxylase expression, which is involved in converting tyrosine into a
substrate for dopamine biosynthesis, L-DOPA. 24(S)-hCh also exhibits
an anti-amyloidogenic character via increasing a-secretase activity and
the a/[-secretase activity ratio [33].

Another side-chain oxysterol found in the brain is 27-hCh. In con-
trast to 24(S)-hCh, 27-hCh is formed in most body cells by sterol 27-
hydroxylase (CYP27A1), and there is a constant flux of this oxysterol to
the liver [34]. 27-hCh has no flux into the brain, and it can pass the
BBB, similarly to 24(S)-hCh. Most of the 27-hCh present in the human
CSF is of vascular origin [35]. However, the levels of 27-hCh in this
organ are approximately 10-fold lower than 24(S)-hCh [31]. Any in-
crease in 27-hCh concentrations in the brain may be related to a defect
in the BBB. 27-hCh blocks postsynaptic signalling and causes apoptosis
and neurodegeneration. 27-hCh also increases the formation of f3-
amyloid via antagonizing the suppressive effect of 24(S)-hCh [33],
which increases tau phosphorylation and the aggregation of a-synu-
clein (via liver X receptor (LXR)) and induces oxidative stress, which
are hallmarks of AD and Parkinson's disease (PD). 27-hCh also affects N-
methyl-p-aspartate receptors and inhibits the activity of regulated cy-
toskeleton-associated protein formation, which likely interferes with
memory consolidation [36]. Therefore, 27-hCh is highly efficiently
metabolized into 7a-hydroxy-3-oxo-4-cholestenoic acid (7ah-30-4chol
acid), which may be very efficiently eliminated from the brain into the
bloodstream.

Decreased levels of AR, or a reduced AB45:AP40 ratio in combina-
tion with elevated levels of total tau and phospho-tau in CSF were
consistently confirmed as biomarkers in patients with different stages of
AD, including mild cognitive impairment (MCI) [37]. Several reviews
and studies concluded that changes in 24(S)-hCh and 27-hCh con-
centrations may also be appropriate biomarkers for AD, besides A5,
total tau and phospho-tau [38-42]. Leoni et al. demonstrated that
24(S)-hCh was the most sensitive marker in MCI patients [43]. The
balance between 24(S)-hCh and 27-hCh levels is important, and an
increased ratio of 27-hCh to 24(S)-hCh in AD brains is consistent with
AD pathogenesis. Reduced levels of 24(S)-hCh may accelerate disease
progression, and the shift to an imbalance between the two oxysterols
may lead to increased generation and accumulation of A} and neuro-
fibrillary tangles with consequent neurodegeneration [44-46]. Notably,
the small fraction of 24(S)-hCh entering the CSF seems to reflect the
rate of neuronal degeneration rather than the mass of metabolically
active neuronal cells [47]. This characteristic means that plasma levels
of this 24(S)-hCh are reduced in patients with the advanced AD, and the
levels in CSF are increased [47,48]. The changes in the CSF were more
marked than the circulation and may be more important from a diag-
nostic point of view in AD and other neurological diseases. The brains
of patients with AD who died exhibited reduced levels of CYP7B1,
which is the enzyme responsible for the metabolism of 27-hCh [49].
This reduction likely underlies the findings of Leoni and others of ele-
vated CSF 27-hCh levels in patients with neurodegeneration [47]. An
impaired BBB functionality would also allow a higher passage of 27-
hCh from the periphery into the brain. BBB dysfunction is key in the
development and progression of AD [50,51], which allows a higher
passage of 27-hCh from the periphery into the brain. Therefore, BBB
functional deficiency may be identified using the concentration of a
metabolite of 27-hCh, 7ah-30-4chol acid, in CSF [52]. A dysfunctional
BBB increases the concentration of this metabolite in CSF. There was a
high correlation between the levels of 7ah-30-4chol acid in CSF and the
CSF/serum albumin ratio.



A. Zmystowski, A. Szterk Clinica Chimica Acta 491 (2019) 103-113

y 5 5
- Yy 2 g
P cerebrospinal fluid 4 astrocyte
neuron cell
24(S)-hCh
24(S)-hCh s)- B
CYP46A1 :

chol

24(S)-hCh
7h-30-4chol acid 7h-30-4chol acid

CYP781 ﬁ e

HMGCoA R
27-hCh

brain-blood barrier

T :
- @= - o
ApoE

liver
ApoE
CYP46A1
v 5
27-hCh =>  27-hCh > 27-hCh %
Extrahepatic tissues \L 2
7h-30-4chol acid 7h-30-4chol acid > &
%
e ;
blood 24(S)-hCh 24(S)-hCh =

circulation

Fig. 2. Cholesterol and oxysterol distribution in human circulation. Cholesterol biosynthesis in the brain occurs in astrocytes via SRE activation and catalysis by
HMG-CoA reductase. Cholesterol is produced and assembled with ApoE lipoproteins. ABCA1 plays a key role in cholesterol-ApoE efflux from astrocytes. Neurons
acquire ApoE-containing cholesterol via the highly expressed ApoE receptor LRP1. Cholesterol accumulation may be very dangerous to neurons, and any excess must
be eliminated from the brain. However, the BBB prevents the release of excess of cholesterol. Homeostasis of this sterol is maintained via conversion to 24(S)-hCh,
which may cross the BBB and enter the blood circulation. Additionally, 24(S)-hCh activates LXRs, which induces ApoE and ABCA1 expression to promote cholesterol
efflux and regulate cholesterol biosynthesis. Therefore, cholesterol synthesis and elimination are constantly adjusted and homeostatically regulated in cells. Another
oxysterol, 27-hCh, which is generated by body cells, is found in the brain after penetrating the BBB from blood circulation. 27-hCh blocks postsynaptic signalling and
causes apoptosis and neurodegeneration. Therefore, 27-hCh is highly efficiently metabolized by CYP7B1 into 7a-hydroxy-3-oxo-4-cholestenoic acid (7ah-30-4chol
acid). This steroid is an acid that passes the BBB to bloodstream much more efficiently than its precursor 27-hCh because of its higher polarity, and it is also very
efficiently taken up by the liver and metabolized into bile acids. Ultimately, 24(S)-hCh and 27-hCh are also taken up by the liver from the circulation and metabolized
into bile acids.

2.2. Multiple sclerosis oedema, gliosis, formation of astrocytic scars and BBB dysfunction

[54,55]. The disease in most patients begins with a relapsing-remitting

Multiple sclerosis (MS) is the most common chronic inflammatory (RR-MS) form, and 50-60% of these patients progress to secondary

disease of the CNS that causes cognitive and physical disability [53]. progressive disease. Only approximately 15% of patients develop pro-

The pathological hallmark of MS is inflammation and demyelinated gressive disease from the beginning, and these patients are referred to
plaques, which are well-demarcated hypocellular areas characterized as primary progressive multiple sclerosis (PP-MS) [56].

by myelin loss, the relative preservation of axons in the early phase, Plasma levels of 24(S)-hCh were significantly reduced in RR-MS and
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PP-MS patients [57,58]. However, patients with an early stage of the
disease presented normal or even increased levels of 24(S)-hCh. In-
creased levels of 24(S)-hCh seem to occur at an early stage likely due to
the loss of BBB integrity [9]. Decreased levels of 24(S)-hCh are common
in severely affected patients with a long disease duration, which is
caused by neurodegeneration. However, Mukhopadhyay et al. found,
using liquid chromatography-mass spectroscopy (LC-MS) method, that
27-hCh (210 = 114ng/mLvs. 251 * 117 ng/mL., p = 0.004) and 7a-
hCh (69.9 + 74ng/mL vs. 118 *+ 18ng/mL, p < 0.001) also ex-
hibited lower concentrations in MS patients compared to healthy con-
trols [59]. These results demonstrate that the observed reductions in
27-hCh and 7a-hCh are likely a reflection of changes in the cholesterol
metabolism pathways in the periphery, which may be responsible for
the pro-inflammatory changes that allow MS disease progression. In
contrast, higher 7-kCh levels are observed in PP-MS (18.1 = 17 ng/
mL) compared to RR-MS patients (13.5 * 8ng/mL), which may in-
dicate that the oxysterol network is disrupted in MS. The observed in-
crease in 7-kCh in PP-MS compared to RR-MS reflects higher oxidative
stress, which is also conducive to neurodegeneration in PP-MS [57-59].
The available studies suggest the use of oxysterols as a potential bio-
marker for MS diagnosis, and the levels of 24(S)-hCh may also be used
as a marker for different phases in the progression of MS.

2.3. Huntington's disease

Huntington's Disease (HD) is an autosomal dominant, progressive
neurodegenerative disorder that is characterized by expanded CAG
repeats, which lead to a polyglutamine expansion of variable length
within the N-terminus of the huntingtin protein (HTT) [60]. HTT is
widely expressed throughout the body, and it was assigned numerous
roles in various intracellular functions, including protein trafficking,
vesicle transport, endocytosis, postsynaptic signalling, transcriptional
regulation and an anti-apoptotic function [61]. The typical onset of
symptoms occurs in middle-age and consists of chorea and dystonia,
uncoordination, cognitive decline, and behavioural difficulties. One of
the causes of these symptoms is widespread neurodegeneration over the
entire cerebral cortex. The loss of brain mass is quite substantial in HD
during the 15-20 years of disease from symptom onset to death, and
25-30% of the brain mass may be lost in advanced HD [62]. This
massive neurodegeneration in HD primarily occurs as striatal and cor-
tical atrophy, which may be measured using MRI. The precise patho-
physiological mechanisms of HD are still poorly understood, but re-
search using transgenic animal models of the disorder is providing
valuable insight into causative factors, possible biomarkers, and po-
tential treatments.

HD significantly affects brain cells, and changes in cholesterol levels
and oxysterol concentrations are expected. HTT decreases brain cho-
lesterol by inducing inhibition of a series of essential genes that are
responsible for cholesterol biosynthesis (HMG-CoA and 7-dehydrox-
ycholesterol reductase), which are decreased at the mRNA level
[63,64]. A deficiency of 7-dehydroxycholesterol reductase, as in Smith-
Lemli-Opitz Syndrome (SLOS), impairs brain development [65]. Re-
duced levels of mRNA of cholesterol biosynthesis and efflux genes (SRE-
and LXR-regulated genes) were reduced in primary astrocytes from a
mouse model of HD. This reduction caused a subsequent decrease in the
production and secretion of cholesterol-ApoE [66]. However, other
studies demonstrated increased cholesterol accumulation [67,68] and
lipid droplets [69] in HD neurons. 24(S)-hCh formation would also be
expected to decrease because of the reduced 24-hydroxylase levels in
the reduced numbers of active neurons, which also leads to a lower
efflux from the brain to the circulation. Lower brain and plasma 24(S)-
hCh levels were reduced in several rodent models of HD compared to
control mice [66,70]. Similarly, plasma 24(S)-hCh levels were sig-
nificantly reduced in HD patients compared to healthy subjects
[71-73]. All studies by Leoni et al. (2008, 2011, 2013) used isotope
dilution GC-MS method for 24(S)-hCh levels analysis. The first study
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analyses the patient's plasma levels of both Italian and British origin,
which have been divided according to the stage from early (HD1), to
moderate (HD2) and to advanced disease (HD3) - Italian subjects:
control-57.9 + 9.9 ug/L; HD1-45.8 + 7.9 ug/L; HD2-44.6 + 15ug/
L; HD3-42.3 + 5.8ug/L,p < 0.001); UK subjects: control-56.7 = 13
HD1-47.3 + 12; HD2-47.5 * 15; HD3-48.2 + 12,p < 0.05. In the
second study done in 2011, Italian origin patients were divided in the
same way as it has been done in the first study and the result are
comparable: control-58.3 = 10.7 ug/L, HD1-46.6 = 8.8 ug/L;
HD2-43.3 + 9.2ug/L; HD3-42.7 + 9.7 ug/L, p < 0.001. In the third
study, HD patients were divided into 3 groups: Low, Medium, High. The
descriptors of Low, Medium, and High refer to the level of cumulative
toxicity of mutant huntingtin at study entry. Group differences for
24(8)-hCh concentration showed a progression gradient, decreasing in
mean value as progression group increased. The highest progression
group (47.83 = 13.30ng/mL, p < 0.001) had the most substantial
difference relative to the controls (58.95 + 8.26 ng/mL) and lower
progression group (Low-64.57 * 20.13ng/mL; Medium-52.17 *=
9.84 ng/mL, both groups significant different p < 0.001 vs. control).
The decrease in plasma 24(S)-hCh occurred in parallel with the degree
of atrophy as measured using morphometric MRI, which suggests that
the observed reduction of plasma 24(S)-hCh also reflects the pro-
gressive neuronal loss in the grey matter [73]. Overall, all of the results
obtained from available studies in animal models and patients suggest
that 24(S)-hCh is a viable candidate as a biomarker of HD diagnosis and
progression.

2.4. Niemann-Pick type C disease

Niemann-Pick type C (NPC) disease is a rare neurovisceral disorder
that is characterized by progressive hepatosplenomegaly and CNS
neurodegeneration [74]. The estimated incidence is 1 in 120,000 to
150,000 people [74,75]. Most NPC patients (~95%) suffer from a dis-
ease caused by mutation of the NPC1 gene located on chromosome
18q11 [76]. The remaining cases are caused by mutations in the NPC2
gene, which is located on chromosome 14q24.3 [77]. Mutations in the
NPC1 and NPC2 genes influence the intracellular trafficking of cho-
lesterol, which leads to an accumulation of free cholesterol in late en-
dosomal/lysosomal structures [78,79]. The lysosomal lipid accumula-
tion is accompanied by an increased production of reactive oxygen
species and oxidative damage, which subjects cholesterol to oxidation
reaction mediated via enzymatic or non-enzymatic reactions [80].
Formed oxysterols, specifically triolCh and 7-kCh, are significantly in-
creased in the plasma of NPC patients and in tissues and the blood
plasma of NPC1~/~ mice [81,82]. These results suggest that triolCh
and 7-kCh are NPC1 disease-specific biochemical or therapeutic eva-
luation markers of NPC1 disease [83]. In vivo studies found elevated
oxysterols in patients with NPC1 [83-90] or NPC2 mutations
[85,87,91] (Table 1).

A very strong correlation was demonstrated between triolCh and 7-
kCh, and a relatively weak correlation was reported with disease se-
verity and age of onset [84,92]. However, triolCh appears to exhibit
greater discriminatory power than 7-kCh for patients with NPC versus
normal subjects [83-85,87,92]. Ultimately, the high sensitivity and
selectivity of triolCh and 7-kCh in the diagnosis of patients with NPC
was positively confirmed. The possibility of triolCh measurement as a
biomarker was recently demonstrated in the identification of 72 new
patients with NPC1 or NPC2 over the course of 3years [87]. Further
tests are needed to confirm the usefulness of triolCh and 7-kch in di-
agnosis, but the non-invasive nature, low cost, short turnaround time
and good sensitivity of testing changes in oxysterol levels supports the
use as a primary test in confirming suspicions of NPC [93].

2.5. Parkinson's disease

Parkinson's disease @ (PD) is a sporadic progressive
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Table 1

Measured levels of triolCh and 7-kCh in patients with NPC1/NPC2 and control groups.

Method of oxysterol

analysis

Concentration of oxysterol

Reference

7-kCh

TriolCh

NPC1

Control

NPC1

Control

LC-MS

Mean: 229 ng/mL, range 24.7-489 ng/mL;

p < 0.001

Mean: 29.0 ng/mL, range: 11.4-44.4ng/

mL;

Mean: 80.3 ng/mL; range 15.1-201 ng/mL;

p < 0.001

Mean: 14.6 ng/mL range:

7.42-21.2ng/mL

Jiang et al. (2011) [83]

GC-MS

Mean: 725.9 ng/mL; range: 311.6-1294.1 ng/mL;

p < 0.001

Mean: 77.4 ng/mL; range:

39.4-338.8 ng/mL

Mean: 193.6 ng/mL; range: 82.9-328.8 ng/

mLp < 0.001

Mean: 20.1 ng/mL; range:

7.9-42.9 ng/mL

Porter et al. (2010) [84]

LC-MS

Median: 120.0 ng/mL range: 33.3-253.3 ng/mL

p < 0.001

Median: 26.6 ng/mL range:

12.8-38.8 ng/mL

Median: 55.5 ng/mL; range: 33.4-184.3ng/

mLp < 0.001

Median: 6.4 ng/mL range:

3.7-21.8 ng/mL

Boenzi et al. (2014) [85]

LC-MS
GC-MS
LS-MS

20.9 = 17.2ng/mL mean * SD

5.5 * 5.2ng/mL mean * SD

Zhang et al. (2014) [86]
Reunert et al. (2015) [87]

Romanello et al. (2016)

Range: 50-840 ng/mL

< 50ng/mL

Median: 137.95ng/mL; range: 31.41-949.91 ng/

mL, p < 0.001

Median: 27.08 ng/mL; range:
13.76-40.32 ng/mL

Median: 48.44 ng/mL; range:

Median: 9.03 ng/mL range:

5.28-16.98 ng/mL

8.13-483.52ng/mL, p < 0.001

[90]

Method of oxysterol

analysis
LC-MS

7-kCh

TriolCh
Control

Reference

NPC2

Control

NPC2

217,4ng/mL

Median: 26.6 ng/mL range:

12.8-38.8 ng/mL

162,9 ng/mL

Median: 6.4 ng/mL range:

3.7-21.8 ng/mL
< 50ng/mL

Boenzi et al. (2014) [85]

LC-MS; GC-MS

150 ng/mL; 226 ng/mL; 515 ng/mL

Reunert et al. (2015)

[87,91]
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neurodegenerative disease that is characterized by the loss of dopami-
nergic neurons in the midbrain and the accumulation of a-synuclein
(Lewy bodies) [94]. PD is the second most common neurodegenerative
disorder in elderly populations, and it affects 5 million people. The
prevalence of PD is expected to double within the next 20 years because
of the ageing of the population [95].

There is no specific test to diagnose PD. The current diagnosis of PD
is based primarily on neurological examination in search of motor im-
pairment, known as Parkinsonism (akinesia, rest tremor, stiffness and
gait disturbances), with many additional non-motor symptoms, such as
hyposuria, sleep disorders, psychiatric disorders or functional disorders,
behavioural problems and dysautonomics. Imaging tests, such as MRI,
CT, ultrasound of the brain, and PET scans, may also be used to help
exclude other Parkinsonian syndromes with focal atrophies. However,
imaging tests are not helpful for the diagnosing PD. The only useful
imaging tests in PD diagnosis are PET and single-photon emission
computerized tomography using specific dopaminergic tracers.
However, only autopsy can definitely confirm the disease. Therefore,
there is a great need to identify an appropriate biomarker for PD.

One consistent observation in PD brains is an accumulation of a-
synuclein protein, which is the major constituent of Lewy bodies, with a
simultaneous reduction in levels of tyrosine hydroxylase (TH), which is
responsible for the rate of dopamine synthesis. A link between oxy-
sterols, TH and a-synuclein protein was also demonstrated [96,97].
Rantham Prabhakara et al. evaluated the effects of 27-hCh on the ex-
pression levels of a-synuclein and TH and demonstrated that the oxy-
sterol 27(S)-hCh reduced TH expression and increased a-synuclein le-
vels in human neuroblastoma cells via the estrogen receptors (ER) and
LXR [96]. The results of Marwarha et al. are consistent with Rantham
Prabhakara et al. 24-hCh also increased TH levels in cells [97].

PD patients exhibited significantly higher 73-hCh, 7-kCh, and 27-
hCh, but low 24(S)-hCh levels, in plasma compared to healthy controls.
No difference in cholesterol level was found between PD patients and
healthy controls [98]. Bjorkhem et al. revealed that 24(S)-hCh levels
were increased in CSF (2.0 *= 0.2ng/mL vs. control 1.4 * 0.5ng/mL),
and its concentration significantly correlated with disease duration
[99]. The method used for 24(S)-hCh levels analysis was isotope dilu-
tion GC-MS. The level of 24(S)-hCh in plasma was not altered, which is
not consistent with the previous study [98]. The CSF level of 27-hCh
was also increased (1.0 + 0.3ng/mL vs. control 0.5 * 0.1 ng/mL),
but no correlation between 27-hCh levels in CSF and disease duration
was found. Bjorkhem et al. indicated that oxysterol levels in CSF may be
a biomarkers to follow the disease progression [99].

2.6. Amyotrophic lateral sclerosis

Amyotrophic Lateral Sclerosis (ALS), also known as motor neuron
disease or Lou Gehrig's disease, is a late-onset fatal neurodegenerative
disease that affects motor neurons with an incidence of approximately 1
to 100,000 people. Most ALS cases are sporadic, but 5-10% of the cases
are familial ALS (FALS). Sporadic and FALS are associated with the
degeneration of cortical and spinal motor neurons [100]. The neuro-
degeneration of corticosteroid-spinal neurons causes hyperreflexia, re-
versal of Babinski's sign and spasticity, and degeneration of spinal and
bulbar motor neurons, which causes progressive muscle weakness,
hyporeflexia, cramps, and fasciculations. ALS often leads to fronto-
temporal dementia characterized by behavioural disorders because of
the substantial neuronal loss [101].

Kim et al., measured by LC-MS method, 24(S)-hCh, 27-hCh, 25-hCh
levels in the plasma and CSF of non-riluzole ALS patients, riluzole-
treated ALS patients, and healthy subjects [102]. The levels of 24(S)-
hCh and 25-hCh in CSF (2.03 + 0.63ng/mL and 0.14 + 0.06 ng/mL,
respectively) were significantly higher in the non-riluzole group com-
pared to the riluzole group (1.33 * 0.46ng/mL, p = 0.006 and
0.07 = 0.03ng/mL, p = 0.001) and controls (1.59 = 0.05ng/mL,
p = 0.018 and 0.09 *= 0.04ng/mlL, p = 0.012). The levels of 27-hCh
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(CSF) and 25-hCh (plasma) were also higher (1.05 = 0.39 ng/mL and
5.39 = 1.94, ng/mL, respectively) in non-riluzole ALS patients than
controls (0.77 * 0.32ng/mL, p = 0.014 and 4.27 = 1.18ng/mlL,
p = 0.017). Disease severity and progression were also significantly
associated with 25-hCh levels in plasma [102]. However, another study
investigating the levels of 24(S)-hCh (63.4 = 15.1 vs. control
61.3 += 12.6ng/mL), 27-hCh (0.16 = 0.05 vs. control 0.2 = 0.05ng/
mL) and 25-hCh (8.2 = 2.8 vs. control 7.5 + 2.6ng/mL) in the
plasma of ALS patients, analysed by isotope dilution GC-MS, found no
statistically significant correlation between the levels of these oxy-
sterols and the presence of ALS, despite levels that tended to be higher
in ALS patients [103]. La Marca et al. [104] demonstrated that 24(S)-
hCh levels were significantly higher in controls compared to ALS pa-
tients in plasma (15.98 * 1.43 vs. control 20.55 = 1.89ng/mlL,
p < 0.0001) and CSF (2.48 + 0.31 vs control 3.26 * 0.28 ng/mlL,
p < 0.001). Further, levels of 24(S)-hCh esterified were lower in ALS
patients than controls in plasma (25.79 = 3.89 vs. control
68.38 + 2.68ng/mL, p < 0.0001) and CSF (2.96 + 0.32 vs. control
6.92 = 0.48ng/mL, p < 0.0001). These results may be due to oxida-
tive stress, which may be a major cause of limited esterification of
24(S)-hCh from ALS patients [104]. These data suggest the use of
oxysterols as potential biomarkers in ALS. However, further studies of
larger populations are needed.

2.7. Smith-Lemli- Opitz syndrome

SLOS was first described in 1964 by Drs. Smith, Lemli and Opitz.
SLOS is a severe autosomal recessive, malformation syndrome that is
characterized by intellectual disability and behavioural problems,
which result from blockade of the last enzymatic step in cholesterol
biosynthesis [105-107]. A defect in the enzyme 7-dehydrocholesterol
reductase causes a build-up of the cholesterol precursor 7-dehy-
drocholesterol (7-dCh) and its isomer 8-dehydrocholesterol (8-dCh) in
tissues and blood plasma [65,108]. The BBB prevents the transfer of
cholesterol, and the cholesterol in the brain is formed by local synthesis.
Therefore, the accumulation of 7-dCh is higher in the brain than else-
where in SLOS patients [107].

The molecular mechanisms of the SLOS disease suggest that an
obvious biomarker for the diagnosis this disease is an increased con-
centration of 7-dCh with 8-dCh in the body or an increased ratio of the
7-dCh and 8-hCh to cholesterol [109]. However, the metabolism of this
sterol is also disturbed because of the dysfunctional cholesterol synth-
esis. Plasma levels of 24(S)-hCh are reduced in SLOS infants (by ap-
proximately 50%). The levels of 27-hCh in the circulation are also
significantly increased, which was most likely due to the reduced me-
tabolism of this oxysterol [110].

The accumulation of high levels of 7-dCh results in enzymatic and
free radical oxidation of 7-dCh, which leads to the formation of new
oxysterols that are not found in other diseases. 7-dehydrocholesterol-
derived oxysterols were found in a Dhcr7-null mouse model (rodent
model of SLOS) in the brain, liver, CNS and serum: 3f,5a-dihydrox-
ycholest-7-en-6-one (dhCeo), 4oa-hydroxy-7-dehydrocholesterol
(4ah7dCh), 4p-hydroxy-7-dehydrocholesterol (4h7dCh), 24-hydroxy-
7-dehydrocholesterol and 7-kCh [111-114]. Griffins et al. recently
found additional oxysterol metabolites of 8-dCh in the plasma of SLOS
patients, including hydroxy-8-dehydrocholesterol, which is 24- or 25-
hydroxy-8-dehydrocholesterol and 26-hydroxy-8-dehydrocholesterol,
4ah7dCh, dhCeo and 7a,8a-epoxycholesterol (Fig. 3). None of these
metabolites were detected in control plasma [115]. The concentrations
of 7B3-hCh and 7-kCh in plasma SLOS patients were increased, and the
levels of 7-kCh positively correlated with the severity scores, which
suggests that this oxysterol plays some important roles in the patho-
genesis of SLOS and may be used as a diagnosis tool for disease pro-
gression [116]. More research must be performed to identify unique
oxysterols that may be used as diagnosis/progression biomarkers in
SLOS patients.
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2.8. Autism spectrum disorders

Autism spectrum disorder (ASD) is a common neurodevelopmental
disorder that occurs within the first 3 years of life, and it is character-
ized by pervasive difficulties that being in early childhood [117,118].
ASD includes a wide spectrum of clinically and biologically hetero-
geneous disorders that present with various types of symptoms: pro-
blems in social communication and social interaction, impaired speech
and nonverbal communication, and restricted, repetitive patterns of
behaviour, interests or activities [119].

A study of 100 samples from the Autism Genetic Resource Exchange
on cholesterol levels in serum was performed. Approximately 20% of
children with ASD exhibited substantial hypocholesterolemia [120],
which interfered with three mechanisms during brain development:
impaired sonic hedgehog patterning, alterations in membrane lipid raft
structure and protein function resulting in abnormal synaptic plasticity,
and impaired neurosteroids synthesis [121]. The disorders in choles-
terol homeostasis or metabolism suggest that the profiles and levels of
oxysterols are also altered.

Measured by GC-MS method significantly higher concentrations of
7a-hCh, 7B-hCh, 7-kCh, 4a-hCh, a-epoxyCh, B-epoxyCh, triolCh, 5a-
hydroxy-6-oxocholesterol, 43-hCh, 25-hCh, 22-hydroxycholesterol
(22(R)-hCh), 24(S)-hCh and 27-hCh - 24(S)-hCh were found in human
children plasma of ASD patients (128.13 + 29,93 ng/mL, p < 0.001)
compared to a control group (93.96 = 20.13ng/mL) [122]. Greyaa
et al. provided the first evidence of a relationship between autism and
oxysterol levels and suggested a potential role of 24(S)-hCh as a diag-
nostic marker for ASD. However, more research in this area must be
performed [122].

2.9. Spastic paraplegia type 5

Spastic paraplegia type 5 (SPG5) is an autosomal recessive subtype
of hereditary spastic paraplegia and a neurodegenerative disorder that
is defined by a progressive neurodegeneration of the corticospinal tract
motor neurons due to mutations in CYP7B1, which encodes oxysterol
7a-hydroxylase [123]. Oxysterol 7a-hydroxylase is one of the enzymes
in the synthesis of bile acids from cholesterol.

SPGS5 is easily diagnosed thanks to the significant elevation of two
plasma oxysterols, 25-hCh and 27-hCh. Schiile et al. investigated four
patients with the SPG5 disease and found 6- to 9-fold increased plasma
levels of 27-hCh and 30- to 50-fold in the CSF. The plasma levels of 25-
hCh were also increased approximately 100-fold [124]. Increases in 25-
hCh (285.3 * 249.3nmol/L  vs. control 15.3 * 17.5nmol/L;
p < 0.001) and 27-hCh (1580 * 498nmol/L vs. control
139.3 = 76.3nmol/L; p < 0.001) were also demonstrated in SPG5
patients in a study by Marelli et al., who found, using LC-MS method, an
average 19-fold and 11-fold increase in plasma levels compared to
control, respectively [125]. These data indicate that increases in 25-
hCh and 27-hCh oxysterols should be included in the screening of SPG5.
However, further studies on larger population are needed to acquire
confirmation.

3. Conclusion

The elevated levels of oxysterols have shown promise for assessing
risk or diagnosis of CAD and atherosclerosis. The potential usage of
appropriate oxysterol could provide fast, simple and non-invasive di-
agnostic method even at an early stage when it is not yet possible to
diagnosis it with currently used tests. The available data also suggest
that oxysterols are particularly useful as a tool for diagnosing and/or
monitoring of the progression of neurodegenerative diseases. This
characteristic is extremely important for the diagnosis of PD, which
lacks specific tests for diagnosis.

In most of presented studies, oxysterols contents have been mea-
sured using GC-MS or LC-MS, due to highly specific and more sensitive
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Fig. 3. Oxysterols derived from 7-dehydrocholesterol, which are found in SLOS patients.

detection compared to other detectors. Each year more reliable mass
spectrometers are available with higher sensitivity and reproducible
results. The mass spectrometry is not generally cost-effective and it
requires a high level of operator expertise, and therefore is not well
suited for routine clinical laboratories, however, the ongoing techno-
logical advancements are reducing the cost of detectors, which overall
may improve their clinical utility in the future.
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