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Abstract.
Background: Brain cholesterol levels are tightly regulated but increasing evidence indicates that cholesterol metabolism
may drive Alzheimer’s disease (AD)-associated pathological changes. Recent advances in understanding of mitochondrial
dysfunction in AD brain have presented a vital role played by mitochondria in oxysterol biosynthesis and their involvement
in pathophysiology. Oxysterol accumulation in brain is controlled by various enzymatic pathways including sulfation. While
research into oxysterol is under the areas of active investigation, there is less evidence for oxysterol sulfate levels in human
brain.
Objective: This study investigates the hypothesis that AD brain oxysterol detoxification via sulfation is impaired in later
stages of disease resulting in oxysterol accumulation.
Methods: Lipids were extracted from postmortem frozen brain tissue and cerebrospinal (CSF) from late- (Braak stage III-
IV) and early- (Braak stage I-II) stage AD patients. Samples were spiked with internal standards prior to lipid extraction.
Oxysterols were enriched with a two-step solid phase extraction using a polymeric SPE column and further separation was
achieved by LC-MS/MS.
Results: Oxysterols, 26-hydroxycholesterol (26-OHC), 25-hydroxycholesterol (25-OHC), and 7-oxycholesterol levels were
higher in brain tissue and mitochondria extracted from late-stage AD brain tissue except for 24S-hydroxycholesterol, which
was decreased in late AD. However, oxysterol sulfates are significantly lower in the AD frontal cortex. Oxysterols, 25-OHC,
and 7-oxocholesterol was higher is CSF but 26-OHC and oxysterol sulfate levels were not changed.
Conclusion: Our results show oxysterol metabolism is altered in AD brain mitochondria, favoring synthesis of 26-OHC,
25-OHC, and 7-oxocholesterol, and this may influence brain mitochondrial function and acceleration of the disease.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
neurodegenerative disorder worldwide. It represents
70% of total dementia cases and clinically presented
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as a progressive loss of cognitive abilities and func-
tional independence [1]. Pathophysiologically, AD is
characterized by the presence of intracellular neu-
rofibrillary tangles and extracellular deposition of
amyloid plaques, resulting in neuronal dysfunction
and neuronal loss [2]. Although the link between
these two AD pathological hallmarks and their
involvement in neuronal synaptic dysfunction is
unclear, abundant evidence support a strong link to
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oxidative stress mediated assaults in the brain tissues
[3]. Of particular significance, the role of choles-
terol homeostasis was investigated heavily in the
past decades [4, 5] with its links to apolipoprotein
E (APOE) type 4 allele, which presents as the most
robust genetic risk factor for late-onset AD [6].

Under normal physiological conditions brain
cholesterol is produced and metabolized in situ
by the glial cells [7] independent of peripheral
cholesterol levels [8]. To maintain normal lipids
hemostasis, 70% of the brain cholesterol remains in
its non-esterified form while excess cholesterol is oxi-
dized enzymatically by the cytochrome p450 family,
forming oxysterols [7]. At least 40% of the brain
cholesterol is converted into 24S-hydroxycholesterol
(24S-OHC, also known as cerebrosterol) by the
neuron-specific enzyme CYP46A1 [9]. This enzyme
is highly expressed in pyramidal cells of the cor-
tex and hippocampus, granule cells of the dentate
gyrus and Purkinje cells of the cerebellum [10]. Brain
24-OHC levels has been shown to reflect neuronal
dysfunction during late stage of AD based on the
Braak staging system of neurofibrillary pathology
[5, 9, 11]. Polymorphisms in the CYP46 gene were
found to associate with increased amyloid-� (A�)
load in the brain, as well as increased cerebrospinal
fluid (CSF) levels of A� and phosphorylated tau
[12]. Beside 24S-OHC, brain cells also synthesize
other oxysterols such as 25-hydroxycholesterol (25-
OHC) and (25R)26-hydroxycholesterol (26-OHC;
also known as 27-hydroxycholesterol) via the actions
of cholesterol 25-hydroxylase (CH25H) and choles-
terol 27-hydroxylase (CYP27A1).

Mitochondria play an important role in the synthe-
sis of oxysterols via cytochrome P450 enzymes [13].
The mitochondrial inner membrane enzyme CYP27
initiates the acidic pathway of oxysterol synthesis to
form monohydroxy oxysterols 26-OHC and 25-OHC
followed by 7�-hydroxylation via CYP7B1 to form
dihydroxy oxysterols: 7�,26-dihydroxycholesterol
and 7�,25-dihydroxycholesterol. Even though mito-
chondrial involvement in oxysterol biosynthesis
is well defined, it is not clear if this pathway
is impaired in AD brain. In addition to enzy-
matic production, oxysterols can be also generated
non-enzymatically through free radical mediated
reactions specially during inflammation. Free radical
derived 7-oxycholesterols [7� hydroxy cholesterol
(7�-OHC) and 7-keto cholesterol (7-KC)] have been
found in brain, CSF [14], and plasma from AD
patients [15]. Since oxysterols are important media-
tors in variety of cell functions including intracellular

signaling [4], cell death [16], cell-cell communi-
cations [17], and inflammation [15], alteration to
oxysterol homeostasis affects cellular health.

Another regulatory pathway of cholesterol meta-
bolism is sulfation. Cholesterol and oxysterols can
be sulfated by sulfotransferases (SULT) at the 3 posi-
tion of ring A of cholesterol to form cholesterol
sulfate or oxysterol 3-sulfates [18]. Sulfotransferases,
SULT2B1b, SULT2B1a, and SULT2A1 produce
several oxysterol 3-sulfates including 7-ketocho-
lesterol 3-sulfate, 24(S)-OHC-3-sulfate, or 25-OHC
-3-sulfate. Cholesterol sulfate is the most abundant
sterol sulfate in human plasma [19] and in the brain,
cholesterol sulfate is a substrate for the synthesis of
neurosteroids which display neuroprotective prop-
erties [20]. New evidence suggests that oxysterol
sulfates are biologically active metabolites and not
merely a detoxification end-products of the sterol
metabolism [21, 22]. Oxysterol sulfates have been
shown to be involve in lipid metabolism, inflamma-
tory responses, and hepatic cell proliferation [21].

Our understanding of oxysterols and oxysterol
sulfates, including their levels in brain, is emerg-
ing with the aid of quantitative lipidomics [23–25].
However, it is not clear the levels of oxysterol sul-
fates in AD brain tissue or their physiological and
pathophysiological roles in AD. In this study we
hypothesize that as AD develops, brain mitochondria
contribute to the altered oxysterol metabolism, and
this is partly through decreased levels of oxysterol
sulfation. To investigate this hypothesis, we adopted
a high-sensitive mass spectrometry approach to mea-
sure low abundant oxysterol and sulfated oxysterol
metabolites in the frontal cortex, generally vulnerable
in AD, of postmortem brain samples and CSF.

MATERIALS AND METHODS

Chemicals

Authentic standards (24(S)-hydroxycholesterol,
26-hydroxycholesterol, 25-hydroxycholesterol,
7�-hydroxycholesterol) and deuterated (24(R/S)-
hydroxycholesterol-d7, 25-hydroxycholesterol-d6,
26-hydroxycholesterol-d6, 7�-hydroxycholesterol-
d7, 7-ketocholesterol-d5) were purchased from
Avanti polar lipids, Alabama. Authentic standard 7
keto cholesterol was purchased from Cayman chem-
icals, MI, USA. Butyl acetate, hexane, isopropanol,
methanol, and formic acid (HPLC/MS grade) were
purchased from Fisher Scientific, UK. Butylated
hydroxytoluene (BHT) was from Sigma-Aldrich,
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UK. Oasis HLB Prime cartridges were purchased
from Waters.

Tissue samples

Primary frontal cortex tissue samples from indi-
viduals diagnosed with AD or age-sex-matched
controls were obtained from the Brains for Demen-
tia Research (BDR), London Brain Bank. BDR
(brainsfordementiaresearch.org.uk) project is a grow-
ing longitudinal cohort of controls and dementia
samples. Twenty frozen brain tissue samples (0.5 mg)
and matching CSF were obtained from brains for
dementia with (n = 10, 74–89 years old, mean age
82.4 years) and without (n = 10, 72–91 years old,
mean age 81 years) AD. Donors had provided writ-
ten informed consent for brain donation and the
use of the material and clinical information for
research purposes under Research Ethics Commit-
tee approval (REC 15/SC/0639, HTA license 12217).
The genotype data for the BDR cohort is avail-
able on the Dementia Platform UK upon request
(https://www.dementiasplatform.uk/).

Enriched mitochondrial fractions

Enriched mitochondrial fractions were separated
by differential centrifugation according to our pre-
viously published protocols [26]. Briefly, previously
flash frozen cerebellar samples were placed in Gen-
tleMACS C tubes with mitochondria extraction buffer
(50 mM Tris-HCl pH 7.4, 100 mM KCl, 1.5 mM
MgCl2, 1 mM EGTA, 50 mM HEPES and 100 mM
sucrose; all sourced from Sigma-Aldrich, UK) and
homogenized using a GentleMACS Dissociator (Mil-
tenyi Biotec). The resulting homogenates were spun
at 4◦C in an Eppendorf Model 5417R Microcen-
trifuge (Fisher Scientific); first at 850 x g for 10 min,
then the supernatant obtained was centrifuged sepa-
rately at 1000 x g for 10 min to yield a nuclear pellet
and a final spin at 10000 x g for 30 min to produce the
mitochondrial pellet; the remaining supernatant con-
tained the cytosolic fraction. Fractions were stored at
–80◦C.

Extraction of free oxysterols from tissue, CSF,
and mitochondria

Frozen tissues (50 mg) spiked with internal
standards (1 ng of 24OHC-d7, 25OHC-d6, 26OHC-
d6, 7�OHC-d7, 7-keto-OHC-d5) were homogenized
with a Jencons-PLS T8.01, IKA® homogenizer

in 500 �L of ice-cold methanol with 4 mg/ml
BHT. Human CSF samples (400 �l) spiked with
internal standards was mixed with 1,600 �L ice-
cold methanol containing 4 mg/ml BHT as we
described before [14]. Enriched mitochondrial frac-
tions (1 mg/ml) were incubated in 100 �L of ice-cold
methanol with 4 mg/ml BHT. All samples were incu-
bated in ice for 10 min before centrifugation at 14,000
× g for 10 min. The methanolic supernatants were
diluted with acidified water up to 12.5% of methanol
for loading on to a solid phase extraction (SPE)
cartridge. Oxysterols were enriched using two-step
SPE using a polymeric SPE column (HLB PRiME,
Waters) as described by Dias et al. (2018) [27].

Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis of oxysterols

The oxysterol analysis was done using liquid
chromatography (LC, DIONEX UltiMate 3000,
Thermo Scientific UK Ltd., Hemel Hempstead) on-
line coupled to the ESI-QqLIT-MS/MS (QTRAP
5500, AB Sciex UK Ltd., Warrington) as previ-
ously described by Dias et al. (2018) [27]. Multiple
reaction monitoring with transitions of 367.2/161
for 24S-OHC, 367.4/147 for 25-OHC, 385.4/161
for 26-OHC, 385.4/81 for 7�-OHC, and 401.4/95
for 7-KC were used to collect data. Data were
examined using Analyst Software 1.7.2 (AB Sciex,
Warrington, UK).

Semi-quantification of oxysterol sulfates in brain
tissue and CSF

Lipids from frozen tissues (10 mg) and CSF
(100 �L) were extracted by the Folch protocol [28].
Extraction was done in glass vials and repeated twice,
the organic layer from each was combined and evap-
orated to dry under nitrogen stream in an ice bath.
Phospholipids were quantified by spectrophotometry
measurement of inorganic phosphorous as described
before [29]. Lipid extracts were resuspended in chlo-
roform: methanol (1:1, v/v) and normalized to a final
concentration of 25 ng phospholipid per microliter
in 100% methanol. Oxysterol sulfates were analyzed
by mass spectrometry in a 5500 QTrap instrument
(ABSciex, Warrington, UK) operating in the negative
ion detection mode over the mass range of 350–1000
Da with direct infusion at a flow rate of 10 �L min–1

as we described before [29]. Detection of oxysterol
sulfates in lipid extracts was achieved by precursor
ion scanning (PIS) at m/z 97.0 and confirmed by PIS

https://www.dementiasplatform.uk/
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Fig. 1. Oxysterol analysis in brain tissue and CSF. ∗Significant p-values are indicated where p < 0.05 was considered significant.

at m/z 80 collected at 1000 Da/s scan speed with step
size of 0.1 Da. Oxysterol PIS mass spectrum of sam-
ples at m/z 481.4 was used to calculate the levels of
oxysterol sulfates.

Statistical analysis

All analyses were performed using SPSS® soft-
ware (IBM®, Version 25, USA). Kolmogorov–Smir-
nov test was used to determine if the data set was
well-modelled by a normal distribution prior to sta-
tistical analysis. Means of continuous variables were
compared by independent t-test. Bivariate Pearson
correlation was used to test the degree of association
between the variables. A p value of < 0.05 was con-
sidered statistically significant in all the performed
analyses.

RESULTS

Oxysterol levels are altered in AD brain tissue
and CSF

The study comprised postmortem tissue sample
from the frontal cortex of AD brains and CSF,

classified as early (control) or late AD based on
the Braak staging system of neurofibrillary pathol-
ogy (early AD: stages I and II; late AD: stages
IV–VI) [30]. No significant differences between the
patients and control group were observed with regard
to age (82.4 ± 4.45 years versus 81.00 ± 7.28 years),
postmortem delay (47.05 ± 23.28 hours versus
53.20 ± 26.21 hours), brain pH (6.31 ± 0.29 versus
6.56 ± 0.23), and Thal amyloid phase (3.14 ± 1.46
versus 1.5 ± 0.707), except for the Braak tangle clas-
sification. Control brains did not report senile plaques
and tau pathology and aging changes were consistent
with Braak stage II. Enzymatic origin 24S-OHC was
significantly decreased in both AD brain (Fig. 1A)
and CSF (Fig. 1D) (p < 0.001). Enzymatically gen-
erated 26-OHC and non-enzymatically generated
7-oxycholesterols (7�-OHC and 7-KC) were signif-
icantly elevated in AD brain tissue (Fig. 1B, C) and
CSF (Fig. 1E, F).

The relationship of oxysterols to APOE, Thal
phase, and Braak stage

Postmortem delay and APOE polymorphism did
not correlate to the oxysterol concentrations in the
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Table 1
Correlation between oxysterols, APOE, Thal amyloid phase and Braak tangle stage

Postmortem APOE Thal amyloid Braak tangle
Delay phase staging

Brain

24S-OHC (ng/mg tissue) p = 0.356 p = 0.293 p = 0.173 p = 0.003∗
r = 0.218 r = 0.247 r = –0.498 r = –0.662

26-OHC (ng/mg tissue) p = 0.978 p = 0.560 p = 0.044∗ p = 0.022∗
r = 0.007 r = 0.138 r = 0.679 r = 0.535

7-oxycholesterols (ng/mg tissue) p = 0.466 p = 0.987 p = 0.10 p = 0.025∗
r = –0.178 r = 0.004 r = 0.799 r = 0.527

CSF

24S-OHC (ng/mL) p = 0.243 p = 0.212 p = 0.162 p = 0.052
r = 0.301 r = 0.292 r = 0.509 r = –0.466

26-OHC (ng/mL) p = 0.301 p = 0.674 p = 0.026∗ p = 0.368
r = 0.893 r = –0.10 r = 0.727 r = 0.225

7-oxycholesterols (ng/mL) p = 0.469 p = 0.827 p = 0.094 p ≤ 0.0001∗
r = –0.172 r = –0.052 r = 0.591 r = 0.787

APOE, Apolipoprotein E; 24S-OHC, 24S-hydroxycholesterol; 26-OHC, 26-hydroxycholesterol; 7-oxycholes-
terols, 7� cholesterol and 7-Ketocholesterol; CSF, cerebrospinal fluid. ∗Significant p-values are indicated where
p < 0.05 was considered significant.

Fig. 2. Oxysterol analysis in brain mitochondria. ∗Significant p-values are indicated where p < 0.05 was considered significant.

brain tissues and CSF p > 0.05 (Table 1). Thal amy-
loid phase was positively corelated to the 26-OHC
concentration in the brain and the CSF (p = 0.044,
r = 0.679 and p = 0.026, r = 0.727 respectively). Braak
tangle staging was positively correlated to 7-
oxycholesterols in the brain and the CSF (p = 0.025,
r = 0.527; p = < 0.0001, r = 0.787) and 26-OHC in the
brain (p = 0.022, r = 0.535), and negatively to 24S-
OHC in the brain (p = 0.003, r = –0.662) (Table 1).

Oxysterols in brain mitochondria

Since the acidic pathway of oxysterol synthesis
is catalyzed by mitochondrial sterol hydroxylases,
we investigated the distribution of oxysterols in
mitochondria isolated from brain tissue. Similar
to oxysterols levels in the brain tissue, 24S-OHC

levels were significantly lower in brain mitochondria
(Fig. 2A). The levels of 26-OHC, 7�-OHC, and 7-KC
was significantly upregulated in AD brain mitochon-
dria (Fig. 2B, C, D, respectively). Positive correlation
was found between mitochondria 26-OHC and Braak
tangle staging (p = 0.029, r = 0.513).

Oxysterol sulfate levels are reduced in AD brain

Lipid sulfation is known as a detoxifying mech-
anism to remove oxidized lipids [25]. In order to
understand the level of oxysterol sulfate levels in AD
brain, we applied recently developed mass spectrom-
etry methods for semi-quantification of sulfate-based
lipids [29]. Direct injection of 25HC3S standard was
analyzed by PIS 97 and PIS 80 targeted method
(Fig. 3A). After fragmentation at 30 eV, the major
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Fig. 3. Oxysterol sulfate analysis by MS. A) Identification of 25-hydroxycholesterol-3-sulfate by MS analysis. B) Linear dynamic range
of oxysterol sulfate. C) Scatter plot showing oxysterol sulfate levels in control and AD brain tissue (∗∗∗p < 0.001). D) scatter plot showing
oxysterol sulfate levels in control and AD CSF.

ions detected were the parent ion 25-OHC (m/z 481.4
Da) and the sulfate moiety (m/z 97 Da). Figure 3B
confirms a linear dynamic range between 7.5 pg to
125 pg for 25HC3S. The limit of detection and the
limit of quantification were 5 pg and 6.5 pg, respec-
tively. Analyte peaks for the parent ion 25-OHC were
higher than the limit of detection. 25HC3S levels
were significantly reduced in the AD brain tissue
compared to the control (0.77 ± 0.07 ng/mg tissue
versus 1.56 ± 0.11 ng/mg tissue; p < 0.001) (Fig. 3C).
However, 25HC3S levels in AD CSF were not signif-
icantly lower compared to control (0.13 ± 0.02 ng/L
versus 0.16 ± 0.01 ng/L respectively) (Fig. 3D).

DISCUSSION

This study analyzed free, non-esterified oxysterols
in the tissue, mitochondria, and CSF of AD patients
and controls. Even though these free, non-esterified

molecules make up only a small proportion of the
total oxysterols, they are biologically active metabo-
lites [17, 31–33]. This study shows oxysterol levels
for 26-OHC, 25-OHC, 7�-OHC, and 7-KC were
raised in the late stage of AD frontal cortex with the
exception to 24S-OHC, which was decreased. Our
observations agree with previously published data for
distribution of oxysterols in late AD brain tissue [11].
Here we show for the first time that mitochondria iso-
lated from AD frontal cortex also contain increased
levels of 26-OHC, 25-OHC, 7�-OHC, and 7-KC, and
decreased 24S-OHC levels even after correcting to
total protein.

For decades, A� and neurofibrillary tangles were
considered the primary cause of AD [34, 35] and
main disease staging systems such as the Braak tan-
gle and Thal amyloid were developed depending on
the location of amyloid lesion and the severity of
the pathological changes [30]. To date, a large body
of research has shown mitochondrial dysfunction in
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the brain of AD patients [36]. Since mitochondria
play an important role in steroidogenesis, perturbed
cholesterol metabolism and mitochondrial dysfunc-
tion has been suggested as contributors of AD. This
study shows a significantly lower levels of 24S-OHC
in the frontal cortex of AD brains and in isolated
mitochondria compared to the study controls. Since
24S-OHC is mainly synthesized by neuronal cells,
reduction of 24S-OHC could suggest the loss of
neuronal mass in AD. However, low levels in mito-
chondrial 24S-OHC and increased levels of 26-OHC,
25-OHC, 7�-OHC, and 7-KC suggest that mito-
chondrial oxysterol pathway is also altered in AD.
Previous reports demonstrated beneficial roles played
by 24S-OHC [37]. For example, 24S-OHC favors �-
secretase activity with subsequent increased levels of
soluble amyloid protein precursor (sAPP) that favors
safer removal of sAPP compared to oligomeric A�
formation [37], 24S-OHC could selectively modulate
the main memory controlling receptor in the human
brain N-methyl-D-aspartate (NMDA) [38] and in vivo
studies reported a potential improvement of mem-
ory by the overexpression of CYP46A enzyme and
the modulation of its main metabolite 24S-OHC
[39, 40]. Our analysis revealed a direct correlation
between brain tissues 24S-OHC and the Braak stages
of neurofibrillary tangles. Although this remains to
be confirmed in more definitive experiments, our
results support the preclinical evidence for 24S-OHC
as a potent A�PP modulator [41]. Since 24S-OHC
has neuronal origin and more than 60% of choles-
terol removal from brain is achieved via oxidation
to 24S-OHC [42], which traverses the blood-brain
barrier, there was much interest to investigate it as a
biomarker in circulation [9, 43]. However, we did not
observe changes to 24S-OHC levels in CSF between
control and AD.

Oxysterol homeostasis is maintained in the brain
by both biosynthesis and efflux. Unlike cholesterol,
excess oxysterols can be exported from the brain
across blood-brain barrier or CSF. Likewise, some
peripheral-derived oxysterols (e.g., 26-OHC) have
been shown to be imported into the brain across the
blood-brain barrier [44]. However, excess 26-OHC
is suggested to be metabolized and subsequently
eliminated from the brain as 7�-hydroxy-3-oxo-4-
cholestenoic acid by neuronal cells [45]. During AD,
the shrinking neuronal mass could negatively affect
this process. Therefore, 26-OHC could act as an
important marker for blood-brain barrier integrity
where compromised blood-brain and blood-CSF bar-
rier integrity may allow peripheral oxysterols to be

transported to brain tissue [46] subsequently medi-
ating negative effects on neuronal functions [33, 47,
48]. Our results show increased 26-OHC levels in AD
frontal cortex, mitochondria, and CSF. Correlation
analysis also revealed for the first time a positive clini-
cal correlation between phases of amyloid deposition
(Thal amyloid) and 26-OHC concentration in the
brain and the CSF. Likewise, neurofibrillary pathol-
ogy staging (Braak tangle) was affected positively by
26-OHC concentration in the brain and the mitochon-
dria which adds to the growing evidence proposing
the mitochondria as a key organelle in AD etiology. It
may be possible that oxysterols in the brain is funda-
mental to maintain neuronal health thus, altered brain
oxysterol concentrations could be a key to counter the
detrimental effects of AD pathology.

Aside from enzymatically generated oxysterols,
free radical generated 7-oxycholesterols were signif-
icantly increased in AD brain tissue, mitochondria,
and CSF and correlated with Braak tangle staging.
The enzymes 11�-hydroxysteroid dehydrogenase
(11�-HSD) type 1 and type 2 are responsible for
the interconversion of 7�-OHC and 7-KC [49]. 11�-
HSD1 was reported to catalyze the reduction of
7KC to 7�OHC [49] and 11�-HSD2 was found to
catalyze the oxidation of 7�OHC to 7KC [50]. 7-
oxycholesterols have been shown to cytotoxic to
the neural cells via multiple stress-response path-
ways. For example, 7-oxycholesterols increases the
production of reactive oxygen species and triggers
an apoptotic stress response [51]. 7-KC induced
cell death found to be associated with mitochon-
drial dysfunctions, including changes to oxidative
phosphorylation resulting energy imbalance in oligo-
dendrocytes [52]. CSF 7-KC levels in cognitively
healthy adults were associated with A� levels and
white matter microstructure indicating the potential
effect of 7-KC in the A� aggregation at early stage of
the disease [14]. Collectively, this work shows impor-
tant correlations between enzymatically produced
and free radical generated oxysterols in AD brain.
By emphasizing the role of mitochondrial cholesterol
metabolism in AD, this study shows the importance
of targeting brain mitochondria in AD.

Based on these measures, next we sought to inves-
tigate whether conversion of oxysterols to oxysterol
sulfate for removal is altered in AD. This paper
presents, for the first time, that oxysterol sulfate
25HC3S is significantly lower in AD frontal cortex.
Sulfate-based lipids have increased water solubility
than the parent oxidized form. Therefore, SULTs are
known to be involved in detoxification of cytotoxic
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Fig. 4. A schematic representing the key steps of mitochondrial oxysterol synthesis and conversion to oxysterol sulfates in cytosol. AD
patients are reported to have low levels of brain sulfotransferase (SULT) genes and enzymatic activity [53, 54]. This may result oxysterols
accumulation in AD brain cells and mitochondria.

oxidized lipids [25]. Previous reports suggest a signif-
icantly lower copy number of SULT genes in AD [53]
and lower SULT enzymatic activity compared to non-
AD controls [54]. Therefore, it is possible that this
pathway is impaired in AD and oxysterols may accu-
mulate in the brain. Even though 25HC3S levels are
lower in AD CSF, they were not statistically signifi-
cant. Further experiments will be needed to confirm
if this is due to sample number or due to another
mechanism. Apart of detoxification, recent studies
have shown that 25HC3S regulates important cellu-
lar events, including responses to stress signals via
epigenetic modification, lipid hemostasis, regulating
cellular inflammatory responses, and cell prolifer-
ation via the regulation of the activity of nuclear
receptors.

It is interesting to compare the distribution of oxys-
terols in mitochondria with oxysterol sulfates. The
key steps of this mechanism are depicted in Fig. 4.
However, there were some limitations in this study:
1) sample numbers, 2) stages of AD development,
and 3) access to different brain regions. Addressing
above limitations would provide further insight into
the interplay between oxysterols and oxysterol sul-
fates in the AD brain. In summary, this work suggest
that cytotoxic oxysterols are accumulated in AD brain

in the absence of SULT detoxification systems and
open a new avenue to improve our understanding of
the pathophysiological effects of oxysterol sulfates
in AD.
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Reduced sulfotransferase SULT2A1 activity in patients with
Alzheimer’s disease. Physiol Res 64, S265-273.


