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Abstract Recent studies suggest that 7-dehydrocholesterol
(7-DHC)-derived oxysterols play important roles in the
pathophysiology of Smith-Lemli-Opitz syndrome (SLOS), a
metabolic disorder that is caused by defective 3{3-hydroxysterol-
A’-reductase (DHCR?). Although 14 oxysterols have been
identified as the primary products of 7-DHC autoxidation
in organic solution, the metabolic fate of these oxysterols
in a biological environment has not yet been elucidated.
Therefore, we incubated these primary 7-DHC oxysterols in
control Neuro2a and control human fibroblast cells and
identified metabolites of these oxysterols by HPLC-MS. We
also incubated Dhcr7-deficient Neuro2a cells and fibroblasts
from SLOS patients with isotopically labeled 7-DHC (d,-7-
DHC). The observation of matching dy- and d; peaks in
HPLC-MS confirmed the presence of true metabolites of
7-DHC after excluding the possibility of ex vivo oxidation.
The metabolites of primary 7-DHC oxysterols were found
to contribute to the majority of the metabolic profile of
7-DHC in cells. Furthermore, based on this new data, we
identified three new 7-DHC-derived metabolites in the brain
of Dher7KO mice ll Our studies suggest that 7-DHC per-
oxidation is a major source of oxysterols observed in cells
and in vivo and that the stable metabolites of primary 7-DHC
oxysterols can be used as markers of 7-DHC peroxidation in
these biological systems.—Xu, L., Z. Korade, D. A. Rosado, Jr.,
K. Mirnics, and N. A. Porter. Metabolism of oxysterols
derived from nonenzymatic oxidation of 7-dehydrocholes-
terol in cells. J. Lipid Res. 2013. 54: 1135-1143.
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7-Dehydrocholesterol (7-DHC) is the immediate biosyn-
thetic precursor of cholesterol that accumulates in tissues
and fluids of individuals affected with Smith-Lemli-Opitz
syndrome (SLOS). SLOS is an autosomal recessive choles-
terol biosynthesis disorder that is caused by mutations in
the gene encoding 3p-hydroxysterol-A’ "reductase (DHCRY7,
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EC 1.3.1.21), the enzyme that catalyzes the reduction of
7-DHC to cholesterol. The defect in DHCR?7 leads to an ac-
cumulation of 7-DHC and a pronounced reduction in the
levels of cholesterol in affected individuals (1-7). SLOS is
characterized by a broad spectrum of phenotypes, including
multiple congenital malformations, neurological defects, brain
abnormalities, mental retardation, autism-like behavior, and
photosensitivity (6, 8-11).

We reported that 7-DHC is the most labile lipid mole-
cule known to date toward free radical oxidation (autoxi-
dation) (12). Itis 200 times more reactive in autoxidation
than cholesterol and more than 10 times more reactive
than arachidonic acid (12). Over a dozen oxidation prod-
ucts (oxysterols) with novel structures were identified in
the free radical oxidation of 7-DHC in solution (13, 14).
We define these products as “primary nonenzymatically
formed 7-DHC oxysterols” (or “primary 7-DHC oxysterols”)
because they are formed outside of a biological environ-
ment and are thus not metabolized. More importantly,
characteristic oxysterols were observed in cell and animal
models for SLOS, such as Dhcr7-deficient Neuro2a cells,
SLOS human fibroblasts, Dhcr7-KO mice, and AY9944-
treated rats (14-16). However, the oxysterol profiles observed
in these biological systems are distinctly different from the
one observed in peroxidation of 7-DHC in solution, and
major oxysterols formed from autoxidation in solution
were not observed in cell and animal tissues (14-16).
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Oxysterols as a class can exert a broad spectrum of bio-
logical functions in cells and tissues. Among the functions
affected are cell apoptosis, activation of the inflammatory
response, regulating cholesterol homeostasis and hedge-
hog signaling pathways, and modulating immune system
responses (17-19). Individual oxysterols formed from free
radical oxidation of 7-DHC exert differential cytotoxicity to
cells, and the oxysterol mixture leads to changes in cell pro-
liferation, differentiation, and gene expression (20). One
of the major 7-DHC-derived oxysterols observed in cell and
animal models of SLOS, 38,5a-dihydroxycholest-7-en-6-one
(DHCEO), induces critical gene expression changes that
relate to cell growth and lipid biosynthesis (14, 20). This
compound also accelerates differentiation and arborization
of cortical neurons (21). Mechanistic studies in Neuro2a
cells suggested that DHCEO is formed from one of the pri-
mary oxysterols of 7-DHC peroxidation, 7-DHC-5a,6a-
epoxide, via the intermediate 7-cholesten-3[3,5a,6p3-triol
(14). However, the mechanisms of formation of other en-
dogenous oxysterols, as well as the metabolic fate of other
primary 7-DHC oxysterols, are still unknown.

We have investigated the metabolism of 7-DHC and its
oxysterols in cell cultures and we report the following
here: i) the elucidation of the metabolic profile of 7-DHC
in Dhcer7-deficient Neuro2a cells and SLOS human fibro-
blasts by incubating deuterium-labeled 7-DHC (d-7-DHC)
in these cell lines followed by HPLC-MS analysis; i) identifi-
cation of the metabolites of primary oxysterols of 7-DHC
autoxidation in control Neuro2a cells and control human
fibroblasts by HPLC-MS; ii2) correlation of the metabolites
of the primary 7-DHC oxysterols to the overall metabolic
profiles of 7-DHC in Dher7-deficient Neuro2a cells and
SLOS human fibroblasts; and ¢v) identification of three new
7-DHC-derived oxysterols in brain of Dher7-KO mice based
on the metabolic profile of primary 7-DHC oxysterols.

MATERIALS AND METHODS

Materials

HPLC-grade solvents (hexanes and 2-propanol) were pur-
chased from Thermo Fisher Scientific Inc. [25,26,26,26,27,27,27-
d;17-DHC, d-DHCEO, 4a-hydroxy-7-DHC, 483-hydroxy-7-DHC,
and cholesta-7-en-3B,50,60(B),9a-tetraols were prepared as re-
ported previously (14, 15). Other standards of 7-DHC-derived
oxysterols, including compounds 1, 2a, 2b, 3, 4, 5, 6a, 6b,
3B.,5a,9a-trihydroxycholest-7-en-6-one (THCEO), and 3B,5a-
dihydroxycholesta-7,9(11)-dien-6-one (DHCDO) were isolated
from the product mixture of free radical oxidation of 7-DHC in
solution (13). 7-Keto-cholesta-5,8-dien-3B-ol (7-kDHC) was syn-
thesized as described below. All other chemical reagents at the
highest grade were purchased from Sigma-Aldrich Co. and were
used without further purification. NHy-SPE cartridges (55 wm,
70 A, 500 mg/3 ml) were purchased from Phenomenex Inc.

Cell cultures and treatment of human fibroblasts and
Neuro2a cells

Neuroblastoma cell line Neuro2a was purchased from the
American Type Culture Collection (Rockville, MD). Control
(GM05399 and GM05565) and SLOS (GM05788 and GM03044)
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human fibroblasts (HF) were purchased from the Coriell Insti-
tute. Dher7-deficient Neuro2a cells were generated as described
previously (22). All cell lines were maintained in DMEM supple-
mented with L-glutamine, 10% fetal bovine serum (FBS; Thermo
Scientific HyClone, Logan, UT), and penicillin/streptomycin at
37°Cand 5% CO,. Generally for different treatment, the HF cells
were plated at a density of 3.0 x 10° cells/plate in 60 mm cell
culture dishes (Sarstedt, Newton, NC), whereas the NeuroZ2a cells
were plated at a density of ~1 x 10° cells/plate in 100 mm dishes.
Both cell lines were allowed 12 h to attach to the dishes. For treat-
ment of DherZdeficient Neuro2a cells or SLOS HFs, cells were
cultured in the presence of different concentrations of d-7-DHC
in DMEM medium containing 10% lipid-reduced serum (HyClone
Lipid Reduced FBS, Thermo Fisher Scientific Inc.), L-glutamine,
and penicillin/streptomycin for five days (medium was refreshed
every two days). This lipid-reduced FBS does not contain a de-
tectable level of cholesterol.

When treating control Neuro2a cells or control HF cells with
different primary 7-DHC-derived oxysterols, the cells were cul-
tured in the presence of different oxysterols (1 uM for com-
pounds 2a, 2b, and 3, and 5 uM for other oxysterols due to their
different toxicity) (20) in medium with 10% regular FBS. At the
end of the experiments, the cells were washed with 1x PBS buf-
fer twice, scraped with a cell scraper, and centrifuged at 250 g for
5 min at 4°C. The cell pellets were frozen at —80°C until lipid
extraction and separation.

Dher7-KO mice

Dher7KO (Dher7™ ) mice were purchased from Jackson
Laboratories (catalog #007453). The mice were kept and bred
in Division of Animal Care facilities at Vanderbilt University. All
experimental procedures were in accordance with the National
Institutes of Health guidelines for the use of live animals and
were approved by the Vanderbilt University Institutional Animal
Care and Use Committee. Genotyping and dissection of the tis-
sues from PO or E20 mice were performed as previously described
(14). The brain tissues were rapidly removed and frozen in pre-
cooled methyl-butane and stored at —80°C until lipid extraction
and HPLC-APCI-MS/MS analysis.

Lipid extraction, separation, and HPLC-APCI-MS/MS
analyses

Extraction and separation of the lipids from cell pellets and
brain tissues were described in detail previously (14). The cells
treated with d-7-DHC were processed in the absence of any deu-
terated oxysterol standard, and the cells treated with 7-DHC-
derived oxysterols were processed in the presence of an appropriate
amount of d-DHCEO standard. Briefly, to the cell pellets was
added Folch solution [5 ml chloroform/methanol (2/1) con-
taining 0.001M BHT and PPh;], followed by the addition of NaCl
aqueous solution (0.9%, 1 ml). The resulting mixture was vor-
texed for 1 min and centrifuged for 5 min. The lower organic
phase was recovered, dried under a stream of nitrogen, redis-
solved in methylene chloride, and subjected to separation with
NHy-SPE [500 mg cartridge; the column was conditioned with
4 ml of hexanes, and the neutral lipids containing oxysterols
were eluted with 4 ml of chloroform/2-propanol (2/1)]. The
eluted fractions were then dried under nitrogen and reconsti-
tuted in methylene chloride (200 pl) for normal phase (NP)
HPLC-APCI-MS/MS analyses following a previously reported method
(13, 20). HPLC was performed with either a 5 pm 250 x 4.6 mm
silica column (Beckman Coulter Inc.) or a 3 pm 150 x 4.6 mm silica
column (Phenomenex Inc.). A gradient of 2-propanol in hexanes
was used as the elution solvent at 1.0 ml/min: 2-propanol/hexanes =
10/90 (0-15 min), 19/81 (16-26 min), 10/90 (27-35 min). MS
analysis was performed on a Thermofinnigan TSQ Quantum Ultra



coupled to the HPLC. Selective reaction monitoring (SRM)
was employed to monitor the dehydration process of the ion
[M+H]" (to [M+H-H,O]") or [M+H-H,O]" (to [M+H-2H,0]") in
the mass spectrometry (14, 15).

Synthesis of 7-kDHC

7-Hydroperoxy-cholesta-5,8-dien-33-ol (7-kDHGC; 37 mg pre-
pared as described in Ref. 23) was stirred in pyridine (1 ml) and
acetic anhydride (1 ml) at room temperature overnight, followed
by the removal of pyridine under vacuum. The resulting mixture
was then diluted with ethyl acetate (10 ml), washed with saturated
aqueous sodium bicarbonate (10 ml x 2) and 5% hydrochloric
acid (10 ml), dried over magnesium sulfate, filtered, and evapo-
rated to give a crude product of 7-kDHC acetate. The crude
7-kDHC acetate was then redissolved in ethanol (3 ml), to which
sodium methoxide (20 mg) was added. The reaction was stirred at
room temperature for 30 min and was diluted with saturated aque-
ous ammonium chloride. The resulting mixture was extracted with
methylene chloride (10 ml x 3), dried over magnesium sulfate,
filtered, and evaporated to give crude 7-kDHC. Flash column
chromatography on silica gel (elution solvent: hexanes/ethyl
acetate = 1/1) gave pure 7-kDHC as an amorphous white solid
(20 mg, 56% of yield over two steps). "H NMR (600 MHz, CDCl,):
80.63 (s, 3H), 0.86 (d, 3H, J=3.0 Hz), 0.87 (d, 3H, /= 3.0 Hz), 0.95
(d, 3H, J= 6.6 Hz), 1.36 (s, 3H), 1.66-1.76 (m, 1H), 1.93-2.02
(m, 2H), 2.04-2.12 (m, 2H), 2.20-2.27 (m, 2H), 2.35-2.42 (m, 1H),
2.43-2.50 (m, 1H), 2.53 (dt, 1H, J=11.9, 1.2 Hz), 2.55-2.62
(m, 2H), .65 (m, 1H), 6.03 (d, 1H, J= 1.1 Hz). °C NMR (150
MHz, CDCly): 8 11.8, 19.0, 22.7, 22.9, 23.8, 24.0, 24.76, 24.83, 28.1,
29.5, 30.7, 34.8, 35.8, 36.2, 36.3, 39.6, 42.0, 42.1, 42.6, 48.5, 53.6,
72.0,126.8, 134.1, 161.5, 162.0, 186.6.

RESULTS

Oxysterol metabolic profile of 7-DHC in Dhcr7-deficient
Neuro2a cells

We reported previously that a number of HPLC-MS frac-
tions that have molecular mass corresponding to oxysterols
have been found in the analysis of lipid from Dher7-defi-
cient Neuro2a cells and SLOS human fibroblasts, when
the analysis was compared with matching control samples.
However, only one of these new peaks, DHCEO, has been
identified (14). To identify the additional unknown peaks,
we incubated these two cell lines in medium containing
lipid-reduced serum supplemented with d,-7-DHC, and
we analyzed the oxysterols in the cells by HPLC-MS (see
Materials and Methods).

A typical HPLC-MS chromatogram of DherZ-deficient
Neuro2a cells treated with d-7-DHC is shown in Fig. 1A.
Mass-to-charge ratios that correspond to both dy-oxysterols
and corresponding d-oxysterols were monitored. As seen
in Fig. 1, several new peaks were observed in the match-
ing d, and d; panels, suggesting that these products
are potential metabolites of 7-DHC. No 7-DHC-derived
peak was observed after 11 min of the chromatogram.
The peaks were identified as 4o-hydroxy-7-DHC, 4B-
hydroxy-7-DHC, 7-keto-cholesta-5,8-dien-33-ol (7-kDHC),
3B.5a,9a-trihydroxycholest-7-en-6-one (THCEO), and
3B,5a-dihydroxycholesta-7,9(11)-dien-6-one (DHCDO) by
comparing the retention time (RT) and MS characteristics

with synthetic standards of these compounds (13, 15). The
structures of these oxysterols are shown in Fig. 2. Further-
more, two unknown 7-DHC-derived peaks were observed
in the m/z panels that correspond to [7-DHC+10+H'] and
[7-DHC+10+H"-H,0] (unknown-1 and unknown-2).

Because 7-DHC is exceptionally oxidizable, we sought
to exclude the possibility that the observed oxysterols
were formed during sample collection and preparation.
We processed control samples of Dher7-deficient Neuro2a
cells (grown in the absence of d;-7-DHC) in the presence
of externally added d-7-DHC and compared the ratios
of the d;- and corresponding dj-oxysterols to the ratio of
d- and dy-7-DHC in the cells (Fig. 3). If the ratio of d;/ d,
determined for a given oxysterol was significantly less
than the measured d;-/ dy-7-DHC ratio, the oxysterol was
likely formed in the live cell. If the d;/ d, ratio of an oxys-
terol is comparable to the d,/d, ratio of its 7-DHC pre-
cursor, then this oxysterol was formed during sample
processing. From this experiment, we confirmed that all
4a-hydroxy-7-DHC, 4B-hydroxy-7-DHC, and unknown-2;
a majority of DHCEO, THCEO, DHCDO, and 7-kDHC;
and ~50% of unknown-1 are formed in cells, suggesting
that these oxysterols are indeed metabolites of 7-DHC
in cells.

Oxysterol metabolic profile of 7-DHC in SLOS human
fibroblasts

The metabolic profile of 7-DHC in SLOS human fibro-
blasts is similar to the one observed for Dher/7-deficient Neu-
ro2a cells, but with DHCEO being the major metabolite
present (Fig. 1B). Specifically, 4a-hydroxy- and 43-hydroxy-
7-DHC were only observed as very minor metabolites in fi-
broblasts and the unknown peak (unknown-2) in the m/z
panel of [7-DHC+10+H"] was not observed.

Although the metabolic profile is similar between Dhcr7-
deficient Neuro2a cells and SLOS human fibroblasts,
there are clear differences in the way metabolites are
formed, as indicated by the d,/d, ratio of each metabolite.
In human fibroblasts, every metabolite has a larger d;/d,
ratio than the d,/d, ratio of 7-DHC (Fig. 4A). This is
not surprising since d,-7-DHC is present at the beginning
of the cell treatment (allowing d;-oxysterol formation at an
earlier stage), but dy-7-DHC accumulates slowly by biosyn-
thesis over the course of incubation in lipid-reduced
medium. However, in Dher7-deficient Neuro2a cells, only
the d,/d, ratios of DHCEO, 7-kDHC, THCEO, DHCDO,
and unknown-1 were larger than that of 7-DHC. The d,/d,
ratios of 4a-hydroxy-7-DHC, 48-hydroxy-7-DHC and un-
known-2 were not different from the same ratio of 7-DHC
(Fig. 4B).

Another metabolic difference between these two cell
lines is that d-7-DHC was converted to d-cholesterol to
different extents. The d;/d, ratio of cholesterol is compa-
rable to that of 7-DHC in Dhcr7-deficient Neuro2a cells
(0.033 versus 0.038), but is only ca. 6% of the same ratio of
7-DHC in SLOS human fibroblasts (0.011 versus 0.18).
This difference is presumably due to the fact that the Dher7-
deficient (knockdown by shRNA) NeuroZ2a cells still retain
some activities of Dhcr7 (22).
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Fig. 1. NP-HPLC-APCI-MS/MS (silica 4.6 mm x 150 mm column; 3 wm; 1.0 ml/min; elution solvent: 10% 2-propanol in hexanes) analysis
of the oxysterols from (A) Dher7-deficient Neuro2a cells that were incubated in the presence of 5 uM of d;-7-DHC in lipid-reduced medium
for five days and (B) SLOS human fibroblasts incubated in the presence of 1 uM of @-7-DHC in the same manner. Peaks that were observed
in both the dy-oxysterol and the droxysterol MS panels at the same retention time were identified as metabolites of 7-DHC. No 7-DHC-
derived peak was observed after 13 min (not shown). The parent ion of each chromatogram and the MS/MS transition are marked in the

corresponding MS panel.

Oxysterol metabolic profile of primary nonenzymatically
formed 7-DHC-derived oxysterols in control Neuro2a
cells and control human fibroblasts

We presume that primary nonenzymatically formed
7-DHC oxysterols are further metabolized to more stable
oxysterols in cells and tissues. To examine this hypothesis,
we incubated major primary 7-DHC autoxidation-derived
oxysterols and cholesta-7-en-33,50.,6c () ,9a-tetraols [6a(B)-
tetraols] (Fig. 5) in control Neuro2a cells and control hu-
man fibroblasts, and we analyzed the metabolites of these
oxysterols by HPLC-MS. Noncytotoxic concentrations of
oxysterols (1 uM for compounds 2a and 2b, and 5 uM for
other compounds) were used in this study based on our
previous study in Neuro2a cells (20). At these concentra-
tions, the oxysterols did not induce changes in the cell vi-
ability and morphology of these two cell lines. The same
amount of d-DHCEO was added to each sample during

I HO
OH
40-OH-7-DHC

OH
4p-OH-7-DHC

HO

HO

0o

7-keto-DHC (7-kDHC)

DHCDO
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processing for comparison between relative peak intensity
and retention time. No 7-DHC-derived oxysterol was ob-
served in vehicle-treated control cells (Fig. 6A and supple-
mentary Fig. IIA). From the HPLC-MS analysis shown in
Fig. 6 and supplementary Figs. I and II, we found that the
main metabolic pathways that operate are reduction of
endoperoxide, epoxide ring opening, and oxidation of al-
lylic alcohol (Fig. 7). For example, compound 1 was appar-
ently metabolized to the 6B-tetraol by epoxide ring opening,
an intermediate that was further metabolized to THCEO
via oxidation of the allylic alcohol to ketone (Fig. 6B).
Compounds 2a and 2b were metabolized to 6a-tetraol and
6B-tetraol via the reduction of the endoperoxide, respec-
tively, followed by conversion to THCEO via allylic oxida-
tion (Fig. 6C, D). Although metabolites of compound 3
were not identified due to lack of standards, this oxysterol
presumably undergoes endoperoxide reduction, epoxide

Fig. 2. Structures of identified 7-DHC-derived ox-
ysterols in Dher7-deficient Neuro2a cells and/or
SLOS human fibroblasts.
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d;ld,

Fig. 3. Evaluation of oxysterol formation during sample process-
ing of Dher7-deficient Neuro2a. Cell samples were cultured in the
absence of d-7-DHC but processed in the presence of externally
added d-7-DHC. The ratio of d/ dyoxysterol is compared with the
same ratio of 7-DHC. All ratios of d;-/ dy-oxysterols were found to be
significantly less than the ratio of di-/ d-7-DHC. Statistical analyses
were performed with #test (two-tailed distribution) against d;/d,
ratio of 7-DHC. N = 3; *P < 0.05; *#%P < 0.0005.

ring opening, and/or dehydration (supplementary Fig. I).
The structures of these metabolites are proposed based on
the MS characteristics and the retention time (polarity) of
each metabolite as shown in supplementary Fig. I. The me-
tabolites of compound 4 were not clearly detected in Neu-
ro2a cells, but triene 5 was formed from compound 4 in
control human fibroblasts (supplementary Fig. II).

There are some differences in the reactivities of differ-
ent oxysterols for the similar metabolic transformations.
For example, the 6a- and 63-tetraols both contain an allylic
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Fig. 4. Comparison of d,/d, ratios of 7-DHC-derived metabolites
to the d;/ d, ratio of 7-DHC in (A) SLOS human fibroblasts and (B)
Dher7-deficient Neuro2a cells that were incubated in the presence
of 1 uM of d;-7-DHC in lipid-reduced medium for five days. Statisti-
cal analyses were performed with #test (two-tailed distribution)
against d;/ d, ratio of 7-DHC. N = 3; *P < 0.05; **P < 0.005; *#*P <
0.0005.

alcohol, but the 6B-tetraol is clearly more prone to allylic
oxidation as indicated by the formation of much higher
level of THCEO from this substrate than from the 6« com-
pound under the same conditions (Fig. 6E, F). In addi-
tion, the allylic alcohol at C6 having a double bond at
C7 = C8 appears to be much more reactive toward oxida-
tion than the one at C7 with the double bond at C8 = C14
(from metabolism of compounds 6a and 6b) as no ketone
products were observed as metabolites of compounds
6a and 6b (no peak with a m/z value of the potential
ketone product was observed) (supplementary Fig. II).

Identification of THCEO, DHCDO, and 7-kDHC in
brain of Dhcr7-KO mice

To establish whether the oxysterol profile in the nervous
system reflects the profile identified in the neuronal cell
line, we examined the oxysterols formed in brain of
Dher7-KO mice at PO (E20). Although we have previously
identified several oxysterols in brain of the KO mice, [includ-
ing 24-hydroxy-7-DHC, DHCEO, 4a-hydroxy-7-DHC, and
4B-hydroxy-7-DHC (16)], several oxysterols remained un-
identified. With the knowledge obtained from our studies
of oxysterol metabolism in cells, we found three previously
unidentified oxysterols, THCEO, DHCDO, and 7-kDHC,
based on the retention time and MS characteristics by
comparing with the standards of these oxysterols and
d-DHCEO (Fig. 8B). A few minor peaks remain unidenti-
fied due to lack of matching standards. No 7-DHC-derived
oxysterol was observed in brain of wild-type mice (Fig. 8A).
At E20 or PO, the identified oxysterols reflect primarily
neuronal metabolism because glial cell development and
myelination proceed postnatally (24, 25). Therefore, the
presence of these identified oxysterols suggests that 7-DHC
peroxidation in neurons proceeds in a way similar to that
in the Neuro2a cell line. Future studies in hypomorphic
mouse models will allow us to compare glial and neuronal
metabolism of 7-DHC-derived oxysterols (26).

DISCUSSION

Free radical oxidation of 7-DHC in solution gives over a
dozen oxysterols as products, and these oxysterols are
found to exert a variety of biological activities, including
cytotoxicity and induction of gene expression changes
(13, 20, 21). However, the oxysterol profiles found in cell
and rodent models of SLOS are distinctly different from
the peroxidation product profile observed from authentic
free radical oxidation in organic solvent. Our studies here
suggest that the primary oxysterols formed from 7-DHC
peroxidation are further metabolized in biological envi-
ronments, leading to the observed differences in the oxys-
terol profiles.

The studies reported here clearly establish links between
the primary oxysterols derived from 7-DHC autoxida-
tion and the oxysterol metabolites observed in cell and
animal SLOS models. The incubation experiments in Dher7-
deficient Neuro2a cells and SLOS human fibroblasts with
d-7-DHC (Fig. 1) and the ex vivo oxidation tests (Fig. 3)
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Fig. 5. Structures of primary 7-DHC peroxidation-
derived oxysterolsand cholesta-7-en-3(3,5a,60 (8,9
tetraol that were incubated in control Neuro2a and
human fibroblast cells for metabolism studies.

3B,5a,60(B),90a-tetraol
(6a(p)-tetraol)

unequivocally identified the metabolites that are derived
from 7-DHC in cell culture. The identified products in-
clude 4o-hydroxy-7-DHC, 4B-hydroxy-7-DHC, 7-kDHC,
DHCEO, THCEO, and DHCDO (Fig. 2). 4a-Hydroxy-7-
DHC and 4$-hydroxy-7-DHC have been identified in tissues

of rodent models of SLOS (15, 16), and they are likely
formed from enzymatic oxidation of 7-DHC as they were
not isolated as products of free radical oxidation of 7-DHC
in solution (13). However, the origin of these two oxys-
terols is still debatable as 4f3-hydroxycholesterol, but not
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Fig. 6. NP-HPLC-APCI-MS/MS [silica 4.6 mm x 250 mm column; 5 pm; 1.0 ml/min; elution solvent: 2-propanol/hexanes = 10/90 (0-15 min),
19/81 (16-26 min), 10/90 (27-35 min)] analysis of the oxysterols in (A) control Neuro2a cells and Neuro2a cells that were incubated
in the presence of (B) 5 uM of 1, (C) 1 uM of 2a, (D) 1 uM of 2b, (E) 5 uM of 6a-tetraol, and (F) 5 uM of 6B-tetraol for 24 h in DMEM
medium that was supplemented with regular FBS. The structures of the oxysterols incubated in each experiment are shown in the corre-
sponding chromatogram. A known amount of &-DHCEO was added to each sample as an internal standard so that retention time and peak
intensities of the peaks could be compared between each run. The parent ion and the MS/MS transition are marked in each panel of
(A), and the same MS/MS transitions were monitored in every experiment.
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Fig. 7. Major metabolic pathways of primary 7-DHC-derived oxysterols: reduction of endoperoxide (A, B),
epoxide ring opening (A), and oxidation of allylic alcohol (C).

4a-hydroxycholesterol, was identified as an enzymatic
oxidation product of cholesterol via the catalysis of CYP
3A4 (27, 28). More importantly, DHCEO and THCEO
are also identified as the stable end metabolic products
of primary oxysterols of 7-DHC peroxidation, suggesting
that peroxidation of 7-DHC contributes significantly to the
overall oxysterol pool in cell culture and in vivo (Figs. 1
and 6). We note that DHCEO and THCEO are very minor
products of 7-DHC autoxidation, yet they are among the
major metabolites observed in cells and in vivo. This is per-
haps not surprising since their precursors, 7-DHC-5a,60-
epoxide and compounds 1, 2a, and 2b, are major primary
oxysterols formed from 7-DHC autoxidation (13).
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The primary oxysterols formed from 7-DHC autoxida-
tion in solution are biologically active in control Neuro2a
cells and in cortical neuronal cells, being cytotoxic and
inducing changes in gene expression and morphology
(20, 21). In Neuro2a cells, a mixture of the primary 7-DHC
oxysterols downregulates gene transcripts related to lipid
biosynthesis (including Hmger, Dher7, Srebp2, Fasn, SIp,
and Sg¢s) and cell growth (including Ki67, Adam19, and Egrl)
(20). While the stable metabolites of the primary oxysterols
can be used as biomarkers of 7-DHC peroxidation, they may
by themselves exert various biological activities. For exam-
ple, DHCEO is not only toxic to neuronal cells but also in-
duces changes in critical gene transcripts (20). Accelerated
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Fig. 8. NP-HPLC-APCI-MS/MS (silica 150 x 4.6 mm column; 3 p; 1.0 ml/min; elution solvent: 10% 2-propanol in hexanes) analysis of
the oxysterols from (A) WT and (B) Dher7-KO mouse brains at PO or E20. In (B), DHCEO, 4o-hydroxy-7-DHC, 4B-hydroxy-7-DHC, and
24-hydroxy-7-DHC were identified previously (15, 16), while THCEO, DHCDO, and 7-kDHC were identified in this study. A known
amount of d-DHCEO was added to each sample as an internal standard so that retention time and peak intensities of the peaks could be
compared between each run. New and unidentified peaks observed in KO mice relative to WT are marked with an asterisk. 5a,8a-Epidioxy-
cholest-6-en-33-ol (EnP) (5, 8) is a photooxidation product of 7-DHC that has been demonstrated to be a product of ex vivo oxidation (15).
The parent ion of each chromatogram and the MS/MS transition are marked in the corresponding MS panel.
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cell differentiation has also been observed in both Neuro2a
cells and primary neurons treated with DHCEO (20, 21).

The main metabolic pathways from the primary 7-DHC
autoxidation products to the stable oxysterols observed in
cells appear to be the reduction of endoperoxides, epox-
ide ring opening, and oxidation of allylic alcohols (Fig. 7).
These transformations can be understood based on the
reducing biological environment of cells, the presence of
cellular epoxide hydrolases, and the high reactivity of al-
lylic alcohols. As an example, cholesterol 5,6-epoxide (o
or B) can be readily converted to cholesta-38,5a,68-triol
by A’-steroid epoxide hydrolase (29-31), and evidence
also supports its subsequent oxidation to 33,5a-dihydroxy-
cholestan-6-one (31, 32). In addition, both 7a- and 73-
hydroxycholesterol can be oxidized via allylic oxidation
through the catalysis of 7a-hydroxysterol dehydrogenase
to give 7-ketocholesterol, an analog of 7-kDHC (33).

7-KDHC is a novel 7-DHC-derived oxysterol that is
presumably formed from dehydration of 7-hydroperoxy-
cholesta-b,8-dien-3p-ol. 7-Hydroperoxy-cholesta-5,8-dien-33-ol
is a known product of 7-DHC photo-oxidation (23), but it
can also be formed from free radical oxidation of 7-DHC
when good hydrogen atom donors, such as vitamin E, are
present in the reaction (13, 34).

The observed d;/ d, ratios of the oxysterols shed light on
the differences in metabolism between the two different
cell lines studied. As seen in Fig. 4, the d;/d, ratios of all
oxysterols in human fibroblasts are larger than the d;/d,
ratio of the precursor 7-DHC, which is reasonable consid-
ering d-7-DHC is present at high concentrations even during
the early stages of treatment. In addition, the d;/d, ratios
are quite similar among all oxysterols, suggesting that d-7-
DHC is essentially equivalent to dy-7-DHC during its me-
tabolism in human fibroblasts. In Neuro2a cells, most of
the d,/ dy-oxysterol ratios are larger than the 7-DHC ratios,
but 4o-hydroxy-7-DHC, 48-hydroxy-7-DHC, and unknown-2
have ratios comparable to that of 7-DHC (Fig. 4B), suggest-
ing that exogenously added d,-7-DHC and metabolically
derived d-7-DHC are differentiated by some of the subse-
quent metabolic pathways. Thus, it is reasonable to spec-
ulate that the differences in oxysterol profiles between
these two cell lines may be due to 7) their different meta-
bolic activities, as Neuro2a is an immortal neuroblastoma
cell line and human fibroblast is a primary cell line; )
their different expression of enzymes responsible for the
metabolic transformations; #i) their different antioxidant
capacity; and @) different access of endogenous dy- and
exogenous d-7-DHC to the necessary enzymes. For ex-
ample, it is known that cholesterol is mainly synthesized in
endoplasmic reticulum in cells (35), whereas the exoge-
nously added d-7-DHC presumably resides mostly in the
membrane.

The metabolites of the primary nonenzymatically for-
med 7-DHC oxysterols are also observed in the brain of
Dher7-KO mice. In addition to the known DHCEO (14-16),
we identified THCEO, DHCDO, and 7-kDHC in this study.
Note that the oxysterol profiles between Dhcr7-deficent
NeuroZ2a cells and the Dher7-KO brain are quite similar,
suggesting that Neuro2a cells are a good model to study
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the metabolism of primary 7-DHC oxysterols, at least for
the rodent models of SLOS. Our metabolism studies in
cells reasonably explain the distinct differences between
the oxysterol profiles in solution and in vivo. The obser-
vation of these stable metabolites of the primary peroxi-
dation products of 7-DHC establishes that the origin of
a large proportion of the 7-DHC-derived oxysterols in
brain of Dher7KO mice is via peroxidation, which fortifies
the link between 7-DHC peroxidation and the pathophysi-
ology of SLOS.

Identification of stable metabolites of 7-DHC in specific
cell types and tissues allows future research on their bio-
logical activities and their contribution to SLOS pathophysi-
ology. As these 7-DHC-derived oxysterols are almost
universally observed in vitro and in vivo (14-16, 20, 21, 36),
the findings reported here on metabolic mechanisms pave
the way for the development and testing of new approaches
to reduce the levels of these oxysterols in vivo. Indeed, we
have previously demonstrated that antioxidant supplemen-
tation reduced the levels of DHCEO in SLOS human fi-
broblasts (14). Thus, the combination of all 7-DHC-derived
oxysterol biomarkers may provide a critical tool in diagno-
sis, disease progression monitoring, therapy development,
and treatment efficacy monitoring

Z.K. appreciates support from the Vanderbilt Kennedy Center
for Research on Human Development.
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