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Abstract The level of 7-dehydrocholesterol (7-DHC) is el-
evated in tissues and fluids of Smith-Lemli-Opitz syndrome
(SLOS) patients due to defective 7-DHC reductase. Al-
though over a dozen oxysterols have been identified from
7-DHC free radical oxidation in solution, oxysterol profiles
in SLOS cells and tissues have never been studied. We re-
port here the identification and complete characterization
of a novel oxysterol, 3f,5a-dihydroxycholest-7-en-6-one
(DHCEO), as a biomarker for 7-DHC oxidation in fibro-
blasts from SLOS patients and brain tissue from a SLOS
mouse model. Deuterated (d;)-standards of 7-DHC and DH-
CEO were synthesized from d,-cholesterol. The presence of
DHCEO in SLOS samples was supported by chemical de-
rivatization in the presence of d,-DHCEO standard followed
by HPLC-MS or GC-MS analysis. Quantification of choles-
terol, 7-DHC, and DHCEO was carried out by isotope dilu-
tion MS with the d,standards. The level of DHCEO was
high and correlated well with the level of 7-DHC in all sam-
ples examined (R = 0.9851).1E Based on our in vitro studies
in two different cell lines, the mechanism of formation of
DHCEO that involves 5a,6-epoxycholest-7-en-33-ol, a pri-
mary free radical oxidation product of 7-DHC, and
7-cholesten-3f3,50,6B-triol is proposed. In a preliminary
test, a pyrimidinol antioxidant was found to effectively sup-
press the formation of DHCEO in SLOS fibroblasts.—Xu,
L., Z. Korade, D. A. Rosado, Jr., W. Liu, C. R. Lamberson,
and N. A. Porter. An oxysterol biomarker for 7-dehydrocho-
lesterol oxidation in cell/mouse models for Smith-Lemli-
Opitz syndrome. J. Lipid Res. 2011. 52: 1222-1233.
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Smith-Lemli-Opitz syndrome (SLOS) is a metabolic dis-
order resulting from mutations in the gene encoding 7-de-
hydrocholesterol reductase (DHCR?7), the enzyme that
catalyzes the reduction of 7-dehydrocholesterol (7-DHC)
to cholesterol (Chol) (1-7). Elevated levels of 7-DHC and
reduced levels of Chol are observed in tissues and fluids of
patients with SLOS due to this enzymatic defect. SLOS is
characterized by a broad spectrum of phenotypes includ-
ing multiple congenital malformations and mental retar-
dation (6, 8-10).

We reported previously that 7-DHC has the highest
measured propagation rate constant known for any lipid
toward free radical chain oxidation (11). The rate con-
stant determined for the propagation step in 7-DHC au-
toxidation (2260 M 's™') is some 200 times that
determined for Chol (11 M~ 's™") and more than 10
times that of arachidonic acid (197 M~ 's™"), a polyun-
saturated fatty acid that is considered to be highly sus-
ceptible to free radical oxidation. In a subsequent
report, over a dozen oxysterols were isolated and char-
acterized from 7-DHC free radical oxidation reactions
and a reasonable mechanism involving abstraction of
hydrogen atoms at C-9 and/or C-14 was proposed to ac-
count for the profile of products formed (12). Due to its
high oxidizability, substantially more oxidation products

Abbreviations: APCI, atmospheric pressure chemical ionization;
Chol, cholesterol; 7-DHC, 7-dehydrocholesterol; DHCAO, 38,5a-
dihydroxy-cholestan-6-one; DHCEO, 3,50-dihydroxycholest-7-en-6-one;
Dhcr7 or DHCR7, 7-dehydrocholesterol reductase; DNPH, 1,4-
dinitrophenyl hydrazine; E20, embryonic day 20; Het, heterozygous;
HF, human fibroblast; KO, knockout; NP, normal phase; RP, reverse
phase; SLOS, Smith-Lemli-Opitz syndrome; SRM, selective reaction
monitoring; UV, ultraviolet; WT, wild type.

}L. Xu and Z. Korade contributed equally to the manuscript.

*To whom correspondence should be addressed.

e-mail: n.porter@vanderbilt.edu
Sl The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of nine figures and supple-
mentary data and references.

Copyright © 2011 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

2102 ‘0z aunr uo ‘1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2011/03/14/jir.M014498.DC1

would be formed by free radical oxidation of 7-DHC than
would be formed from Chol, given comparable levels of the
two sterols and an otherwise similar biological environment.

Oxysterols as a class can exert a variety of biological ac-
tivities including cytotoxicity (13, 14), regulation of Chol
homeostasis (14-19), suppression of the immune response
(20-23), and interaction with the hedgehog-signaling
pathway (24-26). Most of the known oxysterols are formed
from Chol by enzymatic or free radical oxidation (i.e., au-
toxidation), but other sterols also can be subject to oxida-
tion when elevated levels are present (18), such as in
various Chol biosynthesis disorders, including SLOS (9).
Accumulation of the highly oxidizable 7-DHC in SLOS pa-
tients provides an ideal biological environment for oxys-
terol formation. However, 7-DHC-derived oxysterols have
not been analyzed previously in cells from SLOS patients
or tissues from SLOS animal models.

Our previous studies showed that the oxysterol mixture
derived from 7-DHC free radical oxidation is biologically
active and leads to morphological changes in Neuro2a
cells treated with these oxysterols (27). The 7-DHC-derived
oxysterols were found to reduce cell viability in a dose- and
time-dependent manner at sub-uM to wWM concentrations
and the 7-DHC oxysterol mixture also triggers the same
gene expression changes in normal Neuro2a cells that
were previously observed in Dhcr7-deficient Neuro2a cells.
Among the genes most affected are those involved in lipid
biosynthesis and cell proliferation.

We undertook the current study to determine if 7-DHC-
derived oxysterols are present in SLOS cells and tissues and
report here: 1) the HPLC-MS profiles of oxysterols found in
human SLOS fibroblasts and in brains of DhcrZknockout
(KO) mice; 2) the complete characterization and quantifica-
tion of a novel oxysterol, 3B,5a-dihydroxycholest-7-en-6-one
(DHCEO), found in SLOS cell and mouse models using a
synthetic deuterated standard; 3) evidence related to the
mechanism of formation of DHCEO in human fibroblasts
(HFs) and NeuroZ2a cells; and 4) studies on the efficacy of a
novel antioxidant in suppressing the formation of DHCEO
in SLOS HFs.

MATERIALS AND METHODS

Materials
[25,26,26,26,27,27,27-d;]Cholesterol  (99% D) was pur-

chased from Medical Isotopes, Inc. Chromium hexacarbonyl
(99%) and ruthenium (IV) oxide were purchased from Strem
Chemicals, Inc. 7-Dehydrocholesterol (>98%), 2,4-dinitrophe-
nyl-hydrazine (>99%), p-toluenesulfonyl hydrazide (97%), tert-
butyl hydroperoxide solution (~5.5 M in decane) and all
other chemical reagents at the highest grade were purchased
from Sigma-Aldrich Co. and were used without further purifi-
cation. Hexanes, ethyl acetate, methylene chloride, and meth-
anol (all 99.9%) were purchased from Thermo Fisher
Scientific, Inc.

Cell cultures and treatment of HFs and Neuro2a cells
with epoxide 1 and triol 2

Neuroblastoma cell line Neuro2a was purchased from the
American Type Culture Collection (Rockville, MD). Control

(GM05758 and GM05565) and SLOS (GM05788 and GM03044)
HFs were purchased from the Corriell Institute. The use of re-
pository human cell lines from Corriell Institute is exempted
from Institutional Review Board review.

Dher7-deficient and nonsilencing Neuro2a cells were gener-
ated as described previously (27). All cell lines were maintained
in DMEM supplemented with L-glutamine, 10% FBS (Thermo
Scientific HyClone, Logan, UT), and penicillin/streptomycin at
37°C and 5% CO,. For Dher7-deficient Neuro2a cells and SLOS
HF, cells were cultured with medium containing 10% Chol-defi-
cient serum (Thermo Scientific HyClone Lipid Reduced FBS).
To determine the levels of Chol, 7-DHC, and DHCEO in differ-
ent cell lines (Table 1), cells were cultured in medium contain-
ing 10% Chol-deficient serum (Thermo Scientific HyClone Lipid
Reduced FBS) for 5 days. This medium did not contain a detect-
able level of Chol. The cell pellet was collected by centrifugation
at 250 g for 5 min at +4°C and washed with PBS buffer. The me-
dium and PBS were discarded and the cell pellet was lysed with
NP 40 lysis buffer [50 mM Tris, pH 7.2, 150 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 0.5% sodium deoxycholate, protease inhibi-
tor mixture (Sigma), phoshatase inhibitor mixture (Sigma), and
100 mM phenylmethylsulfonyl fluoride]| and the protein concen-
tration was determined using Protein D, photometric assay (Bio-
Rad). The cell lysate was frozen at —80°C until lipid extraction
and oxysterol separation (vide infra).

For the treatment of epoxide 1 and triol 2, all HF and Neuro2a
cell lines were expanded and maintained in DMEM media sup-
plemented with 10% FBS in the same way as described above.
Lipid-deficient FBS was not used in these experiments. To per-
form the experiments, the HF cells were plated at a density of 5.0
x 10° cells in 60 mm cell culture dishes (Sarstedt) and the
Neuro2a cells were plated at a density of ca. 1 x 10° cells in 100
mm dishes. Both cell lines were allowed 12 h to attach to the
dishes. Both were then cultured in media enriched with 5 puM of
either 1 or 2 (n = 3) for 24 h. After 24 h in cell culture incubator,
both cell culture medium and cells were harvested. Medium was
collected, frozen on dry ice, and transferred to —80°C storage.
The cells were collected in the same way as above, as well as the
determination of the protein concentration. The cell lysate and
the medium were frozen at —80°C until lipid extraction and ox-
ysterol separation (vide infra).

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. Em-
bryos at embryonic day 20 (E20) were dissected from pregnant
females and the tail was removed from each embryo for genotyp-
ing. The genomic DNA from mouse tails was extracted using
REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich). The primers
used for PCR were: forward: ggatcttctgagggcagcectt, reverse: tct-
gaacccttggetgatca, neo: ctagaccgcggetagagaat. Embryonic heads
were removed and brains were rapidly dissected and instantly fro-
zen in precooled 2-methylbutane (on dry ice) and stored at
—80°C until lipid extraction. All procedures were performed in
accordance with the Guide for the Humane Use and Care of
Laboratory Animals. The use of mice in this study was approved
by the Institutional Animal Care and Use Committee of Vander-
bilt University.

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

An appropriate amount of d-DHCEO standard was added
to each sample before sample processing. Mouse brain tissues
were homogenized in Folch solution (5 ml, chloroform/metha-
nol = 2/1, containing 0.001M butylated hydroxytoluene and
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PPh;) by blade homogenizer. The resulting mixture was left un-
der Ar at room temperature for 30 min. Cell lysates were ex-
tracted directly with the same Folch solution. NaCl aqueous
solution (0.9%, 1 ml) was then added and the resulting mixture
was vortexed for 1 min and centrifuged for 5 min. The lower
organic phase was recovered, dried under nitrogen, redissolved
in methylene chloride, and subjected to separation with NHy-
SPE [500 mg; 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 reconstituted in methylene
chloride (400 pl) for HPLC-atmospheric pressure chemical ion-
ization (APCI)-MS/MS analyses. The analyses were carried out
similarly to the method described previously (12, 27). HPLC
conditions: Silica 4.6 mm x 25 cm column; 5p; 1.0 ml/min; elu-
tion solvent: 10% 2-propanol in hexanes. For MS, selective reac-
tion monitoring (SRM) was employed to monitor the dehydration
process of the ion [M+H]" or [M+H-H,O]" in the MS. Thus, for
oxysterols with molecular weight of [7-DHC+20], dehydration
from m/z 417 to 399 and from m/z 399 to 381 were monitored.
For [7-DHC+30], m/z 415 to 397 was monitored. In this way,
masses that correspond to 7-DHC plus 1, 2, 3, and 4 oxygen at-
oms can be monitored. The parent ion of each chromatogram
was marked in the corresponding panel. For example, the
[7-DHC+20+H"-H,0] panel suggests SRM of [7-DHC+20+H*-
H,0] to [7-DHC+20+H™-2H,0] (m/z 399 to m/z 381) in the
mass spectrometer. For quantification of 7-DHC and Chol, dehy-
dration ions [7—DHC+H+-HQO] and [Chol+H+-HQO] were moni-
tored at m/z 367 and 369, respectively. The deuterated version of
each compound was monitored in a similar way but with a differ-
ence of m/z=17.

RP-HPLC-ESI-MS/MS analysis of 2,4-DNPH derivatives
of cell and tissue extracts

Cells or tissues were worked up as described above and thus
obtained sample solutions were blown dry under a stream of
nitrogen. The residues were incubated in 500 wl 2,4-DNPH
saturated solution in methanol and 50 pl IN HCI at room
temperature for 12 h. The resulting solution was analyzed
by reverse phase (RP) HPLC-ESI-MS/MS. HPLC condition:
150 x 2 mm Phenomenex C18 column; 3u; 0.2 ml/min; elu-
tion solvent, acetonitrile/methanol = 70/30. MS condition:
spray voltage, 4,500 V; sheath gas, 60 mTorr; sweep gas,
8 mTorr; aux gas, 55 mTorr; tube lens, 240 V; skimmer offset,
28 V; collision pressure, 1.4 mTorr; collision energy, 10 V. d-
and d,-DHCEO-DNPH standards were prepared and analyzed
in a similar way. d-DHCEO-DNPH was isolated by HPLC-
ultraviolet (UV) using the same HPLC condition and the
structure was confirmed by NMR and MS. "H NMR of d,DHCEO-
DNPH (600 MHz, CDCl;): & 0.63 (s, 3H), 0.87 (d, 3H, J
=2.7Hz), 0.88 (d, 3H, J=2.7 Hz), 0.89 (s, 3H), 0.95 (d, 3H, J
= 6.4 Hz), 1.58-1.68 (m, 3H), 1.70-1.81 (m, 3H), 1.92 (br d,
1H, J=9.9 Hz), 1.99 (m, 1H), 2.01 (dd, 1H, J=13.6, 11.6 Hz),
2.17 (m, 2H), 2.41 (m, 2H), 4.14 (m, 1H), 6.00 (br s, 1H),
7.99 (d, 1H, J=9.6 Hz), 8.31 (dd, lH,J: 9.6, 2.5 Hz), 9.14 (d,
1H, /= 2.5 Hz), 11.4 (s, 1H, NH). C NMR of d,-DHCEO-
DNPH (150 MHz, CDCly): 8 12.6, 17.4, 18.9, 22.1, 22.68, 22.70,
23.0, 24.0, 27.9, 28.2, 30.6, 30.8, 36.1, 38.3, 39.2, 39.6, 40.2,
45.1, 45.3, 56.1, 56.4, 67.9, 76.9, 106.8, 116.6, 123.7, 129.5,
130.2, 138.1, 145.2, 154.4, 159.5.

Syntheses

See the supplementary data for the syntheses of d-7-DHC,
dy and d-DHCEO, ba,6a-epoxycholest-7-en-3B-ol (1) and
7-cholesten-38,5a,6B-triol (2).

1224 Journal of Lipid Research Volume 52, 2011

RESULTS

Oxysterol profiles of human SLOS fibroblasts and
Dhcr7-deficient Neuro2a cells

Fibroblasts derived from human skin are used as cellu-
lar models to study the pathophysiology of a variety of
disorders (28-31), especially those involved in lipid me-
tabolism (32-34). For example, fibroblasts from SLOS pa-
tients contain elevated levels of 7-DHC and these cells have
been used to establish methods for 7-DHC analysis and to
determine the biological effects of this lipid (32, 33). It has
been suggested by others that SLOS patients are subject to
oxidative stress and may have elevated oxysterol levels
(35-37). Based on our studies showing the extreme reac-
tivity of 7-DHC toward free radical chain oxidation in solu-
tion (11), we reasoned that elevated levels of 7-DHC
oxysterols would be formed in HFs from SLOS patients.
To test this hypothesis, fibroblasts from two SLOS patients
and those from two matched healthy donors were grown
and our previously reported HPLC-MS method was em-
ployed to analyze the oxysterol profile in these fibroblasts
(12). Briefly, all fibroblasts were grown for 5 days in lipid-
deficient serum and collected for lipid extraction, separa-
tion, and normal phase (NP) HPLC-MS analysis (see
Materials and Methods). Lipid-deficient serum, instead of
regular FBS, is necessary for the cells to start their own
Chol biosynthesis, which leads to the build-up of 7-DHC in
SLOS samples.

Representative HPLC-MS chromatograms of control
and SLOS HFs are shown in Fig. 1A (Control) and Fig. 1B
(SLOS). Several new peaks that have m/zs corresponding
to 7-DHC oxysterols are observed in all of the SLOS HF
chromatograms compared with those of the correspond-
ing controls. Itis of note that the oxysterol profile of SLOS
HF is only slightly different from the profile we observe
in Dher7-deficient Neuro2a cells (27). Whereas the com-
pound eluting at 9 min is a major one in Dher7-deficient
Neuro2a cells, it is the predominant one in the SLOS
HFs. Four minor peaks in the [7-DHC+20+H"-H,0] and
[7-DHC+?>O+H+-HQO] panels that were observable in
Dher7-deficient Neuro2a cells are not detected in SLOS
HFs (27).

Oxysterol profiles of Dhcr7-KO mouse brain

The Dher7-KO mice were generated to characterize the
pathophysiology and neurophysiology underlying SLOS
and to provide a model system for testing therapeutic in-
terventions (3, 38). The KO mouse is featured by a pre-
dominant amount of 7-DHC over Chol, an extreme case of
SLOS. Typically, in surviving SLOS patients, Chol is still
the major sterol compared with 7-DHC and 8-DHC (39).
Physical abnormalities found in newborn KO mice also
have their counterparts in affected children (3, 38). The
mouse model has been used to explore the mechanisms by
which 7-DHC inhibits sterol biosynthesis (3), sterol me-
tabolism of embryonic mice (40), neuroanatomical defects
(41), and signaling in the nervous system (42).

Therefore, in the current study we used Dhcr7-KO mice
to examine the 7-DHC oxysterol profile in vivo, specifically
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Fig. 1. NP-HPLC-APCI-MS-MS (Silica 4.6 mm x 25 cm column; 5p; 1.0 ml/min; elution solvent: 10% 2-propanol in hexanes) chromato-
grams of the oxysterols from (A) control HFs and (B) SLOS HFs after being incubated in DMEM with lipid-deficient serum for 5 days. New

peaks in B relative to control are marked with *.

in brain tissue. The brain has a very high content of Chol
(43, 44) and it is known that the brain starts its own inde-
pendent Chol biosynthesis at approximately E12 (40).
Dher7KO mice accumulate 7-DHC and a high level was re-
ported in the brain at postnatal day 0. Because these KO
mice die shortly after birth, we took brain tissue for
analysis at late embryonic stages (E20). Representative
NP-HPLC-MS chromatograms of the isolated sterol mix-
ture from brain are shown in Fig. 2A wild type (WT), 2B
(KO), and supplementary Fig. I (heterozygous, Het).

Similar to the data obtained in cultured human SLOS
fibroblasts, multiple new peaks that correspond to the
m/zs of 7-DHC oxysterols were observed in the chromato-
grams of Dher7-KO mouse brains when compared with
their corresponding controls and Hets. The peak at RT
= 9 min was again observed as a major oxysterol in the
Dher7KO sample.

We tentatively assigned the 9 min peak as DHCEO, (Fig.
3) one of the oxysterols previously isolated from 7-DHC
free radical oxidation (12). The structure assignment was
based on an identical mass spectrum and retention time
when compared with a standard isolated from 7-DHC oxi-
dation in solution and from an independent synthesis of
the compound (see supplementary Fig. II) (12). We re-
ported the tentative assignment of this peak in Dhcr7-defi-
cient Neuro2a cells in our previous publication (27). In
the current study, we provide multiple lines of evidence to
support our assignment in both cell and mouse models for
SLOS, making use of a synthetic deuterated standard as
described below.

Preparation of [25,26,26,26,27,27,27-d;|standards

The mass spectrum of DHCEO provides a molecular
ion and fragments of loss of one or multiple water mole-
cules but it is otherwise uninformative. In fact, oxysterols

isolated from the product mixture of 7-DHC solution
oxidation all gave multiple loss-of-water ions in the mass
spectrometer and some of these oxysterols gave fragments
with the same m/zvalues as those of DHCEO (12). To fully
elucidate the structure of the 9 min peak, we prepared
an authentic deuterated standard of DHCEO and com-
pared different chemical derivatives of the cell or tissue
extracts with those of the deuterated standard. Thus,
[25,26,26,26,27,27,27-d,]7-dehydrocholesterol acetate was
prepared from the corresponding d,-Chol acetate follow-
ing known procedures (see supplementary data) (45, 46).
The resulting d,-7-DHC acetate was then converted to d;-
7-DHC by LiAlH, reduction and to d-DHCEO by oxida-
tion of the CH = C6 double bond with RuO, followed
by hydrolysis under basic conditions (see supplementary
data) (47). An appropriate amount of the ¢-DHCEO stan-
dard was added to each cell or tissue extract before
preparing the samples for NP-HPLC-MS analysis. The re-
sulting HPLC-MS chromatograms show that the 9 min
peak coelutes with the d-standard and has the same MS
pattern, differing only by the mass of the seven deuterium
atoms (Fig. 3).

Characterization of DHCEO in cells and tissues

In addition to the evidence that the 9 min peak coelutes
with d-DHCEO on an NP HPLC column, functional group
derivatization was employed to support the notion that
DHCEO is present in cells and tissues. 1,4-Dinitrophenyl hy-
drazine (DNPH) has been frequently used to derivatize car-
bonyl groups, such as ketones and aldehydes, in HPLC-MS
studies (48, 49). Standard DNPH adducts of DHCEO were
prepared by incubating the corresponding dy- and d;-
DHCEO with DNPH in methanol under acidic conditions
at room temperature over 12 h (see Materials and Meth-
ods). The dy-adduct was purified by RP HPLC-UV and its
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Fig. 2. NP-HPLC-APCI-MS-MS chromatograms of the oxysterols from (A) WT E20 mouse brain and (B)
Dher7KO E20 mouse brain. New peaks in B relative to control are marked with *,

identification was confirmed by NMR and ESI-MS (ESI, in-
stead of APCI, is the better ionization source for the DNPH
adduct; see Fig. 4 and Materials and Methods section).

Loss-of-water from the molecular ion of DHCEO-DNPH
was chosen for SRM in the RP-HPLC-ESI-MS analysis. As
shown in Fig. bA, the retention time of the dgadduct is ~
0.1 min longer than that of the d-adduct. Samples of SLOS
HF and Dher7KO mouse brain (along with control HF and
WT mouse brain) were mixed with DHCEO d;-standard and
the mixture was converted to the DNPH adducts by the stan-
dard protocol and RP-HPLC-MS analyses confirmed the
presence of dy-DHCEO in each SLOS sample (Fig. 5B, C).

In a similar way, picolinoyl derivatization followed by
HPLC-MS analysis and TMS derivatization followed by GC-
MS verified the presence of DHCEO in Dher7-deficient
Neuro2a cells (see supplementary Figs. III and IV) (50,
51). The TMS procedure also confirms the presence of
two free hydroxyl groups in the compound.

Quantification of Chol, 7-DHC, and DHCEO in
cells and tissues

To quantify DHCEO in cells and tissues, a known
amount of ¢-DHCEO was added to each cell lysate or tissue

1226 Journal of Lipid Research Volume 52, 2011

before lipid extraction and the sample was worked up for
HPLC-MS analysis by our standard protocol (see Materials
and Methods). Endogenous DHCEO in each sample was
calculated by comparison of the HPLC-MS response
of dyyDHCEO to that of the internal d,standard. The re-
sults are summarized in Table 1. The levels of 7-DHC and
Chol were also determined with the use of d-7-DHC
and d-Chol as external standards by a similar HPLC-MS
method, monitoring the loss-of-water ion from each sterol
by selective ion monitoring in the HPLC-MS (see Materials
and Methods and supplementary Fig. V). Note that each
sample was diluted 30 to 50 times for 7-DHC and Chol
quantification to bring the sample to an appropriate con-
centration range for HPLC-MS analysis. The calculated
7-DHC/Chol ratios are also summarized in Table 1. Due
to analytical limitations of our standard procedure, the
level of 7-DHC could not be accurately determined when
the 7-DHC/Chol ratio was less than 0.01 (see Table 1 and
supplementary Fig. V).

As seen in Table 1, the level of DHCEO found in each
SLOS model sample was significantly higher than in the
corresponding control, a result that parallels the levels
of 7-DHC in the samples. Indeed, there was a strong and
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Fig. 3. Structure of a major oxysterol, 3p,5a-dihydroxycholest-7-en-6-one (DHCEO) and NP-HPLC-MS-MS
chromatogram of DHCEO in the presence of d-DHCEO standard from SLOS HF after being incubated in

DMEM with lipid-deficient serum for 5 days.

significant correlation between the levels of 7-DHC and
DHCEO in all samples where DHCEO was observed
(R=0.9851). It is of some interest that DHCEO was ob-
served at high levels even in the control HFs that were cul-
tured in the presence of lipid-deficient serum.

DHCEO can be formed from 5a,60-epoxycholest-7-en-
3p-ol (1) and 7-cholesten-33,5a,6-triol (2) in HFs and
Neuro2a cells

We propose that DHCEO can be formed from 7-DHC
by a mechanism similar to that suggested for formation of
the analogous oxysterol, cholestan-6-oxo0-33,5a-diol (also
named as 3(3,5a-dihydroxy-cholestan-6-one, DHCAO),
from Chol (Fig. 6) (12). The proposed mechanism for
DHCAO formation proceeds via the 5,6-epoxide by a free
radical or enzymatic process followed by ring-opening of
the epoxide by a hydrolase and secondary alcohol oxida-
tion (52-58). To test this proposal for DHCEO formation,
7-DHC 50,6a-epoxide (1) was prepared by epoxidation of
7-DHC with peroxyimidic acid generated in situ from ace-
tonitrile and hydrogen peroxide under basic condition
(see supplementary data) (59). The 38,5c,6B-triol (2) was
prepared by hydrolysis of 1 in acidic buffer (see supple-
mentary data) (60).

With the newly synthesized 7-DHC ba,6a-epoxide (1)
standard in hand, we were able to identify it as one of the
major products formed from free radical oxidation of
7-DHC. An unidentified peak at retention time 5.45 min
in our previously published chromatogram of a 7-DHC
free radical oxidation mixture was confirmed to be epox-

ide 1 (see supplementary Fig. VI) (12). A subsequent free
radical oxidation of 7-DHC following the previously pub-
lished procedure further verified the presence of epoxide
1 as a major product (12). This epoxide is apparently not
stable enough to survive column chromatography on silica
gel during product isolation, which is the likely reason
that it was not found in our earlier studies. It is well known
in the literature that epoxides can be formed from alkenes
through peroxyl radical addition (61, 62) such as the for-
mation of Chol epoxides (57, 58).

Compounds 1 or 2 (5 pM) were incubated in culture
medium in the absence of any cells (blank medium), with
control Neuro?2a cells, and with control or SLOS HFs. The
cell experiments were carried out in DMEM supplemented
with 10% FBS instead of lipid-deficient serum. At the end
of each experiment, both cell pellets and the medium
were collected and levels of DHCEO were measured in
both, the sum of which gave a total level of DHCEO in
each experiment. Determination of the total level of DH-
CEO is necessary because the exchange of this oxysterol
between the medium and the cells could occur (vide in-
fra). No DHCEO was observed in any sample in the ab-
sence of compound 1 or 2 (see Fig. 7A for a representative
chromatogram). The incubation of either epoxide 1 or
triol 2 for 24 h in the same medium gave a significant
amount of DHCEO in all samples including the experi-
ments carried out in the blank medium (Fig. 7B, supple-
mentary Figs. VII-IX, and Table 2). The experiments in
blank medium show that epoxide 1 and triol 2 can form
DHCEO spontaneously under the incubation conditions,
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Fig. 4. Derivatization of d- or d-DHCEO with 1,4-dinitrophenyl hydrazine (DNPH) and the collision-in-
duced dissociation (CID) mass spectrum of the dy-adduct molecular ion in ESI-MS analysis.

confirming the nonenzymatic mechanism shown in Fig. 6.
The levels of DHCEO formed from triol 2 are 4 to 12 times
higher than levels generated from epoxide 1 both in fibro-
blast cell lines and in the blank medium whereas Neuro2a
cells generate about the same levels of DHCEO from both
precursors (Table 3). The total levels of DHCEO formed
in cells is much higher than the levels in plain medium or
medium with serum, suggesting that biological processes
in the cells promote the transformation of compounds 1
and 2 to DHCEO. When levels of DHCEO were normal-
ized to protein weight, Neuro2a cells appear to convert
the epoxide and triol more efficiently to DHCEO (Table
3). In addition, a different distribution ratio of DHCEO in
cells and the medium was observed in different cell lines
(Table 3). Metabolism of these oxysterols is likely to be cell
specific and the differences between the incubation out-
comes of 1 and 2 in fibroblasts and NeuroZ2a cells is likely
the result of differential metabolism.

Antioxidant reduces the levels of DHCEO in SLOS HFs

Because DHCEO and associated oxysterols are toxic to
Neuro2a cells, we have initiated efforts to reduce the levels
of these compounds in cultured cells, specifically in SLOS
HF. Mechanisms for the formation of DHCEO from 7-DHC
could involve both free radical chain oxidation and cyto-
chrome P450-catalyzed conversion and for this reason, pre-
liminary experiments exploring the effect of antioxidants
on DHCEO formation were initiated. Pyridinol and pyrimi-
dinol antioxidants, such as antioxidant 3, show better prop-
erties than a-tocopherol and other antioxidants in chemical

1228 Journal of Lipid Research Volume 52, 2011

tests and in studies of neuronal oxidative stress (63-66),
and experiments were therefore carried out with SLOS HFs
to assess the potential of these antioxidants to reduce the
levels of oxysterols. SLOS fibroblasts in lipid-deficient se-
rum were incubated for 5 days in the absence or presence of
10 uM antioxidant 3 (Fig. 8), and the level of DHCEO, the
major oxysterol in fibroblasts, was quantified by HPLC-MS-
MS using the d-DHCEO standard as described (Fig. 8). As
shown in Fig. 8, antioxidant 3 reduced the level of DHCEO
significantly (by ca. 55%, P < 0.005) in treated SLOS fibro-
blasts compared with untreated SLOS HF, whereas the
7-DHC/Chol ratios were not affected significantly.

DISCUSSION

Given similar biological environments, concentrations,
and rates of initiation, the free radical oxidation of 7-DHC
will generate some 200 times more oxysterols than will be
formed from Chol, based on experimentally measured prop-
agation rate constants for the two sterols. In addition, 7-DHC
gives a much more complex mixture of oxysterols than does
Chol. The complexity of the 7-DHC oxysterol product profile
comes from the multiple reactive sites available for hydrogen
atom abstraction, such as H9 and H-14, and the multiple
mechanistic options provided by the conjugated diene in
ring B of the sterol (12).

The complex free radical oxidation mechanism of
7-DHC leads to oxysterols having the molecular weight of
7-DHC plus up to three oxygen atoms and these primary
products include cyclic peroxides, epoxides, and tetraols
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RP-HPLC-ESI-MS-MS (150 x 2 mm C18 column; 3; 0.2 ml/min; elution solvent: acetonitrile/metha-

nol = 70/30) chromatogram on the DNPH adducts of (A) dy- and ¢-DHCEO standards, (B) SLOS HF in the
presence of internal d-DHCEO standard, and (C) E20 Dhcr7KO mouse brain in the presence of internal d;-
DHCEO standard. The SLOS samples were incubated in DMEM with lipid-deficient serum for 5 days.

(12). Analysis of 7-DHC-derived oxysterols in HFs from
SLOS individuals and the brain tissues from the Dhcr7-KO
mouse model of SLOS shows a profile of oxysterols having
up to three additional oxygen atoms relative to the parent
structure (Figs. 1B, 2B). Oxysterols with molecular weight
of [7-DHC+20] constitute the majority of the oxysterols
observed in these SLOS models, DHCEO being one of

them, but compounds with 7-DHC plus one or three oxy-
gen atoms are also observed. DHCEO was indeed isolated
as a minor product in the free radical oxidation of 7-DHC
(12), but the oxysterol profiles in SLOS HFs and Dhcr7-KO
mouse brain are quite different from the product profile
of 7-DHC free radical oxidation in solution. Indeed, differ-
ences in the product profiles were observed from the

TABLE 1. DHCEO and sterol concentrations in Neuro2a cells, HFs, and brains from mice at embryonic day 20

Neuro2a Human fibroblast E20 mouse brain
Control Dhcr7-def Control SLOS WT Het KO
DHCEO (ng/mg) 0 3.51 +0.08" 39.5+8.5 333 + 115 0.014 + 0.004 0.039 +0.013" 1.45 +0.16"
7-DHC (png/mg) - 3.09 + 0.02“ 2.05 +0.43 19.1 +1.3° - - 3.21 +0.33"
Chol (pg/mg) 34.6 +5.5 34.4 + 8.4 108 + 21 65+ 10° 3.12 + 0.60 2.97 £0.12 0.42 +£0.07"
7-DHC/Chol - 0.093 + 0.022" 0.019 + 0.002 0.30 + 0.04" - - 7.76 +0.72°

Per mg of protein for Neuro2a and HF; per mg of tissue for mouse brain (wet weight); statistical analyses are all relative to Control or WT;
n = 3 for all Neuro2a and mouse samples; n = 6 for HF (triplicate of two different cell lines for control or SLOS, see Materials and Methods). —, Not
available due to analytical limitation; WT, wild-type; Het, Dher7”~ ; KO, Dher7 .

“ < 0.0005.
" p<0.05.
“p<0.005.
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Fig. 6. Proposed formation mechanism of DHCEO.

different SLOS models, a result that is perhaps not surpris-
ing because metabolism will likely vary in different cells
and tissue models. Cytochrome P450 oxidation, for exam-
ple, is one important metabolic pathway that sterols un-
dergo, and it is quite likely that P450 secondary oxidation
reactions could alter the structure of the primary oxidative
stress products formed from 7-DHC. Enzymatic oxidation
of 7-DHC itself is known (67), but these enzymatically-de-
rived oxysterols typically have one additional oxygen atom
relative to the corresponding sterol. The product profile
found in the Dhcr7-KO mouse brain does indeed include
two oxysterols having a mass of [7-DHC+10] and experi-
ments are ongoing to identify these compounds.

Taking data from all the experiments together, there is
an excellent correlation between the levels of DHCEO de-
termined and the measured levels for 7-DHC (R=0.9851),
suggesting that DHCEO is derived from 7-DHC and can
be used as a biomarker for 7-DHC oxidation. DHCEO is
an especially prominent product in SLOS HF and it is even
present at high levels in control HF cells, indicating a Chol
biosynthesis pathway quite different from Neuro2a cells
(Table 1). Indeed, HFs are slow-growing primary cells
whereas Neuro2a cells are a fast-dividing tumor cell line.
7-DHC is present at high concentrations in human skin
where it serves as a precursor to previtamin D; upon UV
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irradiation (68). It is worth noting that although there is a
good correlation between the levels of DHCEO and
7-DHC, the amount of DHCEO formed per unit of 7-DHC
varies in different system. For example, in either control
or SLOS HF, the level of DHCEO is ~2% that of 7-DHC
whereas in Dhcr7-deficient Neuro?2a cells, the value is 0.1%
and in Dhcr7-KO mouse brain, the value is 0.05%. The vari-
ability in DHCEO/7-DHC ratios may indicate different
metabolism and/or different antioxidant capacity in dif-
ferent systems.

The observation of DHCEO as one of the major oxys-
terols in all SLOS cells and tissues examined suggests that
there may be a common mechanism for its formation. In-
cubation of blank medium or different cell lines with
7-DHC 5a,6a-epoxide 1 or 3,5a,6B-triol 2 produces DH-
CEO, which provides evidence that compounds 1 and 2
are viable intermediates in the transformation of 7-DHC
to DHCEO (see Fig. 6). More importantly, biological pro-
cesses in the cells apparently accelerate the metabolism of
epoxide 1 and triol 2 to DHCEO.

A free radical mechanism for formation of DHCEO via
an intermediate epoxide had been previously suggested
(12) and 7-DHC ba,6a-epoxide 1 was found to be a major
free radical oxidation product of 7-DHC in the current
study. Although this lends credence to the free radical
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Fig. 7. NP-HPLC-APCI-MS-MS chromatograms of oxysterols from control HFs in DMEM media supplemented with 10% FBS (A) under
control condition, and (B) after incubating with 5 uM of 5a,6a-epoxycholest-7-en-3p-ol (1) for 24 h. d-DHCEO was added when preparing
the samples for HPLC-MS analysis to indicate the presence or absence of native dy-DHCEO and to quantify it.
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TABLE 2. Total levels of DHCEO formed from 5 uM 1 (epoxide) or 2 (triol) in culturing medium or in the
presence of different cell lines over 24 h

No 1 or 2 DMEM DMEM-+serum HF-control HF-SLOS Neuro2a-control
DHCEO from 1 (ng) 0 33+3 36+5 162 + 5° 127 + 10“ 2233 + 180"
DHCEO from 2 (ng) 0 340 + 32 445 + 70 676 + 63" 590 + 31 1833 + 75"
Regular FBS was used here; statistical analyses were performed against DMEM+serum experiments.
“ $<0.0005.
" p<0.05.

mechanism, we cannot exclude possible enzyme involve-
ment in the initial epoxide formation. There is indeed
some evidence that the ba,6a- and/or 53,6B-epoxy sterols
can be formed enzymatically from Chol in bovine liver mi-
crosomes and adrenal cortex (55, 56), but no specific enzyme
has been shown to catalyze the epoxidation of Chol. It is
also known that Chol epoxides are formed nonenzymati-
cally from peroxyl radicals under lipid peroxidation con-
ditions (57, 58) and itseemslikely that 7-DHC, a conjugated
diene, will be even more prone to undergo peroxyl radical
attack than Chol. The evidence suggests then, that free
radical conversion of 7-DHC to the epoxide does occur,
but it leaves open the question as to whether an enzymatic
pathway also exists for this transformation. These and
other mechanistic questions that arise for DHCEO forma-
tion in cells and tissue are under active investigation and
the results of these studies will be reported in due course.
Oxidation products formed from lipid peroxidation can
be biomarkers of oxidative stress, but they can also exert
various biological activities, oxysterols being notable exam-
ples. Oxysterols are important regulators of Chol homeosta-
sis by binding liver X receptors or other nuclear receptors
and by suppressing the sterol regulatory element binding
protein pathway (26). Oxysterols and Chol biosynthetic in-
termediates such as lanosterol are reported to stimulate
degradation of HMG-CoA reductase by binding to Insigs
(69). Interestingly, 7-DHC is also reported to suppress ste-
rol biosynthesis by inducing proteolysis of HMG-CoA re-
ductase (3). This observation of activity may be partially a
result of oxysterols that are generated from 7-DHC oxida-
tion during the incubation time of the experiments. Indeed,
the extreme oxidizability of 7-DHC raises the possibility of
contamination by 7-DHC oxysterols in any experiment car-
ried out with this sterol. As a normal precaution, 7-DHC
should be freed of oxysterol contaminants before any ex-
periments to assess its biological activity in any assay.

In vitro tests on DHCEO, one of the prominent oxysterols
found in the cells and tissues reported here, suggest that it
has important roles in different signaling pathways (27). Our
previous studies indicate that DHCEO downregulates Ki67,
a marker of cell proliferation, and Egrl (27). DHCEO also
regulates genes involved in lipid biosynthesis such as Hmger,
Dher7, and SQS, as well as other genes, including Prri3,
Adam19, and Snagl. In an earlier publication by Gaoua et al.
(70), it was reported that a UV-photooxidation product mix-
ture of 7-DHC induced growth retardation in cultured rat
embryos and the antioxidant a-tocopherol reduced the tox-
icity of this product mixture. Notably, we also found that pu-
rified 7-DHC photooxidation products are toxic to a control
Neuro2a cell line at uM concentration range (27).

The observation that a known antioxidant can suppress
the formation of DHCEO in the SLOS HF cell line not
only further validates the notion that DHCEO is a good
biomarker for 7-DHC oxidation, but may also open the
possibility of a new therapeutic approach to SLOS. Inhibi-
tion of the formation of 7-DHC-derived oxysterols may al-
leviate some of the deleterious effects exerted by these
oxysterols, which could eventually lead to improved out-
comes for SLOS patients. The precise mechanism by which
antioxidants attenuate the formation of 7-DHC oxysterols
has not been established. Indeed, they could inhibit both
the free radical chain mechanism as well as oxygenase en-
zymes that operate via higher valence metals (65, 71, 72).
But regardless of the mechanism by which the pyrimidinol
antioxidant studied here exerts its effect, the net resultis a
reduction of formation of toxic oxysterol products. A pre-
vious study by Tint et al. (39) suggested that there is no cor-
relation between the level of 7-DHC and the severity of the
SLOS phenotype. Thus, it would be interesting to examine
the correlation between the level of 7-DHC-derived oxys-
terol and the SLOS phenotypes as different individuals
may have different antioxidant capability.

TABLE 3. Normalized levels of DHCEO (ng/mg protein) formed from 5 uM 1 (epoxide) or 2 (triol) in the
presence of different cell lines over 24 h

HF-control HF-SLOS Neuro2a-control
Substrate compound 1 2 1 2 1 2
DHCEO in Cells (ng/mg) 238 £ 19 717 £ 31 204 + 26 808 + 25 2630 + 184 2242 + 164
DHCEO in medium (ng/mg) 414 + 47 1911 + 291 324 + 42 1058 + 46 1240 + 56 1470 + 36
Total DHCEO (ng/mg) 653 + 33 2629 + 316 527 + 68" 1865 + 69 3870 + 190" 3712 + 157¢
Ratio of DHCEO* 4 3.5 1

Regular FBS was used here; no DHCEO detected in any system in the absence of compound 1 or 2; statistical
analyses were performed against corresponding HF-control.

“p<0.05.
" p<0.0005.

“Ratio of total DHCEO formed from triol 2 to that formed from epoxide 1.
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Fig. 8. Effect of 10 uM antioxidant 3 on the level of DHCEO in
SLOS HFs. **, p < 0.005 relative to SLOS-ctrl.

In conclusion, multiple new oxysterols were found in
SLOS cell models and in tissues from a mouse model for
SLOS. A novel oxysterol, DHCEO, was identified in these
cells and tissues. Levels of DHCEO, 7-DHC, and Chol were
quantified by isotope dilution MS using synthetic deuter-
ated (d;) standards. Dher/-deficient Neuro2a cells, SLOS
HFs, and brain tissues from Dhcr7-KO mice all show ele-
vated levels of this oxysterol. Incubation experiments sug-
gest that ba,6a-epoxycholest-7-en-33-ol (1), a primary free
radical oxidation product, and 7-cholesten-33,5c,63-triol
(2) are possible precursors to DHCEO in cells and tissues.
A pyrimidinol antioxidant was found to effectively sup-
press the formation of DHCEO in the SLOS HF cell lines,
which opens the possibility of a new therapeutic approach
to SLOS. The good correlation between levels of DHCEO
and 7-DHC, combined with the suppression of the forma-
tion of DHCEO by antioxidants, suggest that DHCEO is a
good biomarker for 7-DHC oxidation Bl
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