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The  aim  of this  study  was  to explore  the  effects  of  22(S)-hydroxycholesterol  (22(S)-HC)  on  lipid  and
glucose  metabolism  in  human-derived  cells  from  metabolic  active  tissues.  Docking  of T0901317  and
22(S)-HC  showed  that  both  substances  fitted  into  the ligand  binding  domain  of  liver  X receptors  (LXR).
Results  show  that  while  several  lipogenic  genes  were  induced  by  T0901317  in  myotubes,  HepG2  cells  and
SGBS  cells,  effect  of  22(S)-HC  varied  more  between  cell  types.  In myotubes,  most  lipogenic  genes  were
downregulated  or  unchanged  by 22(S)-HC,  whereas  a  more  diverse  pattern  was  found  in  HepG2  and  SGBS
cells. Treatment  with  22(S)-HC  induced  sterol  regulatory  element  binding  transcription  factor  1 in SGBS
and HepG2  cells,  but not  in  myotubes.  Fatty  acid  synthase  was  downregulated  by  22(S)-HC  in myotubes,
upregulated  in  SGBS  and  unchanged  in  HepG2  cells.  De novo  lipogenesis  was  increased  by T0901317
in  all  cell  models,  whereas  differently  affected  by 22(S)-HC  depending  on  the cell  type;  decreased  in
myotubes  and  HepG2  cells,  whereas  increased  in SGBS  cells.  Oxidation  of  linoleic  acid  was  reduced  by

22(S)-HC  in  all  cell models  while  glucose  uptake  increased  and  tended  to increase  in  myotubes  and
SGBS  cells,  respectively.  Cholesterol  efflux  was  unaffected  by  22(S)-HC  treatment.  These  results  show
that 22(S)-HC  affects  LXR-regulated  processes  differently  in  various  cell  types.  Ability  of  22(S)-HC  to
reduce  lipogenesis  and  lipid  accumulation  in myotubes  and  hepatocytes  indicate  that  22(S)-HC  might
reduce  lipid  accumulation  in  non-adipose  tissues,  suggesting  a potential  role  for  22(S)-HC  or  a similar
LXR  modulator  in the  treatment  of  type  2 diabetes.
. Introduction

Liver X receptors (LXR) are important regulators of cholesterol,
ipid and glucose metabolism. These receptors are members of the
uclear receptor superfamily and regulate gene expression through

nteraction with LXR-responsive elements [1].  The LXR� isoform
s ubiquitously expressed in adults [2],  whereas the expression of
XR� is mainly restricted to tissues known to play an important role
n lipid metabolism, such as liver, adipose tissue, macrophages, kid-
ey, skeletal muscle and small intestine [1,3,4].  Agonists for LXRs

nclude naturally occurring oxidized cholesterol derivatives (oxys-

erols) [5] and the synthetic compound T0901317 [6],  whereas the
ynthetic 22(S)-hydroxycholesterol (22(S)-HC) has been shown to
ct as a LXR antagonist on certain genes [7,8]. LXR agonists have

∗ Corresponding author at: Department of Pharmaceutical Biosciences, School of
harmacy, University of Oslo, P.O. Box 1068 Blindern, N-0316 Oslo, Norway.
el.:  +47 22856545; fax: +47 22854402.

E-mail address: e.t.kase@farmasi.uio.no (E.T. Kase).
1 Both the authors contributed equally to this study.

960-0760/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2011.10.006
© 2011 Elsevier Ltd. All rights reserved.

been proposed as therapeutic agents for metabolic and cardiovas-
cular diseases due to their effects on cholesterol [6,9] and glucose
metabolism [10]. However, LXR activation mediates some unde-
sirable effects, such as increased lipogenesis, hypertriglyceridemia
and hepatic steatosis [6,10].

Increasing obesity promotes insulin resistance, but the location
of body fat seems to be even more important than generalized
adiposity for the disease development [11]. Recently, intrahep-
atic triacylglycerol content was shown to be a better predictor
than visceral adipose tissue for metabolic disorders [12]. Ectopic
fat deposition might lead to impaired organ function, and intra-
cellular lipid content in skeletal muscle and liver correlates with
insulin resistance and type 2 diabetes [11]. Therefore, antagoniz-
ing LXRs’ effects on ectopic lipid accumulation might be beneficial
in the treatment of type 2 diabetes.

Previously, we  have shown that exposure to 22(S)-HC reduced
synthesis of complex lipids, repressed certain genes involved

in lipogenesis [7],  and counteracted the T0901317-induced
increase in lipid formation in human skeletal muscle cells [13].
22(S)-HC reduced the activity of a reporter construct con-
taining a LXR responsive element, supporting that 22(S)-HC

dx.doi.org/10.1016/j.jsbmb.2011.10.006
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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egulates lipogenesis through direct interaction with LXRs [7].  Fur-
hermore, 22(S)-HC increased glucose uptake and oxidation [13].
hus, 22(S)-HC might have a therapeutic potential in the treatment
f type 2 diabetes. We  therefore wanted to investigate the effects
f 22(S)-HC in human cell models representing metabolic active
issues important for development of type 2 diabetes. Significant
ifferences in the response to LXR activation have been observed
etween human and rat hepatocytes, questioning the relevance of
odent models [14]. Few studies on effects of LXRs have been per-
ormed in human cells, thus such investigations are highly needed.
he aim of the present study was to explore gene regulatory effects
f 22(S)-HC compared to T0901317 in human myotubes, SGBS and
epG2 cells, representing human skeletal muscle, white adipose

issue and liver, respectively. Furthermore, we  aimed to elucidate
hether treatment with 22(S)-HC affected lipogenesis, fatty acid

xidation, glucose uptake and cholesterol efflux in these cells.

. Materials and methods

.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM-GlutamaxTM, 5.5
nd 25 mM glucose), DMEM without phenol red, foetal bovine
erum, Ultroser G, penicillin–streptomycin–amphotericin B,
nd trypsin-EDTA were obtained from Gibco, Life Technologies
Paisley, UK). [1-14C]acetic acid (54 mCi/mmol), [1-14C]linoleic
cid (56 mCi/mmol), [1-14C]oleic acid (55 mCi/mmol), [1.2-
H(N)]cholesterol (44.5 Ci/mmol) and 2-[3H(G)]deoxy-d-glucose
6.0 Ci/mmol) were purchased from ARC (American Radiolabeled
hemicals, St. Louis, MO,  USA). Insulin Actrapid was from Novo
ordisk (Bagsvaerd, Denmark). Linoleic acid, oleic acid, bovine

erum albumin (BSA) (essentially fatty acid-free), extracellular
atrix (ECM) gel, apoA1, DMEM/nutrient mix F-12 and 22(S)-

ydroxycholesterol were purchased from Sigma–Aldrich (St. Louis,
O,  USA). RNeasy Mini kit and RNase-free DNase were purchased

rom Qiagen Sciences (Oslo, Norway). Agilent Total RNA isolation
it was from Agilent Technologies (Santa Clara, CA, USA). The
rimers were purchased from Invitrogen (Paisley, Scotland, UK),
hile SYBR® Green and TaqMan® reverse-transcription reagents

it and TaqMan® Low Density Custom Arrays were from Applied
iosystems (Foster City, Canada). T0901317 was  obtained from
ayman Chemical Company (Ann Arbor, MI,  USA). Hydrophobic
ultiScreen® HTS plates were from Millipore (Billerica, MA,  USA).

orning® CellBIND® tissue culture plates were obtained from
orning Life-Sciences (Schiphol-Rijk, The Netherlands). OptiPhase
upermix and UniFilter®-96 GF/B were delivered by PerkinElmer
Shelton, CT, USA). Glass bottom plates were from MatTek (Ash-
and, MA,  USA). The protein assay reagent was obtained from
ioRad (Copenhagen, Denmark). MitoTracker®Red FM,  Bodipy
93/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-
-indacene) and Hoechst 33258 were obtained from Molecular
robes, Invitrogen (Carlsbad, CA, USA). All other chemicals used
ere standard commercial high purity quality.

.2. Docking experiment

The Internal Coordinate Mechanics program [15] was used for
ocking of 22(S)-HC and T0901317 into the ligand binding domain
f the human LXR� and human LXR�. The X-ray crystal structures
f the LXR� ligand binding domain (PDB entry: 1UHL) and the LXR�
igand binding domain (PDB entry: 1PQ6) were used as targets for
ocking of 22(S)-HC. The agonist T0901317 has been crystallized
n complexes with LXR� (PDB entry: 1UHL) and LXR� (PDB entry:
PQ9). T0901317 was also docked into the ligand binding domains
f LXR� and LXR�, and the docking modes were compared with the
-ray crystallographic complexes.
 & Molecular Biology 128 (2012) 154– 164 155

The targets were converted to Internal Coordinate Mechan-
ics objects, hydrogen atoms were added, and Grid maps were
calculated based on ligand positions in the X-crystal structure com-
plexes. A model of 22(S)-HC was generated using the Internal
Coordinate Mechanics molecule editor and interactive flexible lig-
and docking was  performed into the ligand binding domain of LXR�
and LXR�. The docking poses were grouped based on similarities in
binding mode, and interaction energies were calculated using the
calcBindingEnergy macro of Internal Coordinate Mechanics.

2.3. Cell culturing

2.3.1. Culturing of human myotubes
Satellite cells were isolated as previously described [16] from

the Musculus obliquus internus abdominis of 6 healthy donors, age
39.9 (±2.9) years, body mass index 23.5 (±1.4) kg/m2, fasting glu-
cose 5.3 (±0.2) mM,  insulin, plasma lipids and blood pressure
within normal range and no family history of diabetes. The mus-
cle biopsies were obtained with informed consent and approval
by the National Committee for Research Ethics, Oslo, Norway.
The cells were cultured in DMEM-GlutamaxTM (5.5 mM  glucose),
2% foetal bovine serum, 2% Ultroser G, penicillin (100 units/ml)
and streptomycin (100 �g/ml), and amphotericin B (1.25 �g/ml)
for proliferation. At 70–80% confluence the growth medium was
replaced by DMEM-GlutamaxTM (5.5 mM glucose) supplemented
with 2% foetal bovine serum, penicillin (100 units/ml) and strep-
tomycin (100 �g/ml), amphotericin B (1.25 �g/ml), and insulin
(25 pM)  to induce differentiation. The cells were cultured in humid-
ified 5% CO2 atmosphere at 37 ◦C, and the medium was changed
every 2–3 days. Experiments were performed after 7 days of differ-
entiation.

2.3.2. Culturing of SGBS cells
Human SGBS cells were cultured and differentiated into

adipocytes as previously described [17]. Briefly, cells were seeded
at low passage 6–10, cultured in basal medium (DMEM/nutrient
mix  F-12 supplemented with biotin (33 mM),  d-pantothenate
(17 mM),  l-glutamine (2 mM),  penicillin (100 units/ml) and strep-
tomycin (100 �g/ml)) supplemented with 10% non-inactivated
foetal bovine serum to confluence. For adipocyte differentiation,
cells were exposed to adipogenic medium (basal medium sup-
plemented with human transferrin (10 �g/ml), insulin (20 nM),
cortisol (100 nM)  and T3 (0.2 nM)) supplemented with dexametha-
sone (25 nM), isobutylmethylxanthine (0.5 mM)  and rosiglitazone
(2 �M)  to increase differentiation rate for 4 days, followed by con-
tinuous culturing in adipogenic medium. Cortisol and T3 were
removed from the medium during incubation with LXR ligands.
The cells were cultured in humidified 5% CO2 atmosphere at 37 ◦C,
and medium was changed twice weekly until experiments were
started at days 15–17.

2.3.3. Culturing of HepG2 cells
The human hepatoblastoma cell line HepG2 (HB-8065, ATCC,

Manassas, VA, USA) was cultured in DMEM-GlutamaxTM (5.5 mM
glucose) supplemented with 10% foetal bovine serum, strepto-
mycin (100 �g/ml) and penicillin (100 units/ml) at 37 ◦C in 5% CO2.

2.3.4. Culturing of CaCo-2 cells
CaCo-2 cells obtained from American Type Culture Collec-

tion (Rockville, MD,  USA) were grown in DMEM-GlutamaxTM

(25 mM glucose) supplemented with 20% foetal bovine serum,
insulin (10 �g/ml), l-glutamine (2 mM),  penicillin (50 units/ml),

streptomycin (50 �g/ml) and 1% non-essential amino acids (Bio-
Whittaker) and maintained as previously described [18]. For
experiments, cells were plated at a density of 2 × 105 cells/cm2 on
24 mm diameter collagen-treated cell culture filter inserts with
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.4 �m pore size (Corning® Transwell®-COL, Costar, Cambridge,
A,  USA) and grown to 14 days post confluence. Cells were cul-

ured in humidified 5% CO2 atmosphere at 37 ◦C, and apical and
asolateral media were changed three times a week.

.4. RNA isolation and analysis of gene expression by TaqMan®

ow density custom arrays and real-time qPCR

After treatment with 1 �M T0901317, 10 �M 22(S)-HC or vehi-
le (0.1% DMSO) cells were harvested and total RNA was isolated
y RNeasy Mini kit (Qiagen Sciences, Oslo, Norway) or Agilent
otal RNA isolation kit (Agilent Technologies, Santa Clara, CA, USA)
ccording to the supplier’s total RNA isolation protocol. RNA sam-
les were incubated with RNase-free DNase (Qiagen Sciences)
or minimum 15 min  in an additional step during the RNA iso-
ation procedure. Equal amount of RNA obtained from myotubes
rom 4 different donors, SGBS-cells (n = 4), HepG2-cells (n = 4) and
aCo2-cells (n = 4) were reversely transcribed with a High Capac-

ty cDNA Archive Kit. Each sample (100 ng/�l cDNA) was added to
he slots of the array card and was run once on separate TaqMan®

ow Density Custom Arrays according to the supplier’s protocol
Applied Biosystems 7900HT, Low Density Custom Array, Get-
ing started guide). A Low Density Custom Array was  designed
o analyze 93 genes involved in lipid and glucose metabolism.
lyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as

eference gene and a fold change ≥2 or =0.5 was  considered an
ncrease or a decrease in expression level, respectively. For real-
ime qPCR, total RNA (1 �g/�l)  was reversely transcribed with
examere primers using a Perkin-Elmer Thermal Cycler 9600 (25 ◦C

or 10 min, 37 ◦C for 1 h, 99 ◦C for 5 min) and a TaqMan reverse-
ranscription reagents kit (Applied Biosystems). Real-time PCR was
erformed on the same cDNA material used for the TDLA plates plus
–2 more parallels using an ABI PRISM® 7000 Detection System.
NA expression was determined by SYBR® Green (Applied Biosys-

ems). Primers (36B4, FASN, GAPDH and SREBF1) were designed
sing Primer Express® (Applied Biosystems). Primer sequences are
vailable upon request. Each target gene were quantified in tripli-
ates and carried out in a 25 �l reaction volume according to the
upplier’s protocol. All assays were run for 40 cycles (95 ◦C for 12 s
ollowed by 60 ◦C for 60 s). The transcription levels were normal-
zed to the reference control genes 36B4 and GAPDH.

.5. Staining and live imaging of lipid droplets and mitochondria

Myotubes, SGBS and HepG2 cells were cultured as described
bove, with the exception of using 12-well glass bottom plates,
oated with extracellular matrix gel for myotubes. The cells were
reated with 1 �M T0901317, 10 �M 22(S)-HC or vehicle (0.1%
MSO) for 4 days (24 h for HepG2 cells). Myotubes, SGBS and HepG2
ells were incubated in 37 ◦C and 5% CO2 with Bodipy 493/503 (2,

 and 3 �g/ml, respectively) for 5–10 min  to stain lipid droplets,
oechst 33258 (2.5, 20 and 1.5 �g/ml, respectively) for 15–20 min

o stain nuclei and MitoTracker®Red FM (100, 400 and 75 nM,
espectively) for 15–25 min  to stain mitochondria.

Automated image acquisition was performed in culture medium
ithout phenol red with an ScanR̂ platform (Olympus IX81 inverted
uorescence microscope) equipped with a temperature and CO2-
nrichment incubator for long-term live imaging, as described in
essvik et al. [19]. We  used a 20× objective and live images of
yotubes, SGBS and HepG2 cells were made at 25 (from 3 donors),

8 and 64 positions per well, respectively, and there were 3 wells
er treatment. The background-subtracted maximal intensity pro-
ection from 7, 10 and 9 images taken in z-direction (1, 2 and 2 �m
part, respectively) was used for each colour channel at each posi-
ion. One image contained about 35, 77 and 350 nuclei in average
or myotubes, SGBS and HepG2 cells, respectively. HepG2 cells grew
 & Molecular Biology 128 (2012) 154– 164

in layers and the first cell layer was also imaged separately to more
easily quantify number of nuclei per image.

ScanR̂ software was  used for automated image analysis, using
edge detection algorithm for object segmentation to quantify the
mitochondrial mass (intensity of MitoTracker®Red FM), and inten-
sity, number and area of the lipid droplets (Bodipy 493/503), and
number of nuclei per image. Lipid droplet volume was estimated
from the measured diameter. Number of nuclei per image in HepG2
cells was  determined from the intensity of Hoechst 33258 mea-
sured in all cell layers divided on the intensity from one nucleus. The
SGBS cells were unevenly distributed in the wells and we restricted
the data to the images with nucleus count between 50 and 100 per
image to avoid possible effects of density. After excluding obvious
artefactual abnormalities, each parameter was  determined from 48
(one donor), 108 and 186 images per treatment for myotubes, SGBS
and HepG2 cells, respectively.

2.6. Radiolabeled tracer studies

2.6.1. De novo lipogenesis
Cells were treated with 1 �M T0901317, 10 �M 22(S)-HC or

vehicle (0.1% DMSO), before exposure to DMEM supplemented with
[1-14C]acetic acid (2 �Ci/ml, 100 �M)  for 4 h. Thereafter, cells were
harvested in 0.2 M NaOH, assayed for protein [20] and total lipids
were isolated by filtration of the cell lysate through hydrophobic
MultiScreen® HTS plates (Millipore, Billerica, MA,  USA). The levels
of lipids were determined by scintillation counting, and lipogenesis
from acetate was  calculated by use of protein levels for standard-
ization.

2.6.2. Fatty acid uptake and oxidation
Uptake and oxidation of linoleic acid was measured using an

assay as previously described [21]. Briefly, after treatment with
1 �M T0901317, 10 �M 22(S)-HC or vehicle (0.1% DMSO), cells
underwent CO2 trapping for 4 h with [14C]linoleic acid (1 �Ci/ml,
100 �M).  CO2 and cell-associated radioactivity was measured by
liquid scintillation and protein content was determined [20]. Acid-
soluble metabolites were measured as previously described [22].
Uptake, acid-soluble metabolites and oxidation of linoleic acid were
calculated by using protein levels for standardization. Similarly,
using the same technique, uptake and oxidation of oleic acid was
measured in myotubes during CO2 trapping for 4 h with [14C]oleic
acid (1 �Ci/ml, 100 �M)  in the presence or absence of 5 mM glu-
cose. Suppressibility, defined as the ability of the cells to decrease
oleic acid oxidation by acutely added glucose, was calculated as:
[(1−(oxidation of oleic acid at 5 mM glucose/oxidation of oleic acid
at no glucose added)) × 100%] as previously described [19].

2.6.3. Glucose uptake
Cells were treated with 1 �M T0901317, 10 �M 22(S)-HC or

vehicle (0.1% DMSO). Thereafter, cells were incubated for 20 min
(37 ◦C, 5% CO2) in serum-free DMEM containing 5.5 mM glucose,
before addition of 2-[3H(G)]deoxy-d-glucose (1 �Ci/ml). Deoxyglu-
cose uptake was measured after incubation in buffer containing
10 �M unlabelled deoxyglucose for 15 min. After incubation the
cells were washed three times with ice-cold phosphate buffered
saline (PBS), lysed in 0.05 M NaOH, and radioactivity was  counted
by liquid scintillation. Non-carrier mediated uptake was deter-
mined in the presence of cytochalasin B (5 �M)  and subtracted from
all presented values. The protein content of each sample was  deter-
mined [20], and glucose uptake was  calculated using protein levels
for standardization.
2.6.4. Cholesterol efflux
Cells were exposed to either 1 �M T0901317, 10 �M 22(S)-HC

or vehicle (0.1% DMSO) and prelabeled with [1.2-3H(N)]cholesterol
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1 �Ci/ml, 25 nM)  for 48 h for myotubes, SGBS and CaCo-2 cells and
or 24 h for HepG2 cells before efflux experiments were performed.
ells were washed twice with PBS and efflux of cholesterol was ini-
iated in serum free medium in the presence or absence of 10 �g/ml
poA1. After 4 h, medium was removed, cell debris was pelleted
nd effluxed radioactivity was measured by scintillation counting.
o obtain cell-associated [1.2-3H(N)]cholesterol, cells were lysed in
.2 M NaOH and radioactivity was measured by scintillation count-

ng. Percent efflux was determined by dividing radioactivity in the
ulture media by the sum of radioactivity in the cell lysate and
he media. ApoA1-dependent efflux was calculated by subtracting
ercent efflux without apoA1 from efflux with apoA1 present.

.7. Presentation of data and statistical analysis

Data in text and figures are given as mean (±SEM) from
 = number of separate experiments. For the data from the

ive imaging experiments, n = number of separate culture wells.
omparisons of different treatments were evaluated by ANOVA
airwise comparison with Bonferroni correction, and P < 0.05 was
onsidered significant.

. Results

.1. Docking of T0901317 and 22(S)-HC into liver X receptors

The 22(S)-HC isomer has been shown to act as a LXR antago-
ist on certain genes [7,8]. To further verify the role of 22(S)-HC
s an LXR modulator, we used the Internal Coordinate Mechan-
cs program to study docking of 22(S)-HC, in comparison to the
XR agonist T0901317, into the ligand binding domains of LXR�
nd LXR�. Docking of the agonist T0901317 into the ligand binding
omain of LXR� gave a binding mode very similar to that observed

n the X-ray structure (PDB entry: 1UHL) (Fig. 1A). Docking into
XR� gave a docking mode that slightly diverged from the corre-
ponding X-ray complex (Fig. 1B).

Based on previous X-ray crystallographic structures and molec-
lar docking it has been suggested that interactions with His421
nd Trp443 are important for forming an active complex for tran-

criptional regulation of liver X receptors [23]. As indicated in
ig. 1, these amino acids residues are conserved between LXR�
nd LXR�, and such interactions are seen in the complexes of
0901317 with liver LXR� and LXR�. Docking of 22(S)-HC showed

ig. 1. Binding modes of T0901317 and 22(S)-HC in the ligand binding domain of LXR
xperiment as described in Section 2. T0901317 (green) docked into (A) LXR� and (B) LX
nd  LXR� – PDB entry 1PQ9). T0901317 from the corresponding X-ray complexes are sho
oding:  Red O, blue N, grey H, yellow C in 22(S)-HC, white C in LXR� and LXR�. Colouri
-terminal. (For interpretation of the references to color in this figure caption, the reader
 & Molecular Biology 128 (2012) 154– 164 157

that this compound occupied a space similar to that of T0901317
in both receptors (Fig. 1C and D). However, the hydroxyl group
in 22-position was more shielded from direct interaction with the
histidine and the tryptophan than the corresponding hydroxyl of
T0901317 due to sterical hindrances in both receptors. This is in
agreement with previous observations with LXR� [23].

3.2. Effects of 22(S)-HC treatment on genes regulating lipid
metabolism in different human cell models

To explore gene regulatory effects of 22(S)-HC and T0901317
in various human cell models, mRNA analysis was performed by
using TaqMan® Low Density Arrays and real-time PCR (Fig. 2).
In human primary myotubes exposure to 22(S)-HC reduced or
tended to reduce the expression of several genes involved in
lipogenesis and lipid metabolism as LXRalpha, sterol regulatory
element binding transcription factor 1 (SREBF1), stearoyl-CoA
desaturase (SCD), fatty acid synthase (FASN), acetyl-Coenzyme
A carboxylase � (ACACA), acyl-CoA synthetase long-chain fam-
ily member 1 and 3 (ACSL1 and ACSL3), while, as previously
reported [7,13,24] treatment with T0901317 increased the expres-
sion of these genes (Fig. 2A). Treatment of adipocytes (SGBS cells)
with 22(S)-HC increased the expression of SREBF1, FASN and dia-
cylglycerol O-acyltransferase homolog 1 (DGAT1), whereas SCD
was  reduced. In the same cells, exposure to T0901317 upregu-
lated LXR�, SREBF1, ACACA and ACSL3, and downregulated DGAT1
expression (Fig. 2B). Moreover, in hepatocytes (HepG2 cells) 22(S)-
HC treatment increased the expression of SREBF1, while T0901317
treatment increased the expression of SREBF1, SCD, FASN, ACACA
and ACSL3 (Fig. 2C).

The expression of some of the lipogenic genes, SREBF1 and FASN,
was  confirmed by real-time RT-PCR analysis. Using this approach,
22(S)-HC treatment increased the expression of SREBF1 and FASN
3- and 2-fold, respectively, while T0901317 treatment of SGBS cells
resulted in fold change of 3.6 and 0.74 for SREBF1 and FASN, respec-
tively (Fig. 2D). In HepG2 cells, exposure to 22(S)-HC lead to 1.6-
and 1.1-fold change for SREBF1 and FASN mRNA level while expo-
sure to T0901317 resulted in fold change of 3.8 for SREBF1 and 3.7
for FASN (Fig. 2E). Gene expression was  not confirmed by real-time

RT-PCR in myotubes, since these data were in accordance with our
previous findings [7,13,24].

Further, the cellular levels of LXR� and LXR� were calculated by
applying the ��Ct-method [25]. The mRNA expression of LXR�

� and LXR�. The Internal Coordinate Mechanics program was used for docking
R� superimposed onto the corresponding X-ray structure (LXR� – PDB entry 1UHL
wn in purple. The structure of 22(S)-HC docked into (C) LXR� and (D) LXR�. Colour
ng of the C� traces of LXR� and LXR� is blue via white to red from N-terminal to

 is referred to the web version of the article.)
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Fig. 2. Effects of 22(S)-hydroxycholesterol on genes involved in lipid metabolism
in  myotubes, SGBS and HepG2 cells. Cells were treated with 1 �M T0901317, 10 �M
22(S)-HC or DMSO (0.1%) for 4 days for myotubes and SGBS cells, and 24 h for HepG2
cells. Total RNA was  isolated from the cells and analyzed by TaqMan® Low Density
Custom Arrays or Real-Time PCR as described in Section 2. Gene expressions were
normalized to levels of the reference gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). Selected genes involved in lipid metabolism in (A) myotubes, (B)
SGBS cells and (C) HepG2 cells. Values represent fold change relative to control
given as means ± SEM (n = 4). For genes with fold change < 1, fold change’ is calcu-
lated as -1/fold change. Lines mark fold change = 2 and fold change = −2, the chosen
cut-off for significance. Confirmatory Real-time data for (D) SGBS and (E) HepG2
represent fold change relative to control given as means ± SEM (n = 5–6). ACACA,
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was  1.5- and 2-fold higher than LXR� in CaCo2 cells and HepG2
cells, respectively. However, these differences were not significant.
The LXR� mRNA expression was about 550 times higher expressed
than LXR� in SGBS cells while LXR� mRNA expression was about
15 times higher than LXR� in myotubes (data not shown).

3.3. Effects of 22(S)-HC treatment on lipogenesis and lipid
accumulation

To examine whether the gene regulatory effects were reflected
in corresponding endpoints of metabolic pathways, functional
tracer studies were performed. De novo lipogenesis was  dose-
dependently reduced by 22SHC in HepG2 cells (Fig. 3A). Further,
lipogenesis was  differently affected by 22(S)-HC in various cell
models. Treatment with 22(S)-HC reduced lipogenesis in both
myotubes and HepG2 cells, whereas increased lipogenesis in SGBS
cells (Fig. 3B). Contrary to 22(S)-HC, the LXR agonist T0901317
increased de novo lipogenesis from [14C]acetate in all cell models
(Fig. 3B).

Staining and quantification of lipid droplets by live cell imaging
showed changes similar to what observed for lipogenesis (Fig. 3C).
Exposure to 22(S)-HC did not affect the number of lipid droplets per
nucleus in myotubes and SGBS cells, reduced the number of lipid
droplets in HepG2 cells (Fig. 3C), while treatment with T0901317
increased the number of lipid droplets per nucleus in myotubes. The
average volume of the lipid droplets in untreated cells was about
2.4, 144 and 1.5 �m3 in myotubes, SGBS and HepG2 cells, respec-
tively. The average volume of the lipid droplets in untreated cells
was  about 2.4, 140 and 1.5 �m3 in myotubes, SGBS and HepG2 cells,
respectively. The average lipid droplet volume and density (mea-
sured as fluorescence intensity per lipid droplet) was not affected
by 22(S)-HC treatment in any of the cell types (data not shown), but
was  increased by 17% and 35% in myotubes (P = 0.011 and 0.012,
respectively), and by 13% and 21% in HepG2 cells (P = 0.007 and
0.059, respectively) after T0901317-treatment. Neither of the two
parameters were affected by T0901317 in SGBS cells.

3.4. Treatment with 22(S)-HC reduced linoleic acid oxidation

The acyl-CoA synthetase long-chain family (ACSL) members
convert fatty acids to fatty acyl-CoA and play a key role in fatty acid
oxidation [26–28].  To investigate whether the reduction in ACSL1
and 3 expression levels by 22(S)-HC treatment could be detected
functionally, fatty acid oxidation (CO2 production) was measured.
We chose to use [14C]linoleic acid since it is among the preferred
substrates for ACSL3 [29] and also a good substrate for ACSL1 [26].
Fractional linoleic acid oxidation (oxidation of linoleic acid relative
to linoleic acid uptake) was  dose-dependently reduced by 22SHC
in HepG2 cells (Fig. 4A). Further, fractional oxidation was reduced
after 22(S)-HC treatment in all cell models examined (Fig. 4B). In
contrast, after exposure to T0901317 the fractional oxidation was
not changed in myotubes, tended to increase in SGBS cells (P = 0.1),
and decreased in HepG2 cells (Fig. 4B). A similar trend was observed
for oxidation of [14C]palmitic acid, but not for oxidation of [14C]oleic
acid (data not shown). However, staining of mitochondria followed

by live cell imaging showed no effect of 22(S)-HC treatment on
mitochondrial mass in any of the cell models (data not shown).

acetyl-Coenzyme A carboxylase �; ACSL1/3, acyl-CoA synthetase long chain family
member 1/3; DGAT1, diacylglycerol O-acyltransferase homolog 1; FASN, fatty acid
synthase; LXR�, liver X receptor �; SCD, stearoyl-CoA desaturase; SREBF1, sterol
regulatory element binding transcription factor 1.
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Fig. 3. Effects of 22(S)-hydroxycholesterol on lipogenesis and number of lipid
droplets per nucleus in human myotubes, SGBS and HepG2 cells. Cells were treated
with 1 �M T0901317, 0.01–20 �M 22(S)-HC or DMSO (0.1%) for 4 days for myotubes
and SGBS cells, and 24 h for HepG2 cells. (A and B) de novo lipogenesis. The cells
were incubated with [1-14C]acetate (2 �Ci/ml, 100 �M)  for 4 h before lipids were
isolated by filtration through hydrophobic MultiScreen® HTS plates. The levels of
lipids were determined by scintillation counting. The ranges of the absolute values
were 0.13–26.1, 70.2–547 and 2.2–43.3 nmol per mg  cell protein for myotubes,
SGBS and HepG2 cells, respectively. Values represent fold change relative to control
for  total lipids synthesized from acetate given as means ± SEM from (A) HepG2 cells,
n  = 4, and (B) n = 5–8 separate experiments. (C) Number of lipid droplets per nucleus.
The cells were stained for lipid droplets and nuclei as described in Section 2. Results
represent fold change relative to control given as means ± SEM, n = 3 wells, each
value quantified from in average 16, 36 and 62 images per well for myotubes, SGBS
and HepG2 cells, respectively. For myotubes; one representative donor out of three
is  presented. The ranges of the absolute values were 21–85, 5.2–13 and 1.5–7.0 lipid
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3.5. Treatment with 22(S)-HC increased glucose uptake in
myotubes

Gene expression analysis revealed that none of the solute car-
rier family 2 (facilitated glucose transporter) members measured
(SLC2A1, GLUT1; SLCA3, GLUT3; SLC2A4, GLUT4) were transcrip-
tionally regulated after exposure to 22(S)-HC in myotubes, while
T0901317 treatment upregulated SLCA4 (GLUT4) (Fig. 5A). In SGBS
cells, exposure to 22(S)-HC induced SLC2A1, whereas T0901317
treatment upregulated SLC2A1 (GLUT1) and SLC2A3 (GLUT3)
(Fig. 5B). SLC2A1 was  also upregulated by 22(S)-HC treatment in
HepG2 cells (Fig. 5C).

To further examine whether 22(S)-HC and T0901317 affected
glucose metabolism, glucose uptake was measured. Exposure to
22(S)-HC increased basal glucose uptake in myotubes, tended to
increase glucose uptake in SGBS cells, but had no effect on this
process in HepG2 cells (Fig. 6A). Furthermore, 22(S)-HC was found
to increase glucose uptake in a concentration-dependent manner
in myotubes (Fig. 6B). Treatment with T0901317 increased basal
glucose uptake in SGBS and HepG2 cells, but did not affect this
process in myotubes (Fig. 6A).

3.6. Effects of 22(S)-HC treatment on glucose suppressibility of
fatty acid oxidation

Skeletal muscle of lean, healthy individuals is metabolically
flexible; is capable of easily switching from predominantly lipid
oxidation during fasting to glucose oxidation in the postprandial
state [30]. Loss of this ability is termed metabolic inflexibility [30],
and is linked to obesity and type 2 diabetes [31]. To investigate
whether treatment with 22(S)-HC affected metabolic switching in
myotubes, suppressibility, defined according to Ukropcova et al.
as the ability of myotubes to decrease oleic acid oxidation by
acute addition of glucose (5 mM)  [32], was  studied. We  recently
showed that treatment of myotubes with T0901317 did not affect
suppressibility per se [19]. Contrarily, treatment with 22(S)-HC
increased suppressibility of myotubes by 2.5-fold compared to
control cells (Fig. 6C).

3.7. Treatment with 22(S)-HC did not negatively influence
cholesterol metabolism

The ATP-binding cassette transporters (ABC) are well-known
LXR target genes, and were also investigated in this study. A cell
model representing intestinal cells (CaCo-2 cells) was also included
in these experiments. ABCA1 was upregulated by T0901317-
treatment in all cell models examined (Fig. 7A). Exposure to
22(S)-HC also induced ABCA1 in myotubes and CaCo-2 cells, but
to a much lesser extent compared to T0901317 (Fig. 7A). Another
ABC transporter, ABCG1, was  upregulated by both 22(S)-HC and
T0901317 in SGBS and CaCo-2 cells, however to a much higher
degree by T0901317 (Fig. 7B).

To investigate whether 22(S)-HC could exert a negative effect
on cholesterol metabolism, apoA1-dependent cholesterol efflux
was  measured. Exposure to 22(S)-HC did not affect apoA1-
dependent cholesterol efflux in myotubes, HepG2 or CaCo-2 cells,
but tended to increase apoA1-dependent cholesterol efflux in SGBS

cells (P = 0.1). As expected, treatment with T0901317 increased
apoA1-dependent cholesterol efflux in myotubes and SGBS cells,
whereas no effect was  seen in HepG2 cells (Fig. 7C). For CaCo-
2 cells, T0901317-treatment increased and tended to increase

droplets per nucleus for myotubes, SGBS and HepG2 cells, respectively. *P < 0.05 vs.
control (DMSO) and #P < 0.05 for T0901317 vs. 22(S)-HC.
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Fig. 4. 22(S)-hydroxycholesterol reduces fractional oxidation of linoleic acid in myotubes, SGBS and HepG2 cells. Cells were treated with 1 �M T0901317, 0.01–20 �M 22(S)-
HC  or DMSO (0.1%) for 4 days for myotubes and SGBS cells, and 24 h for HepG2 cells. Thereafter, the cells underwent CO2 trapping for 4 h with [14C]linoleic acid (1 �Ci/ml,
100  �M)  as described in Section 2. [14C]CO2 was  counted by liquid scintillation. Cells were assayed for protein content, cell-associated linoleic acid, acid-soluble metabolites
and  linoleic acid oxidation were calculated by using protein levels for standardization. Fractional oxidation was calculated as amount CO2 divided by total uptake of linoleic
acid.  The ranges of the absolute values of linoleic acid oxidation were 1.2–6.2, 1.7–4.7 and 7.4–15.1 nmol per mg cell protein for myotubes, SGBS and HepG2 cells, respectively.
Values  represent (A) a dose–response curve in HepG2 cells representing one of two independent experiments (n = 4 wells) and (B) fold change relative to control shown as
m # .05 fo

a
l
r

4

m
t
(
m
i
i

s
p
d
T
f
r
b
fi
a
h
m

s
a
T
i
o
[
c
u
p
m
i
h
i

eans  ± SEM (n = 5–7 separate experiments). *P < 0.05 vs. control (DMSO) and P < 0

poA1-dependent cholesterol efflux from the cells to the baso-
ateral side (representing “blood” side) and to the apical side
epresenting intestinal lumen, respectively (Fig. 7D).

. Discussion

This study provides novel information on the effects of phar-
acological modulation of LXRs in human cell models, and is

he first to show that several effects of 22(S)-hydroxycholesterol
22(S)-HC) depend on the cell type examined. Several genes in lipid

etabolism were differently regulated by 22(S)-HC and T0901317
n various human cell models, and this was reflected by correspond-
ng functional endpoints in metabolic pathways.

Docking of T0901317 and 22(S)-HC showed that both sub-
tances fitted into the ligand binding domain of LXR�, in line with
revious findings [23]. In addition, we showed similar results for
ocking of these substances into ligand binding domain of LXR�.
he hydroxyl group in 22-position on 22(S)-HC was  more shielded
rom direct interaction with histidine and tryptophan than the cor-
esponding hydroxyl of T0901317 due to sterical hindrances in
oth receptors. These amino acids have previously been indenti-
ed by mutagenesis as critical for ligand-induced transcriptional
ctivation by T0901317 [23]. This might indicate that 22(S)-HC
as different properties for generating a transcription complex and
ight serve as an antagonist.
The mRNA level of sterol regulatory element binding tran-

cription factor 1 (SREBF1) was increased by 22(S)-HC in SGBS
nd HepG2 cells, but not in myotubes, however induced by
0901317 in all cell models, in accordance with previous stud-
es [24,33,34].  Treatment with 22(S)-HC reduced the mRNA level
f fatty acid synthase (FASN) in myotubes, as previously shown
7,13],  whereas increased FASN expression in SGBS cells. In HepG2
ells 22(S)-HC did not affect FASN mRNA level. T0901317 upreg-
lated FASN in myotubes and HepG2 cells, in accordance with
revious findings [7,35].  In contrast to a previous study using

urine adipocytes [33], FASN level was unaffected by T0901317

n SGBS cells. The expression of diacylglycerol O-acyltransferase
omolog 1 (DGAT1), the enzyme that catalyze the final step

n synthesis of triacylglycerol, was only affected in SGBS cells,
r T0901317 vs. 22(S)-HC.

in which 22(S)-HC increased the expression, while T0901317
reduced it.

The regulatory effects of 22(S)-HC and T0901317 on genes in
lipid metabolism were in line with the functional outcome of
de novo lipogenesis and lipid accumulation. The observed effects
in myotubes, in which 22(S)-HC reduced, whereas T0901317
increased de novo lipogenesis, are in accordance with previous find-
ings [7].  Treatment with 22(S)-HC reduced de novo synthesis of
lipids similarly in HepG2 cells as in myotubes. Contrary, in SGBS
cells, this process was increased after 22(S)-HC exposure. Treat-
ment with T0901317 increased de novo synthesis of lipids from
acetate in myotubes, SGBS cells and HepG2 cells.

In accordance with the responses on de novo lipogenesis, 22(S)-
HC decreased the number of lipid droplets in HepG2 cells, whereas
had no significant effect on this parameter in myotubes and
SGBS cells. The finding in SGBS cells is in contrast to a report
by Juvet et al. indicating that murine 3T3-L1 cells treated with
22(S)-HC accumulated less lipids compared to control cells [33].
The discrepancy between these studies could be due to specie
or methodological differences. Kotokorpi et al. showed several
dissimilarities in LXR responses between human and rat hepato-
cytes, signifying the need for such studies in human cell models
[14].

We observed that treatment with 22(S)-HC decreased linoleic
acid (LA) oxidation in all cell models examined. This might indi-
cate an undesirable effect of 22(S)-HC, since decreased fatty acid
oxidation is associated with development of type 2 diabetes (T2D)
[36,37], and previous studies have shown that myotubes estab-
lished from T2D subjects had a lower palmitic acid oxidation
relative to myotubes established from healthy controls [38,39].
However, oxidation of oleic acid was not reduced by 22(S)-HC treat-
ment. This may  indicate that effects of 22(S)-HC on lipid oxidation
vary with type of fatty acid. Glucose uptake and oxidation was also
increased by 22(S)-HC treatment [13]. Both the increase in glucose
uptake and decline in LA oxidation could be secondary to increased
glucose oxidation, while reduced LA oxidation may  also be due to

decreased lipid accumulation. Furthermore, treatment with 22(S)-
HC did not alter the mitochondrial mass in any of the cell models,
hence the reduced LA oxidation might not indicate a detrimental
effect of 22(S)-HC.
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Fig. 5. Effects of 22(S)-hydroxycholesterol on expression level of glucose trans-
porters in myotubes, SGBS and HepG2 cells. Cells were treated with 1 �M T0901317,
10 �M 22(S)-HC or DMSO (0.1%) for 4 days for myotubes and SGBS cells, and 24 h for
HepG2 cells. Total RNA was isolated from the cells and analyzed by TaqMan® Low
Density Custom Arrays as described in Fig. 1 for SGBS and HepG2 cells. mRNA level
was measured by real-time RT-PCR in myotubes, as described in Section 2. Values
represent fold change relative to control given as means ± SEM (n = 4) for glucose
transporters (GLUT) in (A) myotubes, (B) SGBS cells and (C) HepG2 cells. For genes
with fold change < 1, fold change’ is calculated as −1/fold change. Lines mark fold
change = 2 and fold change = −2, the chosen cut-off for significance. SLC2A1-4, solute
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arrier family 2 (facilitated glucose transporter), member 1–4 (GLUT1–4).

In the present study exposure to 22(S)-HC and T0901317
id not show major impact on the expression level of glucose
ransporters. Some stimulating effect on glucose uptake was
bserved, but this only reflected the gene regulatory pattern
n SGBS cells. Thus, the mechanisms by which 22(S)-HC and
0901317 affect glucose uptake may  not be explained by changes
n the expression level of glucose transporters, and remain
nknown.

Metabolic inflexibility, which is defined as loss of the ability
o switch easily from predominantly lipid oxidation during fast-

ng to glucose oxidation in the postprandial state [30], is linked
o obesity and type 2 diabetes [31]. A study by Ukropcova et al.
ndicated that metabolic switching could be an intrinsic charac-
eristic of human skeletal muscle cells [32]. Since LXRs regulate
 & Molecular Biology 128 (2012) 154– 164 161

lipid and glucose metabolism, 22(S)-HC treatment might affect this
switching. We recently showed that suppressibility of myotubes,
defined as the ability of acutely added glucose to suppress fatty
acid oxidation, was not affected by LXR activation by T0901317
per se [19]. However, the n-3 fatty acid eicosapentaenoic acid
increased suppressibility, and treatment with T0901317 cancelled
out this effect [19]. In the present study we  showed that 22(S)-HC
treatment of myotubes increased suppressibility. This indicates a
certain role for LXRs in metabolic switching and a potential bene-
ficial effect of 22(S)-HC improving metabolic switching of skeletal
muscle.

LXRs regulate reverse cholesterol transport through several
mechanisms, mainly through regulation of members of the ABC
superfamily. In the present study we  observed that T0901317-
treatment induced ABCA1 in myotubes, SGBS, HepG2 and CaCo-2
cells, as well as ABCG1 in SGBS and CaCo-2 cells, in accordance
with previous reports [7,40–42]. Due to the beneficial effects of
LXR activation on cholesterol homeostasis, LXR antagonists could
be suspected to exert a negative effect on whole body cholesterol
homeostasis. However, 22(S)-HC induced ABCA1 in myotubes and
CaCo-2 cells, in addition to ABCG1 in SGBS and CaCo-2 cells.

ApoA1-dependent cholesterol efflux was  regulated by the
LXR modulators in a similar pattern as ABCA1 and ABCG1
gene expression. Treatment with T0901317 increased apoA1-
dependent cholesterol efflux from human myotubes, as well as
SGBS and CaCo-2 cells. We  did not observe LXR-mediated ele-
vation of apoA1-dependent cholesterol efflux from HepG2 cells,
contrary to a previous report [40]. LXR activation has previ-
ously been shown to enhance apoA1-dependent cholesterol efflux
from murine myotubes [22], HepG2 cells [40], murine 3T3-L1
adipocytes [42] and basolateral cholesterol efflux from CaCo-2
cells [41], but has not, to our knowledge, been studied in human
adipocytes or myotubes. The effect of 22(S)-HC on cholesterol
efflux has not previously been investigated. Exposure to 22(S)-
HC did not alter apoA1-dependent cholesterol efflux in myotubes,
HepG2 or CaCo-2 cells, but tended to increase efflux from SGBS
cells.

Tissue-selective regulation by LXRs, as we  observed for some
genes and metabolic processes, is also reported earlier for cer-
tain genes. The explanation for this specificity is unknown, but
several mechanisms might contribute. Unequal tissue distribution
of the two  LXR subtypes combined with different gene regula-
tion by these receptors could result in tissue-selective effects.
Furthermore, differential regulation of target genes could also be
due to distinct coactivator and corepressor recruitment. This is
reported to occur for ABCA1 and SREBF1 [43]. Also, variation in
the level and type of coactivators or corepressors within distinct
tissues might contribute to the specificity. However, this needs
further investigation. Some of the effects of 22(S)-HC could also
be due to LXR-independent mechanisms, since oxysterols exert
some effects independently of LXRs [44]. These effects could be
mediated through interaction with other transcription factors or
oxysterol-sensing proteins, or through post-translational modi-
fications [45]. Furthermore, some of the observed effects after
T0901317-treatment might be mediated through other nuclear
receptors than LXRs, since this ligand has been shown to be an ago-
nist or inverse agonist on farnesoid X receptor, pregnane X receptor
and retinoic acid receptor-related orphan receptors in some cell
models [46–48].

In conclusion, our study showed that 22(S)-HC, likely through
interacting with LXRs, differently affects lipid and glucose
metabolism depending on the cell model examined. The abil-

ity of 22(S)-HC to reduce lipogenesis and lipid accumulation in
myotubes and hepatocytes indicate that 22(S)-HC might reduce
lipid accumulation in non-adipose tissues, suggesting a potential
role for 22(S)-HC or a similar LXR modulator in the treatment of
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Fig. 6. 22(S)-hydroxycholesterol increases glucose uptake in myotubes. (A) Glucose uptake. Cells were treated with 1 �M T0901317, 10 �M 22(S)-HC or DMSO (0.1%) for
4  days for myotubes and SGBS cells, and 24 h for HepG2 cells. Thereafter, the cells were incubated for 20 min in serum-free DMEM containing 5.5 mM glucose, before addition
of  2-[3H(G)]deoxy-d-glucose (1 �Ci/ml). After 15 min  incubation the cells were lysed in NaOH, and radioactivity was counted by liquid scintillation. Cells were assayed for
protein and glucose uptake was calculated by using protein levels for standardization. Values represent fold change relative to control shown as means ± SEM (n = 4–6).
The  ranges of the absolute values were 35.0–182, 6.6–29.9 and 0.28–35.2 pmol/mg cell protein/min for myotubes, SGBS and HepG2 cells, respectively. (B) Dose–response of
22(S)-HC in myotubes. Myotubes were exposed to 0, 1, 5 and 10 �M of 22(S)-HC for 4 days before glucose uptake was measured as described above. Values represent fold
change  relative to control shown as means ± SEM (n = 3). (C) Suppressibility by glucose in myotubes. Myotubes were treated for 4 days with 10 �M 22(S)-HC or DMSO (0.1%),
and  thereafter underwent CO2 trapping for 4 h with [14C]oleic acid (1 �Ci/ml, 100 �M)  in the presence or absence of 5 mM glucose as described in Section 2. Suppressibility,
the  ability of the cells to decrease oleic acid oxidation by glucose, was calculated as [(1-(oxidation of oleic acid at 5 mM glucose/oxidation of oleic acid at no glucose
added)) × 100%]. Results represent means ± SEM from 5 different donors. *P < 0.05 vs. control (DMSO) and #P < 0.05 for T0901317 vs. 22(S)-HC.
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Fig. 7. 22(S)-hydroxycholesterol does not negatively influence cholesterol efflux in myotubes, SGBS, HepG2 and CaCo-2 cells. (A and B) mRNA levels of ATP-binding cassette
transporter A1 (ABCA1) and ABCG1, respectively. Cells were treated with 1 �M T0901317, 10 �M 22(S)-HC or DMSO (0.1%) for 4 days for myotubes and SGBS cells, and 24 h
for  HepG2 cells. Total RNA was isolated from the cells and analyzed by TaqMan® Low Density Custom Arrays as described in Fig. 1. Values represent fold change relative to
control given as means ± SEM (n = 4). Line marks fold change = 2, the chosen cut-off for significance. (C and D) Cells were treated with 1 �M T0901317, 10 �M 22(S)-HC or
DMSO  (0.1%) for 48 h for myotubes, SGBS and CaCo-2 cells, and 24 h for HepG2 cells. Thereafter, the cells were prelabeled with [1.2-3H(N)]cholesterol (1 �Ci/ml, 25 nM) and
still  exposed to T0901317, 22(S)-HC or DMSO for another 2 days. The cells were incubated with or without apoA1 (10 �g/ml) for 4 h, before radioactivity in the medium and
cell  lysate was determined by scintillation counting as described in Section 2. % apoA1-dependent cholesterol efflux from (C) myotubes, SGBS cells and HepG2 cells and (D)
CaCo-2 cells to basolateral (blood) and apical (intestinal lumen) side. Values represent fold change relative to control given as means (n = 4–5). *P < 0.05 vs. control (DMSO)
and #P < 0.05 for T0901317 vs. 22(S)-HC.
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