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Abstract The liver X receptors (LXRs) o and B are respon-
sible for the transcriptional regulation of a number of genes
involved in cholesterol efflux from cells and therefore may
be molecular targets for the treatment of cardiovascular dis-
ease. However, the effects of LXR ligands on cholesterol
turnover in cells has not been examined comprehensively.
In this study, cellular cholesterol handling (e.g., synthesis,
catabolism, influx, and efflux) was examined using a stable
isotope labeling study and a two-compartment modeling
scheme. In HepG2 cells, the incorporation of '*C into cho-
lesterol from [I-ISC]acetate was analyzed by mass isoto-
pomer distribution analysis in conjunction with nonsteady
state, multicompartment kinetic analysis to calculate the cho-
lesterol fluxes. Incubation with synthetic, nonsteroidal LXR
agonists (GW3965, T0901317, and SB742881) increased cho-
lesterol synthesis (~10-fold), decreased cellular cholesterol
influx (71-82%), and increased cellular cholesterol efflux
(1.7- to 1.9-fold) by 96 h. As a consequence of these altered
cholesterol fluxes, cellular cholesterol decreased (36-39%)
by 96 h. The increased cellular cholesterol turnover was asso-
ciated with increased expression of the LXR-activated genes
ABCALl, ABCG1, FAS, and sterol-regulatory element binding
protein 1c.Hf In summary, the mathematical model pre-
sented allows time-dependent calculations of cellular choles-
terol fluxes. These data demonstrate that all of the cellular
cholesterol fluxes were altered by LXR activation and that
the increase in cholesterol synthesis did not compensate for
the increased cellular cholesterol efflux, resulting in a net
cellular cholesterol loss.—Aravindhan, K., C. L. Webb, M.
Jaye, A. Ghosh, R. N. Willette, N. J. Di Nardo, and B .M. Jucker.
Assessing the effects of LXR agonists on cellular cholesterol
handling: a stable isotope tracer study. J. Lipid Res. 2006. 47:
1250-1260.
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The liver X receptor (LXR) is an oxysterol-sensing nu-
clear receptor responsible for transcriptional regulation of
a number of genes involved in reverse cholesterol trans-
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port and therefore may be a molecular target for the treat-
ment of cardiovascular disease (1-3). LXR is a member of
the nuclear receptor family that regulates cellular choles-
terol efflux (4) and whole body cholesterol excretion (5)
and is endogenously activated by various oxysterols (6),
including 24(S),25-epoxycholesterol and 22(R)-hydro-
xycholesterol, an intermediate in steroid hormone pro-
duction (7, 8). Additionally, synthetic LXR agonists that
potently upregulate macrophage ABCA1 expression have
been shown to be antiatherogenic in genetic mouse models
of atherosclerosis (9, 10).

Cellular cholesterol metabolism and handling has been
examined in terms of its synthesis by measuring the frac-
tion of newly synthesized cholesterol (11, 12), in terms of
catabolism by measuring levels of bile acids through bio-
chemical assays or HPLC (13, 14), in terms of influx by
measuring the radioactivity of absorbed [3H]cholestery1
oleate (15, 16), and in terms of efflux by measuring spe-
cific radioactivity in labeled cells (17-20). However, prior
methods address only the unidirectional flow of choles-
terol and are not capable of measuring the bidirectional
flow of cholesterol. A comprehensive analysis of choles-
terol turnover by assessing the bidirectional flow of choles-
terol is critical when examining LXR activation. Therefore,
the focus of this study was to investigate the kinetics of
cholesterol synthesis and transport in/out of HepG2 cells
after treatment with several classes of natural and syn-
thetic LXR agonists, such as the nonsteroidal synthetic com-
pounds GW3965, SB742881, and T0901317, the steroidal
synthetic agonist N,N-dimethly-33-hydroxy-cholenamide
(DMHCA), and the natural steroidal agonists 22 (R)-hydro-
xycholesterol and 24(S),25-epoxycholesterol. HepG2 cells
were chosen for this study because this cell line is often used

Abbreviations: APE, atom percentage excess; apoB, apolipoprotein
B; CYP7A1, cholesterol 7a-hydroxylase; DMHCA, N,N-dimethly-38-
hydroxy-cholenamide; LDLR, low density lipoprotein receptor; LXR,
liver X receptor; MIDA, mass isotopomer distribution analysis; SR-BI,
scavenger receptor class B type I; SREBPIc, sterol-regulatory element
binding protein lc.
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for cholesterol metabolic studies and has the constitutive
ability to synthesize and secrete lipoproteins (21, 22). How-
ever, it is acknowledged that HepG2 cells differ from pri-
mary human hepatocytes in their production of bile acids, a
catabolic product of cholesterol (23). LXR-regulated genes
involved in reverse cholesterol transport and lipogenesis
were also investigated to assess the temporal correlation of
cholesterol flux with gene activation. Additionally, a HMG-
CoA reductase inhibitor, atorvastatin, was used to examine
the dynamic fidelity of the kinetic analysis and to compare
its effects on cellular cholesterol handling with those ob-
served with several classes of LXR agonist. We used [I-ISC]
sodium acetate as a precursor for cholesterol synthesis, and
mass isotopomer distribution analysis (MIDA) (24, 25) of
the ¥Clabeled cholesterol molecule allowed for the pre-
cursor pool enrichment and fraction of newly synthesized
cholesterol to be calculated. These parameters were then
used to obtain cholesterol flux information using a two-
compartment kinetic model.

EXPERIMENTAL PROCEDURES

Cell culture

HepG2 cells were cultured in DMEM supplemented with 10%
FBS, penicillin (100 U/ml), streptomycin (100 pg/ml), high
glucose (25 mM), sodium bicarbonate (45 mM), and GlutaMax®
(2 mM). Cells were seeded at 5 X 10° per dish into 60 mm dishes
2 days before the start of the experiment. To avoid depleting the
cells of the tracers or LXR agonists (whose concentration decreases
by 60% within 24 h) and essential growth supplements, the cells
were replenished with fresh medium and the tracer at appropriate
concentrations every 24 h. Cellular toxicity was measured using the
ToxiLight nondestructive cytotoxicity kit (No. LT17-217; Cambrex
Bio Science, Inc., Rockland, ME). Total apolipoprotein B (apoB)
secreted by the cells to the culture medium was analyzed using
ELISA kit A70102 (AlerChek, Inc., Portland, ME).

[1-13C]sodium acetate study

To measure cholesterol synthesis and to model cholesterol
flux kinetics, HepG2 cells were seeded in 60 mm dishes at an
optimal seeding density to become 80% confluent by day 2 after
seeding. On the third day, cells were given fresh medium with [1-
13C]sodium acetate (10 mM) (Cambridge Isotope Laboratories,
Inc., Andover, MA.), 99% isotope purity. The control groups re-
ceived vehicle (0.1% DMSO, ethanol, or methanol), and the
treatment group received GW3965, T0901317, or SB742881 (1 pM
in DMSO), 22(R)-hydroxycholesterol, 24(S),25-epoxycholsterol,
or DMHCA (1 pM in ethanol), or atorvastatin (1 wM in methanol).
The cells were supplemented with medium containing LXR
agonists or atorvastatin and [1—13C]sodium acetate every 24 h
for up to 4 days. The LXR agonist concentrations used were typi-
cal of efficacious plasma concentrations observed in hamsters
after oral administration of drug at 10 mg/kg body weight (unpub-
lished observation).

Cholesterol handling was also examined in the absence of
serum with or without exogenous apoA-I. In these studies, cells
were given 10% FBS on day 1 followed by serum-free medium with
apoA-I on day 2. The treated group received GW3965 (1 uM) on
both day 1 and day 2, and [I-ISC]acetate was administered to all
groups on day 2. Therefore, treatment was for 48 h, whereas
acetate incorporation was for 24 h.

Cholesterol extraction and derivatization

Total cholesterol, free cholesterol, cholesteryl ester, and other
neutral sterols were extracted as described previously (11) with
some modifications. Briefly, at the end of the treatment, cells
were washed twice with ice-cold PBS. The cell culture medium
was removed and stored at 4°C until analyzed. Cells were scraped
into 2 ml of PBS and centrifuged at 1,000 rpm for 5 min. The PBS
supernatant was discarded, and the cell pellets were saved at
—80°C until analyzed. Cholesterol was extracted from the cell
pellets twice with hexane-isopropanol (3:2,v/v), and ba-cholestane
was added as an internal recovery standard. The dried extract was
saponified by adding freshly prepared 1 N KOH ethanolic solution
(3 ml). Total cholesterol was derivatized as described previously
(26). Recoveries for cholesterol and cholesteryl esters were assessed
using cholesterol and cholesteryl oleate standards and found to
range from 84% to 92%.

Analytical methods

An HP 5973 mass selective detector coupled with an HP
6890 gas chromatograph equipped with an HP-5 column (95%
dimethylsiloxane) was used to measure cholesterol concentra-
tion and enrichment. The GC-MS apparatus was operated using
splitless mode for higher sensitivity. In the scan-acquisition mode,
dwell times were optimized for monitoring the internal standard
peak at m/z 217 and the 13Cdabeled cholesterol species from m/z
367-382.

MIDA

The fraction of newly synthesized cholesterol in the cell and
medium compartments and the fractional enrichment of the
cholesterol precursor pool were obtained using MIDA (27). An
in-house program that uses an unbiased simulation algorithm
(Monte Carlo) was used to obtain the percentage of precursor
C enrichment and the percentage of newly synthesized choles-
terol. The atom percentage excess (APE), a standard parameter
used to measure °C enrichment, was converted to percentage of
newly synthesized cholesterol using the validated technique of
Hellerstein and colleagues (24, 25).

Multicompartment kinetic analysis

A multicompartment kinetic analysis was performed using
SAAM I software, version 1.1.1 (SAAM Institute, Inc., Seattle,
WA). This software allows for a simple and direct analysis of tracer
kinetics using a compartment model approach. A precursor-
product model was developed with a tracer (labeled) and a tracee
(unlabeled) system. The notation F(destination, source) repre-
sents the total cholesterol flux measured as wg/h/mg cell pro-
tein. F(0,1) represents the cholesterol catabolic flux (i.e., bile
acid synthesis, steroid synthesis, or other irreversible loss of cho-
lesterol from the cells), F(1,2) represents the total cholesterol
flux from the medium to the cells, and F(2,1) represents the total
cholesterol flux from the cells to the medium. The administra-
tion of the [I-IZC]acetate precursor was treated as a function of
the endogenous flux U (1) equivalent to the cholesterol synthesis
flux (Fig. 1), corresponding to the fraction of precursor enrich-
ment. In the experiments in which equilibrium was not impaired
significantly [untreated controls, 22 (R)-hydroxycholesterol], the
size of the cell and medium cholesterol pools (pool 1 and pool
2, respectively) were considered constant, and in experiments
in which the equilibrium was disturbed [GW3965, T0901317,
SB742881, 24(S),25-epoxycholesterol, DMHCA groups (see
Figs. 2, 3 below) ], the actual cholesterol content of cells as well
as medium was used in the SAAM II compartment analysis, as
explained previously (28-30). Using the actual values of cellular

Cellular cholesterol handling after LXR activation 1251

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

u()

F(2,1
2D >( Medium
<€ 2
F(1,2)
F(0,1)

Fig. 1. Two-compartment kinetic model scheme. Compartment 1
represents the intracellular cholesterol pool, and compartment 2
represents the extracellular cholesterol pool. The associated fluxes
are shown as F(destination, source). U(1) is the endogenous flux
equivalent to the cholesterol synthesis flux. F(0,1) represents the
cholesterol catabolic flux (i.e., bile acid synthesis, steroid synthesis,
or other irreversible loss of cholesterol from the cells), F(1,2)
represents the total cholesterol flux from the medium to the cells,
and F(2,1) represents the total cholesterol flux from the cells to
the medium.

and medium cholesterol allowed for the linear cumulative two-
compartmental model to be investigated more explicitly.
Replenishment of the cells with fresh medium including drug
and tracer was accounted for in the model to provide a more
accurate calculation.
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Fig. 2. Total cellular and culture medium cholesterol after treat-
ment with nonsteroidal liver X receptor (LXR) agonists. Total
cholesterol is shown in HepG2 cells (A) and in the culture medium
(B) for up to 96 h of treatment with GW3965 (1 pM), T0901317
(1 uM), or SB742881 (1 wM). Data are presented as means = SEM
(n = 3).* P<0.01, ¥ P<0.001, control versus treated groups.
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Fig. 3. Total cellular and culture medium cholesterol after treat-
ment with steroidal LXR agonists. Total cholesterol is shown in
HepG2 cells (A) and in the culture medium (B) for up to 96 h of
treatment with 22(R)-hydroxycholesterol (1 uM), 24(S),25-epoxy-
cholesterol (1 pM), or N,N-dimethly-38-hydroxy-cholenamide
(DMHCA; 1 pM). Data are presented as means = SEM (n = 3).
* P < 0.05, control versus treated groups.

Protein, RNA, and gene expression analysis

Cellular protein was measured using the Bio-Rad DC protein
assay (Bio-Rad Laboratories, South San Francisco, CA) according
to the manufacturer’s instructions. Total RNA was isolated from
HepG2 cells using the Qiagen RNeasy 96 kit (No. 74181; Qiagen,
Valencia, CA). cDNA was then synthesized with random hexamer
primers using the Superscript-III first-strand synthesis system for
RT-PCR (No. 18080-051; Invitrogen Corp., Carlsbad, CA). Gene-
specific quantitative PCR mixes were prepared using 50 ng of
cDNA, 0.4 pM forward primer, 0.4 wM reverse primer, and
0.2 uM FAM-labeled fluorogenic probe (Applied Biosystems,
Foster City, CA) to a reaction volume of 25 pl. Quantitative PCR
was performed on an ABI PRISM® 7700 sequence detection sys-
tem. The comparative cycle threshold method was used to quan-
titate gene expression in cells. Data are reported as fold change
from control. All assays were performed in quadruplicate. The
following primer and probe sets were used: hABCA1 forward, 5'-
GCTCCCGGAGTTGTTGGAAA-3"; hABCAI1 reverse, 5'-GTATA-
AAAGAAGCCTCCGAGCATC-3'; hABCA1 probe, 6FAM-TTTAA-
CAAATCCATTGTGGCTCGCCTGT-TAMRA; hABCG1 forward,
5'-AGCATCATGAGGGACTCGGT-3'; hABCGI reverse, 5'-GGAG-
GCCGATCCCAATGT-3'; hABCG1 probe, 6FAM-CTGACACA-
CCCTGCGCATCACCTCG-TAMRA; hFAS forward, 5-ACCTG-
GGCGCGGACTAG-3'; hFAS reverse, 5'-CGATGACGTGGA-
CGGATACTT-3'; hFAS probe, 6FAM-ACCTCTCCCAGGTATGC-
GACGGG-TAMRA. For the detection of human sterol-regulatory
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element binding protein 1c¢ (SREBP1c), HMG-CoA reductase, scav-
enger receptor class B type I (SR-BI), SREBP2, low density lipo-
protein receptor (LDLR), and cholesterol 7a-hydroxylase (CYP7AL),
commercial primer/probe sets Hs00231674_ml, Hs00168352_
ml, Hs00194092_ml, Hs00190237_ml, Hs00181192_ml, and
Hs00167982_ml, respectively, were used (Assays by Demand,;
Applied Biosystems).

Statistical analysis

All statistical tests were performed using Prism software
(Graphpad Software, San Diego, CA), and a value of P < 0.05
was considered significant. When necessary, nonlinear regression
fitting was used to verify the trends in the time-course study.
Student’s ttest or ANOVA with Newman-Keuls posthoc test was
used to determine the level of significance between the treat-
ment groups.

RESULTS

Cholesterol homeostasis

In the control (without LXR agonist) experiments, total
cholesterol (esterified and nonesterified) remained con-
stant in both the HepG2 cells and the medium for the
entire course of the study (96 h). However, in LXR agonist-
treated cells, there was a reduction in cellular cholesterol
from 56.8 = 3.9 wg/mg cell protein at 24 h in the control
group to 47.8 = 1.7, 37.8 £ 0.5, 32.3 * 2.0, and 31.4 =
0.8 wg/mg cell protein in the GW3965-treated group at
24, 48, 72, and 96 h, respectively. Similar temporal de-
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creases in cellular cholesterol were also observed in the
T0901317 and SB742881 treatment groups (Fig. 2A). Con-
sequently, there was an increase in the cell medium cho-
lesterol concentration from 25.2 * 1.7 wg/ml at 24 h in
the control group to 28.0 £ 1.7,33.3 £1.7,34.0 £ 1.2, and
38.0 = 01.7 pg/ml in the GW3965-treated group at 24,
48, 72, and 96 h, respectively. Similar temporal increases
in medium cholesterol were also observed in the T0901317
and SB742881 groups (Fig. 2B). In contrast, there was no
change in cellular cholesterol after treatment with 22 (R)-
hydroxycholesterol. However, cellular cholesterol decreased
to 41.6 * 2.2 and 36.5 * 4.4 ng/mg cell protein after treat-
ment with 24(S),25-epoxycholesterol and decreased to
49.0 = 2.5 and 42.6 = 5.2 pg/mg cell protein after treat-
ment with DMHCA at 72 and 96 h, respectively (Fig. 3A).
The medium cholesterol did not change significantly
and remained ~35 pg/ml in the 22(R)-hydroxycholes-
terol-, 24(S),25-epoxycholesterol-, and DMHCA-treated
groups (Fig. 3B).

Cellular free and esterified cholesterol pools were ex-
amined at 24 and 48 h to determine whether the different
pools contributed to overall cholesterol handling by the
cells. Both concentration (Fig. 4A, C) and 13C enrichment
(Fig. 4B, D) of cellular free cholesterol and cholesteryl
esters were assessed at 24 and 48 h in control and GW3965-
treated cells. Although the enrichment of esterified cho-
lesterol was decreased initially at 24 h in the treated versus
control cells, the enrichment of both free cholesterol and
esterified cholesterol was higher in the treated versus
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Fig. 4. Cellular free cholesterol (FC), esterified cholesterol (EC), and total cholesterol (TC) content and
13C enrichment. The TLC-separated free and esterified cholesterol from 24 h-treated (A, B) and 48 h-treated
(G, D) (GW3965, 1 uM or vehicle) HepG2 cells were analyzed using GC-MS. FC, EC, and TC contents
are shown in A,C. FC, EC, and TC '*C enrichment measured in atom percentage excess (APE) are shown
in B, D. Data are presented as means * SEM (n = 3). * P < 0.01, ** P < 0.001, control versus GW3965-

treated groups.
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Fig. 5. Cellular cholesterol *C enrichment time course. Cellular
cholesterol enrichment was measured in HepG2 cells during a
96 h incubation with GW3965 (1 uM), T0901317 (1 wM), SB742881
(1 M), or atorvastatin (1 pM) (A) and 22(R)-hydroxycholesterol
(1 uM), 24(S),25-epoxycholesterol (1 uM), or DMHCA (1 uM)
(B). Data are presented as means * SEM (n = 3). * P<0.05, ** P<
0.01, *** P < 0.001, control versus treated groups.

control cells by 48 h (Fig. 4D). The total cholesterol pool
and enrichment appear to reflect the rapid turnover of
free cholesterol rather than the slow turnover of esterified
cholesterol. Therefore, for the purposes of this study,
kinetic modeling of the total cholesterol pool rather than
separate free and esterified cholesterol pool modeling
was performed.

Cholesterol 2C labeling

To obtain kinetic data for mathematical modeling, [1-
¥Clacetate precursor for cholesterol synthesis was added
to HepG2 cells and [1-'3Clacetate incorporation into intra-
cellular cholesterol after LXR treatment with two distinct
structural classes; nonsteroidal and steroidal LXR agonists
over a 96 h period were monitored (Fig. 5). The GW3965,
T0901317, and SB742881 treatment groups showed an in-
crease in the rate of cholesterol labeling, reflecting an
increase in the rate of cholesterol synthesis (Fig. 5A). How-
ever, the natural LXR ligand [22(R)-hydroxycholesterol]
had no effect on the rate of cholesterol labeling, whereas the
steroidal LXR agonists [24(S),25-epoxycholesterol,
DMHCA] appeared to slightly reduce the rate of choles-
terol labeling, reflecting a decrease in the rate of cholesterol
synthesis (Fig. 5B), consistent with earlier observations (6).
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Furthermore, as a positive control for the inhibition of cho-
lesterol synthesis, a HMG-CoA reductase inhibitor (atorvas-
tatin) was examined (Fig. bA). A decrease in cholesterol
synthesis in the atorvastatin-treated cells was consistent
with the significantly lower cholesterol APE observed in
these cells.

MIDA

A Monte Carlo simulation was used to generate the
isotopomer distribution data for a given cholesterol pre-
cursor '*C enrichment and for a given fraction of newly
synthesized cholesterol. The cholesterol '*C precursor en-
richment percentage (P = 45%) calculated in the present
study was similar to two validated methods for measuring
precursor enrichment: MIDA (P = 47%) and isotopomer
spectral analysis (P = 49%). Although these methods esti-
mate the precursor fractional '*C enrichment differently,
the underlying principle is the same. The calculated cho-
lesterol precursor enrichment (p) and the percentage of
newly synthesized cholesterol (f) for different treatment
conditions at 24 h are shown in Table 1. The cholesterol
precursor enrichment in the GW3965 group was increased
rapidly and was stable throughout the study (37 * 2%,
42 *= 1%, 43 = 1%, and 45 = 1% at 2, 4, 8, and 24 h,
respectively). All treatment groups had similar precursor
enrichments as their control groups at 24 h. The cho-
lesterol precursor enrichment did not exceed 50% for the
various experimental conditions when using [1-'*C]sodium
acetate in the incubation medium, reflecting the steady state
of the precursor pool. The newly synthesized cholesterol
in HepG2 cells at 24 h increased from 19 * 1% in the con-

TABLE 1. Percentage of precursor enrichment and newly synthesized
cholesterol in HepG2 cells

Medium Treatment P f
%

10% FBS Control 45+1 19*x1

10% FBS GW3965 45+0 281
10% FBS T0901317 451 26=*1°
10% FBS SB742881 472 24*1°
10% FBS Control 43+2 17*x1

10% FBS 22(R)-Hydroxycholesterol 42 =1 18 * 2

10% FBS 24(S),25-Epoxycholesterol 43 =1 15 * 2

10% FBS DMHCA 430 14 x0°
Serum-free Control 381 28*2

Serum-free GW3965 380 31=x1

Serum-free + apoA-I  Control 400 221

Serum-free + apoA-I  GW3965 38+1 40 *x 0
10% FBS Control 40+0 171

10% FBS Atorvastatin 401 2x0°

apoA-I, apolipoprotein A-I; DMHCA, N,N-dimethly-33-hydroxy-
cholenamide. The percentage of precursor enrichment (p) and the
percentage of newly synthesized cholesterol (f) at 24 h for several stud-
ies using different culture conditions are shown. Precursor enrichment
did not exceed 50% for the various experimental conditions using [1-
®Clsodium acetate in the incubation medium, reflecting a possible
saturation of the precursor pool. Control for the GW3965, T0901317,
and SB742881 studies was DMSO, control for the 22(R)-hydroxycho-
lesterol, 24(S),25-epoxycholesterol, and DMHCA studies was ethanol,
and control for the atorvastatin study was methanol. Data are presented
as means = SD.

“P < 0.001, control versus treated groups.
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TABLE 2. Calculated cellular cholesterol fluxes for nonsteroidal LXR agonists

Treatment u) F(0,1) F(1,2) F(2,1)
g/h/mg cell protein

Control 0.15 = 0.02 0.15 £ 0.02 2.89 *+ 1.82 0.92 = 0.15
GW3965 (24 h) 0.61 = 0.03¢ 0.61 = 0.01¢ 1.33 = 0.11 2.46 *+ 0.06°
GW3965 (48 h) 0.96 = 0.02“ 0.95 = 0.0 1¢ 1.15 = 0.14 1.93 + 0.05¢
GW3965 (72 h) 1.26 = 0.04“ 1.26 = 0.01" 0.99 * 0.09 1.69 = 0.04“
GW3965 (96 h) 1.58 = 0.04° 1.58 = 0.02“ 0.83 = 0.11° 1.60 = 0.04°
T0901317 (24 h) 0.60 = 0.02¢ 0.28 = 0.0 1¢ 1.39 = 0.13 2.38 = 0.17¢
T0901317 (48 h) 0.94 = 0.04° 0.43 = 0.01¢ 1.10 £ 0.12 1.86 = 0.13°
T0901317 (72 h) 1.24 = 0.07° 0.57 = 0.02¢ 0.81 + 0.11° 1.64 = 0.12°
T0901317 (96 h) 1.54 + 0.06“ 0.72 = 0.02“ 0.52 = 0.12° 1.54 + 0.11¢
SB742881 (24 h) 0.62 = 0.04° 0.15 = 0.01 1.40 = 0.30 2.69 * 0.15°
SB742881 (48 h) 0.96 = 0.06 0.24 = 0.01¢ 1.16 + 0.32 2.11 = 0.12¢
SB742881 (72 h) 1.30 = 0.08“ 0.32 = 0.02“ 0.92 = 0.30 1.85 = 0.11¢
SB742881 (96 h) 1.62 = 0.12° 0.41 = 0.02° 0.68 * 0.34° 1.74 = 0.10°
Atorvastatin 0.02 = 0.01“ 0.02 = 0.01 6.32 * 3.21 1.56 = 0.60

LXR, liver X receptor. The calculated cholesterol fluxes as predicted by the two-compartment kinetic model
(Fig. 1) are shown. The notation F(destination, source) represents cholesterol flux as wg/h/mg cell protein. U(1)
is the endogenous flux equivalent to the cholesterol synthesis flux. F(0,1) represents the cholesterol catabolic flux
(i.e., bile acid synthesis, steroid synthesis, or other irreversible loss of cholesterol from the cells), F(1,2) represents
the total cholesterol flux from the medium to the cells, and F(2,1) represents the total cholesterol flux from the
cells to the medium. The control treatment was DMSO. Data are presented as means = SD.

“P < 0.01, control versus treated groups.
® P < 0.05, control versus treated groups.

trol group to 28 = 1%, 26 £ 1%, and 24 = 1% (P < 0.01)
after GW3965, T0901317, and SB742881 treatment, respec-
tively, and decreased from 17 £ 1% to 2 = 0% (P < 0.001)
after atorvastatin treatment. However, newly synthesized
cholesterol was not altered significantly [22(R)-hydroxycho-
lesterol, 24(S),25-epoxycholesterol] or decreased (DMHCA)
versus control at 24 h (Table 1). No significant differences
were observed in the percentage of newly synthesized cho-
lesterol under serum-free conditions.

Multicompartmental kinetic analysis

For the purpose of the multicompartment kinetic anal-
ysis, the influence of LXR agonists on HepG2 cells was
assessed in experiments in which the medium contained
serum. A two-compartment scheme representing total cho-
lesterol in the cell (pool 1) and the medium (pool 2) was
analyzed (Fig. 1). A steady-state fit was generated for the
control, atorvastatin, and 22 (R)-hydroxycholesterol treat-
ment groups, as the cholesterol content in the cell and the

medium remained constant. However, no steady-state solu-
tion was observed in the other LXR agonist treatment
groups. Therefore, a transient fit was generated using the
SAAM II software in which time dependence was embed-
ded into the simulation with the observed cholesterol pool
size in the cell and the medium compartments. The cal-
culated fluxes (synthesis, catabolism, influx, efflux) at dif-
ferent incubation time points in the GW3965, T0901317,
and SB742881 groups are presented in Table 2, and the
22 (R)-hydroxycholesterol, 24(S),25-epoxycholesterol, and
DMHCA group calculated fluxes are presented in Table 3.
At 24 h, the synthesis of cholesterol in HepG2 cells in-
creased from 0.15 * 0.02 pg/h/mg cell protein in the
control group to 0.61 * 0.03, 0.60 = 0.02, and 0.62 = 0.04
wg/h/mg cell protein in the GW3965, T0901317, and
SB742881 groups, respectively, and decreased to 0.02 =
0.01 wg/h/mg cell protein in the atorvastatin group (P <
0.01). Cholesterol influx at 24 h decreased from 2.89 =
1.82 pg/h/mg cell protein in the control group to 1.33 *

TABLE 3. Calculated cellular cholesterol fluxes for steroidal LXR agonists

Treatment u() F(0,1) F(1,2) F(2,1)
g/h/mg cell protein

Control 0.44 = 0.12 0.44 = 0.12 1.43 = 0.40 1.39 = 0.13
22(R)-Hydroxycholesterol 0.44 = 0.00 0.44 = 0.00 1.37 £ 0.16 1.40 = 0.03
24(S),25-Epoxycholesterol (24 h) 0.27 = 0.00 0.33 = 0.02 1.10 = 0.02 1.09 = 0.01¢
24(S),25-Epoxycholesterol (48 h) 0.23 = 0.00° 0.29 = 0.02 0.97 = 0.02 0.98 = 0.02°
24(S),25-Epoxycholesterol (72 h) 0.21 = 0.00“ 0.26 = 0.01¢ 0.85 = 0.02¢ 0.87 = 0.02“
24(S),25-Epoxycholesterol (96 h) 0.18 = 0.01“ 0.23 = 0.01“ 0.74 = 0.03“ 0.74 = 0.01“
DMHCA (24 h) 0.32 = 0.01 0.43 = 0.05 0.93 = 0.08 0.94 = 0.06"
DMHCA (48 h) 0.30 = 0.00“ 0.40 = 0.05 0.87 = 0.06° 0.86 = 0.02“
DMHCA (72 h) 0.28 = 0.0° 0.36 = 0.04 0.80 = 0.05“ 0.79 = 0.04“
DMHCA (96 h) 0.25 = 0.0 0.33 = 0.04 0.73 = 0.06° 0.73 = 0.05°

The calculated cholesterol fluxes as predicted by the two-compartment kinetic model (Fig. 1) are shown. The notation F(destination,
source) represents cholesterol flux as wg/h/mg cell protein and is explained in Table 2. The control treatment was ethanol. Data are presented as

means * SD.
“P < 0.05, control versus treated groups.
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0.11,1.39 = 0.13, and 1.40 = 0.30 pg/h/mg cell protein in
the GW3965, T0901317, and SB742881 groups, respective-
ly, and increased to 6.32 * 3.21 png/h/mg cell protein in
the atorvastatin group. The cholesterol efflux at 24 h
increased from 0.92 = 0.15 ng/h/mg cell protein in the
control group to 2.46 = 0.01, 2.38 * 0.17, and 2.69 =
0.15 pg/h/mg cell protein in the GW3965, T0901317, and
SB742881 groups, respectively (P < 0.01), and increased
to 1.56 = 0.60 wg/h/mg cell protein in the atorvastatin
group. Cholesterol fluxes in the steroidal LXR agonist
treatment groups [22(R)-hydroxycholesterol, 24(S),25-
epoxycholesterol, and DMHCA] were weakly modulated
in contrast to the nonsteroidal LXR agonist treatment groups
(GW3965, T0901317, and SB742881) (Table 3). Schematic
representations of the effects of the different LXR agonists
and of atorvastatin on cholesterol handling in HepG2 cells at
24 h are shown in Fig. 6.

Serum versus serum-free conditions

Cellular cholesterol flux responses were assessed in
serum-free conditions to test whether any of the observed
effects of the LXR agonist were attributable to the pres-
ence of serum components such as lipoproteins, which
could serve as donors or acceptors of cellular cholesterol.
In serum-free conditions, unlike in serum-containing con-
ditions, there were no differences between control and
GW3965-treated cells with regard to total cellular choles-
terol content and cholesterol enrichment, suggesting that
cholesterol handling after LXR activation is dependent
on lipoproteins in serum (Fig. 7A, B). To further confirm
the role of lipoproteins in the LXR activation of choles-

A

]
]
—
tp—————
]
]
C
Ys
0.68
—
0.65
0.98

terol efflux, GW3965-treated HepG2 cells were examined
in the presence of apoA-I protein in serum-free medium.
ApoA-I supplementation resulted in an increased cellular
cholesterol enrichment versus control (Fig. 7B) but had
no effect on cholesterol concentration (Fig. 7A). These
data suggest that the increase in cholesterol enrichment
observed with apoA-I supplementation is attributable to
the increased turnover of cholesterol (increased synthesis
and efflux) in this group in addition to the absence of a
tracer dilution effect resulting from an influx of unlabeled
cholesterol from the medium (Fig. 7B). Additionally, the
potential contribution of apoB secretion by HepG2 cells
to cholesterol efflux was examined by measuring the apoB
concentration in the medium after treatment for 48 h with
GW3965 at 1 uM. Treatment resulted in a slight, albeit
nonsignificant, increase from 19.9 = 1.4 to 22.2 = 2.2 mg/
dl/mg cell protein.

LXR gene expression

LXR activation of target gene expression was measured
in control and GW3965, T0901317, and SB742881-treated
HepG2 cells. These target genes included ABCA1 (cho-
lesterol transported to lipid-poor lipoprotein A-I), ABCG1
(cholesterol transporter from lipid-loaded cells), FAS (in-
tegral to fatty acid biosynthesis), and SREBPlc (master
transcription factor for lipogenic genes). The fold change
in the expression of these genes after nonsteroidal LXR
agonist treatment for 2, 4, 8, and 24 h is shown in Fig. 8.
GW3965, T0901317, and SB742881 treatment resulted in
a marked and temporal increase in ABCA1 expression by
~2-fold (Fig. 8A). ABCGI1 expression was increased by at

B
4.07
2.67
—
— )
0.46
4.07

D

Ys
1.7 ;
_
22
0.13

Fig. 6. Schemes of cholesterol flux handling after various treatments at 24 h. Shown are two-compartment
analysis schematic representations of the control system (A), in which all fluxes are represented as unity,
the nonsteroidal LXR agonist (GW3965) system (B), the steroidal LXR agonist (DMHCA) system (C), and
the atorvastatin treatment system (D). System fluxes in B-D are presented as fold changes from the control

system (A).
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Fig. 7. Effect of cell culture medium composition on cellular cho-
lesterol and '?C enrichment in HepG2 cells. A: Cholesterol content
in HepG2 cells in serum-free medium (SF), serum-free medium
with apolipoprotein A-I (apoA-I) (SF+apoA-I), and culture medium
with 10% FBS. B: Enrichment of cellular cholesterol in HepG2
cells in serum-free medium, serum-free medium with apoA-I, and
culture medium with 10% FBS. See text for treatment conditions.
Data are presented as means = SEM (n = 3). * P < 0.001, control
versus GW3965-treated groups.

least 100-fold at 24 h after GW3965, T0901317, and
SB742881 treatment (Fig. 8B). FAS expression increased
~10-fold at 24 h after GW3965, T0901317, and SB742881
treatment (Fig. 8C). Finally, SREBP1c expression increased
~5-fold for the nonsteroidal LXR agonist treatment (Fig.
8D). The fold upregulation of the LXR-activated genes re-
sulting from nonsteroidal LXR agonist (GW3965, T0901317,
and SB742881) treatment appears to correlate with the
LXRa ECs of <300 nM for GW3965 (9), T0901317 (31),
and SB742881 (unpublished data). The cholesterol flux mea-
surements also appear to correlate with LXR gene activation.

Additional genes that are associated with various cel-
lular cholesterol flux pathways (e.g., HMG-CoA reductase
and SREBP2 for cholesterol synthesis, LDLR and SR-BI for
cellular cholesterol flux, and CYP7AL1 for bile acid synthe-
sis) were examined in HepG2 cells treated with GW3965
for 24 h. HMG-CoA reductase and SREBP2 expression was
increased by 3.0 = 0.5-fold and 1.9 = 0.1-fold (P < 0.001),
respectively, after treatment and was consistent with the
increased cholesterol synthesis observed in treated cells.

SR-BI expression was increased by 1.6 * 0.2-fold (P <
0.001) after treatment and was consistent with the in-
creased cholesterol efflux observed in treated cells. LDLLR
expression was increased by 3.2 * 0.4fold (P < 0.001)
after treatment and may reflect the cell’s activation of
cholesterol transport machinery in an attempt to maintain
cellular cholesterol homeostasis. However, there was no
change in CYP7A1 expression after treatment.

DISCUSSION

A multicompartment kinetic analysis was used to ex-
amine the effects of two structurally distinct LXR ago-
nists: nonsteroidal LXR agonists (GW3965, T0901317, and
SB742881) and steroidal LXR agonists [22(R)-hydroxycho-
lesterol, 24(S),25-epoxycholesterol, and DMHCA] on
cellular cholesterol handling in HepG2 cells. Consistent
with the LXR activation of reverse cholesterol transport,
there was a significant decrease in cellular cholesterol con-
tent and a corresponding increase in cholesterol content
in the cell culture medium after HepG2 cell treatment
with these compounds. However, there was a clear dis-
tinction between potent nonsteroidal synthetic activators
(GW3965, T0901317, and SB742881) and low-potency ste-
roidal LXR activators [22 (R)-hydroxycholesterol, 24(S),25-
epoxycholesterol, and DMHCA] in cellular cholesterol
handling. The reason for the differences may be attribut-
able to the differences in LXRa ECsq, which is ~300 nM
for the synthetic, nonsteroidal LXR agonists versus ~3 uM
for the natural and synthetic steroidal LXR agonists (32).
The decrease in cellular cholesterol content in nonsteroi-
dal LXR agonist-treated HepG2 cells was associated with an
increase in cellular cholesterol efflux F(2,1) and a decrease
in cellular cholesterol influx F(1,2) by 96 h. In response to
the increased cholesterol efflux associated with the potent
LXR agonists, it is likely that cholesterol synthesis U (1) was
increased as a compensatory means of maintaining cellu-
lar cholesterol levels. However, the increased cholesterol
catabolic flux F(0,1) after nonsteroidal LXR activation
could not be attributed to any major bile acids (cholic or
chenodeoxycholic acid) or its precursor (7a-hydroxy-cho-
lestenone) in this study (data not shown). The loss of some
precursor intermediates, such as desmosterol and lathos-
terol (33, 34), into culture medium also cannot explain
the increase in F(0,1) observed in our study, as the levels
of these sterols are typically extremely low (<200 ng/ml)
in the culture medium analyzed. Therefore, flux F(0,1) rep-
resents an irreversible loss of cholesterol into medium, pos-
sibly as other undetermined neutral sterols. These studies,
for the first time, have allowed for the comprehensive as-
sessment of cholesterol handling (i.e., synthesis, catabolism,
influx, and efflux) after LXR activation.

To fully appreciate the interpretation of the mathe-
matical modeling of cholesterol flux, one has to take into
consideration the potential for multiple intracellular cho-
lesterol compartments to exist and for these subcompart-
ments to turn over at different rates. Varying degrees of
cholesterol exchange between the plasma membrane and
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Fig. 8. LXR-activated gene expression time course in HepG2 cells after nonsteroidal LXR agonist
treatment. ABCA1 (A), ABCG1 (B), FAS (C), and sterol-regulatory element binding protein 1c (D) gene
expression in GW3965-, T0901317-, and SB742881-treated HepG2 cells. Cells were treated with 1 pM of each
of the nonsteroidal LXR agonists. Data are represented as fold change from the control at a given time
point. Data are presented as means = SEM (n = 4). * P < 0.05, ** P < 0.01, *** P < 0.001, control versus

treated groups.

intracellular compartments, and higher cholesterol enrich-
ments observed in the lysosome and endoplasmic reticulum
than in the plasma membrane of cells when labeled with
[MCJacetate or with ["*C]free cholesterol-LDL (35, 36),
suggest cholesterol subcompartments in the cell. In the
modeling scheme used in this study, the use of exchange-
able cholesterol pool sizes eliminated the need for complex
subcellular modeling in terms of free and esterified cho-
lesterol. The calculated nonexchangeable cholesterol frac-
tion agrees with the fraction of cholesterol in the plasma
membrane, which is considered to be more cholesterol-
rich than other intracellular membranes (37). Although
most of the cholesterol in the cell (~60-80%) is found in
the plasma membrane, it is considered to be much less
sensitive than the endoplasmic reticulum cholesterol pool
(~1%) to perturbation in cholesterol content; therefore, it
is consistent with the hypothesis that intracellular choles-
terol trafficking is the rate-limiting step in regulating cho-
lesterol efflux (38).

By using an exchangeable cellular cholesterol pool size,
the current model analysis avoids the need for complex
compartmental modeling of the subcellular cholesterol
fraction. Using the actual cholesterol content in cells and
in the medium over the 96 h treatment period for GW3965,
T0901317, and SB742881 generated the best fit for this
non-steady-state model. The model presented here is a
cumulative linear model and does not consider the time-
dependent effects of the actual concentration of the ace-
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tate precursor and treatment compounds, which would
require a nonlinear, noncumulative approach and is be-
yond the scope of this study. Thus, we have avoided a com-
plex modeling scheme (39) and tedious multiple labeling
studies (11) to obtain a reliable parameter estimation.

The precursor '*C enrichment and percentage fractional
synthesis of cholesterol in the control group as calculated by
MIDA were comparable to those published previously (11,
12). Additionally, we examined the dynamic fidelity of the
mathematical model with regard to cholesterol handling
using atorvastatin, a HMG-CoA reductase inhibitor. A dra-
matic reduction in cholesterol APE was observed at 24 to
96 h compared with the control group (Fig. 5). This ob-
served reduction in cholesterol enrichment was attributable
to the rapid decline of labeled species entering the cho-
lesterol biosynthesis pathway as well as to possible product
dilution from the increased cellular uptake of unlabeled
LDL cholesterol by upregulation of the LDLR. Although
the calculated cholesterol precursor enrichment (p) of 40%
was similar to that in the other groups, the percentage of
newly synthesized cholesterol (f) varied dramatically (2%,
24-28%, and 14-18% for atorvastatin, nonsteroidal LXR
agonists, and steroidal LXR agonists, respectively).

A'1 day stable isotope study was performed to examine
the relationship between cholesterol labeling at 2, 4, 8,
and 24 h (data not shown) and gene expression at these
time points. During the first 8 h of treatment, there was no
difference in the enrichment of cholesterol between the
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control and GW3965 treatment groups, consistent with
activation of the gene expression profile. Significant upregu-
lation of ABCA1, ABCGI1, FAS, and SREBPIc in HepG2
cells was observed within 24 h of treatment with GW3965,
T0901317, and SB742881. The cholesterol enrichment after
strong LXR activation in HepG2 cells temporally correlated
with the activation of these genes and cholesterol synthesis.

The increased cholesterol efflux from HepG2 cells
appeared to be the result of the combined effects of
ABCAI1- and ABCGIl-mediated efflux to the regulatory pro-
teins apoA-I and HDL, respectively (40, 41), and not of
apoB-mediated cholesterol efflux by the cells, because no
significant change was observed in apoB secretion after
treatment with GW3965. As a consequence of the upregu-
lation of these genes, cellular cholesterol efflux to acceptors
in serum or to exogenously added apoA-I was stimulated,
resulting in a decrease in intracellular cholesterol con-
tent and a compensatory increase in cholesterol synthesis
(Table 1) as a means of maintaining cholesterol homeosta-
sis. These responses vanished when the medium was de-
prived of serum. After treatment with GW3965, T0901317,
or SB742881, the cell makes available both the plasma mem-
brane and endoplasmic reticulum cholesterol for efflux. A
decrease in endoplasmic reticulum cholesterol may result
in the upregulation of cholesterol synthesis, presumably
through the activation of SREBP2 (42). Indeed, upregula-
tion of SREBP2 (~2-fold) was observed in GW3965-treated
cells by 24 h. It was shown previously that cholesterol bio-
synthesis and efflux are stimulated in HepG2 cells expres-
sing caveolin-I as a result of a decrease in endoplasmic
reticulum cholesterol and an enhanced transfer of intracel-
lular cholesterol to cholesterol-rich domains in the plasma
membrane, respectively (43). Although the physiological
function of ABCG1 in macrophage foam cells is well estab-
lished (44, 45), its role in liver cells is not well understood.
Overexpression of ABCG1 in mouse liver resulted in in-
creased biliary excretion of cholesterol and decreased
plasma HDL levels in vivo (46). However, although potent
ABCG1 upregulation by GW3965, T0901317, and SB742881
in HepG2 cells was observed, bile acid precursor or prod-
ucts were not detected in the cell or medium in this study
(data not shown). This finding was consistent with the lack
of activation of the CYP7A1 gene by GW3965 in this study,
consistent with the fact that the human CYP7A1 gene does
not have an LXR response element (47).

In summary, the major advantages of the two-compart-
ment system investigated here are that it is identifiable and
distinguishable (48) and it allows for the simultaneous in-
vestigation of the whole cell system without any external
assumptions. The results from this statistical and multicom-
partment modeling approach not only provided a biological
interpretation of cholesterol handling but also provided
some insight into the comprehensive cholesterol handling
after potent and weak LXR activation (Fig. 6). In this re-
spect, the increase in the percentage of newly synthesized
cholesterol after potent LXR activation (GW3965, T0901317,
and SB742881) may be secondary to the increase in cho-
lesterol efflux. The model presented here could be used to
obtain flux profiles of cholesterol handling after treatment

with drugs and can be extended to additional cell types in
which cholesterol fluxes are modulated. i
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