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ABSTRACT
The liver is central to the maintenance of glucose and lipid ho-
meostasis, and liver X receptors (LXRs) are key regulators of
expression of the genes involved. So far, effects of activation of
LXR in human hepatocytes have not been well characterized.
Here we show that treatment of primary human hepatocytes with
the synthetic LXR ligand 3-[3-[N-(2-chloro-3-trifluoromethylben-
zyl)-(2,2-diphenylethyl)amino]propyloxy]phenylacetic acid hydro-
chloride (GW3965) results in reduced output of bile acids and very
low density lipoprotein triglycerides and induced expression of
adipose differentiation-related protein accompanied by increased

lipid storage. Genome wide-expression profiling identified novel
human LXR target genes in the glycolytic and lipogenic pathways
and indicated that LXR activation reduced hepatic insulin sensi-
tivity. Comparative experiments showed significant differences in
the response to GW3965 between human and rat hepatocytes,
raising the question as to how well rodent models reflect the
human situation. In summary, the risk of hepatic steatosis upon
pharmaceutical targeting of LXR may be a particularly serious
consequence in humans.

When adaptive physiological strategies to cope with sur-
plus energy become exceeded, associated pathogeneses such

as glucose intolerance, insulin resistance, and dyslipidemia
develop. Members of the nuclear receptor family have
emerged as key metabolic sensors regulating the expression
of genes involved in intermediary metabolism (Francis et al.,
2003; Shulman and Mangelsdorf, 2005) and LXR� and LXR�,
acting as cholesterol sensors, are considered to be potential
drug targets for the alleviation of symptoms of metabolic
diseases (Zelcer and Tontonoz, 2006).

In rodents but not in humans, LXR activation enhances
hepatic cholesterol catabolism partly through increased ex-
pression of cytochrome P450 7A1, the rate-limiting enzyme
in the classic conversion of cholesterol to bile acids (Chiang et
al., 2001). Moreover, it has been shown that LXR agonists
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inhibit the expression of hepatic gluconeogenic genes and
reduce blood glucose levels in diabetic animal models, sug-
gesting an antidiabetic effect (Cao et al., 2003; Laffitte et al.,
2003). On the other hand, LXR knockout mice do not have
increased glucose levels but show improved glucose utiliza-
tion (Schuster et al., 2006). Antiatherosclerotic effects of LXR
activation and the potential of LXR agonists for therapeutic
interventions are impeded by the concomitant stimulation of
hepatic lipogenesis, leading to increased serum triglycerides,
an effect mainly mediated via LXR� (Schultz et al., 2000).
Increased lipogenesis is also a troublesome consequence of
hyperinsulinemia associated with obesity and preceding
overt diabetes, and the effects of insulin on hepatic gene
expression are similar to the effects of LXR� activation
(Foufelle and Ferre, 2002).

To address the effects of LXR signaling in human livers, we
have used genome-wide expression profiling of primary hu-
man hepatocytes cultured at varying physiological concen-
trations of insulin and treated them with the synthetic LXR
agonist GW3965. Comparing the LXR responses in human
and rat primary hepatocytes, we observed unprecedented
major differences with possible consequences for pharmaceu-
tical strategies aimed at targeting LXRs.

Materials and Methods
Primary Hepatocyte Cultures. Primary human hepatocytes

were isolated from resected liver tissue or unused donor liver tissue
essentially as described by Strom et al. (1996). The Institutional
Review Board at the University of Pittsburgh and the Regional
Ethical Review Board in Stockholm approved the study. Primary rat
hepatocytes were isolated from 7-week-old female Sprague-Dawley
rats (Scanbur, Stockholm, Sweden) as described previously (He-
lander et al., 2003). The Stockholm South Ethical Committee of the
Swedish National Animal Welfare Agency approved all animal pro-
cedures. Hepatocytes were seeded onto Biomatrix-coated dishes at a
density of 3.5 � 106 per 60-mm dish or 10 � 106 per 100-mm dish.
Biomatrix was prepared from Engelbreth-Holm-Swarm sarcoma
propagated in C57BL/6 female mice as described previously (Schuetz
et al., 1988). Human hepatocytes were maintained in hepatocyte
maintenance medium (Lonza Walkersville, Walkersville, MD) sup-
plemented with penicillin (100 U/ml), streptomycin (100 �g/ml), and
gentamicin (100 �g/ml), and rat hepatocytes were maintained in
Williams’ E medium (Invitrogen, Paisley, Scotland, UK) supple-
mented with penicillin (100 U/ml) and streptomycin (100 �g/ml).
Insulin (Actrapid; NovoNordisk A/S, Denmark) was added to the
culture media at 0.3, 3, or 30 nM as indicated. These concentrations
represent physiologically relevant levels of insulin in the hepatic
portal circulation in normal human subjects and/or in insulin-resis-
tant individuals. The media have a glucose concentration of 11 mM,
which corresponds to the glucose concentration in the portal vein
after a meal rich in carbohydrates. Human and rat hepatocytes were
cultured for 96 and 72 h, respectively, �2 �M GW3965 (Collins et al.,
2002) or vehicle, dimethyl sulfoxide, for the last 18 h or as indicated
in the Fig. 5 legend. Medium was renewed daily.

Affymetrix Microarrays and Statistical Analysis. The mi-
croarray experiment was carried out with cells from one female
donor, using duplicate dishes for each culture condition. In that it
was impossible to control for biological variation (e.g., insulin sensi-
tivity) or genetic variation between the human donors other than
gender, it was believed to be most appropriate to use cells only from
one individual in the microarray experiment but to verify results
with quantitative polymerase chain reaction (qPCR) using cells from
several donors. RNA was isolated using RNeasy Mini Kit (QIAGEN
GmbH, Hilden, Germany), and the quality was determined using the

Agilent 2100 Nano 6000 Chip in the Bioanalyzer from Agilent Inc.
(Palo Alto, CA). The microarrays were performed at the Bioinformat-
ics and Expression Analysis core facility at Karolinska Institutet
(Stockholm, Sweden). Using the standard Affymetrix protocol (avail-
able at http://www.affymetrix.com), labeled cRNA was hybridized to
the human genome U133 Plus 2.0 Array. Gene ontology (GO) terms
(available at http://www.geneontology.org) were used for the func-
tional classification of genes.

Images from scanning were analyzed in Affymetrix GCOS version
1.4 (Affymetrix, Santa Clara, CA). All probe-set scaling-to-target
signal value of 100 was applied to allow for the comparison of tran-
script levels between samples. To find genes responsive to the ele-
vation of insulin concentration and/or the addition of GW3965, pair-
wise comparisons were performed in GCOS between treatment
groups in a cross-wise fashion (Fig. 1, C and F). Pair-wise compari-
sons generate a signal log ratio (SLR) and a Change p-value, deter-
mining the “change call” for each transcript in the experiment sam-
ple compared with the reference sample. For a reliable selection of
changed transcripts, a selection criterion of increased and decreased
call and SLR � 0.585 and SLR � �0.585 (fold change, �1.5), respec-
tively, was applied in all four possible pair-wise comparisons be-
tween treatment groups.

Genes classified as associated with the biological processes lipid
metabolism (GO, 0006629), carbohydrate metabolism (GO,
0005975), and generation of precursor metabolites and energy (GO,
0006091) and the genes adipose differentiation-related protein
(ADFP), carbohydrate response element binding protein (ChREBP),
and glucokinase regulatory protein not included in the selected GO
terms were selected for further analysis.

Correlation analysis was performed using the program “R” (avail-
able at http://www.r-project.org). Student’s t test (paired, two-tailed)
was used to compare normalized average values and data are given
as mean � S.E.M.

RNA Analysis. Total RNA was isolated using the RNeasy kit
(Qiagen). RNA, 100 to 500 ng, was reverse-transcribed using the
SuperScript II reverse transcriptase kit (Invitrogen). qPCR was per-
formed using the Power SYBR Green master mix (Applied Biosys-
tems, Foster City, CA) and amplified in an ABI Prism 7500 Sequence
detector. Primers were designed using Primer Express software, and
primer sequences are available on request. Amplification of specific
transcripts was confirmed by dissociation curve analysis and further
checked by agarose gel electrophoresis. We calculated relative
changes by the comparative method using 18S as the reference gene
and the 0.3 nM insulin culture condition as calibrators as indicated
in the figures.

Triglyceride, Cholesterol, and Bile Acid Analysis of Cell
Culture Medium. Lipoproteins were separated essentially as de-
scribed previously (Parini et al., 2006) using a Superose-6 PC 3.2/30
column (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK).
Cholesterol and triglycerides were assayed online using the Chol
Roche/Hitachi and the TG Roche/Hitachi colorimetric enzymatic
kits, respectively (Roche Diagnostic GmbH, Mannheim, Germany).
The concentrations in the VLDL fraction were calculated by integra-
tion of the individual chromatograms using the EZChrom Elite soft-
ware (Scientific Software; Agilent Technologies).

Bile acids from cell culture media were measured as described
previously (Ellis et al., 1998). Trimethylsilyl ether derivatives were
analyzed by gas chromatography/mass spectrometry (Column HP-1,
6890N GC System, 5973 Mass Selective Detector; Agilent Technol-
ogies).

Western Blot. Total cellular proteins (100 �g) were separated by
10% SDS-polyacrylamide gel electrophoresis and transferred to a
Hybond C Super membrane (Amersham Biosciences) using standard
procedures. Antibodies used for immunodetection were the following:
guinea pig anti-adipophilin (1:2000) (Research Diagnostics Inc., Con-
cord, MA); rabbit polyclonal anti-�-actin (1:2000) (Abcam plc, Cam-
bridge, UK); horseradish peroxidase-linked anti-guinea pig IgG (1:
20,000) (Jackson Immuno Research, Suffolk, UK); and horseradish
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peroxidase-linked anti-rabbit IgG (1:5000) (GE Healthcare). Anti-
body signals were visualized on X-ray film using the enhanced
chemiluminescence blotting analysis system (Amersham Bio-
sciences).

Cellular Triglyceride Analysis. In brief, cellular lipids from
10 � 106 cells were extracted in CHCl3/MeOH (2:1 v/v) and dried
under N2 at 40°C. Lipids were resolubilized in 3 ml of CHCl3/MeOH
(2:1 v/v), and 0.6 ml of 0.1 M H2SO4 was added. After transferring the
lower phase to a new glass tube, triglycerides (TG) were determined
in 200-�l aliquots by a colorimetric enzymatic kit (Roche Diagnostics
GmbH).

Results
Gene Expression Profiling of Insulin and LXR Sig-

naling in Cultured Primary Human Hepatocytes. The
microarray experiment was performed on primary human
hepatocytes cultured at 0.3, 3, or 30 nM insulin � 2 �M
GW3965 for the last 18 h of the 96-h culture time. Correlation
coefficients (r2) of pair-wise comparisons were �0.94 between

any samples and �0.99 for replicate samples comparing the
complete 55,000 array probe sets, indicating a very homoge-
neous material (Fig. 1A). Further data analysis was focused
on genes annotated for a role in lipid and/or carbohydrate
metabolism and/or in the generation of precursor metabolites
and energy (available at http://www.geneontology.org) (see
Supplemental Table S1). Using pair-wise comparisons (Fig.
1, B and E), we observed that the expression of more than
twice as many genes was suppressed, 84, than induced, 38,
by insulin (Fig. 1, C and D). A similar trend was observed
with GW3965 treatment in which expression of 105 genes
was suppressed whereas the expression of 85 genes was
induced by the LXR agonist (in 0.3, 3, and 30 nM insulin
combined) (Fig. 1, F and G). It is noteworthy that the number
of genes regulated by insulin was markedly reduced in the
presence of GW3965. Furthermore, LXR regulation of a num-
ber of genes was affected by the insulin concentration, par-
ticularly among the down-regulated genes (Supplemental

Fig. 1. Gene regulatory effects of in-
sulin (Ins) and GW3965 (GW) in cul-
tured primary human hepatocytes.
Cells were cultured for 96 h in 0.3, 3,
or 30 nM insulin � 2 �M GW for the
last 18 h. RNA samples from dupli-
cate dishes were subjected to microar-
ray analysis. A, r2 values in pair-wise
comparisons for all 55,000 probe sets.
B and E, experimental design and
pair-wise comparisons were used (de-
tails provided in under Materials and
Methods). C, D, F, and G, annotated
genes with a function in lipid metab-
olism, carbohydrate metabolism, and
generation of precursor metabolites
and energy were clustered and pre-
sented in Venn diagrams. Genes with
increased (C) or decreased (D) expres-
sion with increased concentration of
insulin. Genes in each main group
(A–D; comparisons shown at top) were
subgrouped (e–s) according to their
regulation by the different concentra-
tions of insulin in the absence or pres-
ence of GW. Genes with increased (F)
or decreased (G) expression by GW at
0.3 (E), 3 (F), and 30 nM (G) insulin
(comparisons shown at top). Genes in
each main group (E, F, and G) were
subgrouped (e–k) according to their
regulation by GW at different concen-
trations of insulin. The subgroups e–s
or e–k are defined in detail in Supple-
mental Table S1.
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Table S1). No selected regulation proved erroneous when
relative expression levels were verified by qPCR, demon-
strating high reliability of the microarray data analysis ap-
proach.

LXR Suppresses Bile Acid Synthesis in Primary Hu-
man Hepatocytes. LXR activation suppressed expression of
the rate-limiting enzyme CYP7A1 in the classic pathway of
bile acid biosynthesis in primary human hepatocytes (Fig.
2A) and enhanced the expression of the rat ortholog in rat
hepatocytes (data not shown), in accordance with previous
reports (Goodwin et al., 2003). Both cholic acid and chenode-
oxycholic acid levels in the culture medium were reduced by
GW3965 treatment (Fig. 2B).

LXR Suppresses Key Glycolytic Genes. Anticipated
dose-dependent insulin regulation of key genes in the glyco-
lytic and gluconeogenetic pathways was observed; at 30 nM
insulin compared with 0.3 nM, glucokinase (GCK) was in-
duced more than 50-fold, liver pyruvate kinase (PKLR) was
induced 2- to 5-fold, and phosphoenolpyruvate carboxy ki-
nase (PEPCK) was reduced 2- to 10-fold (Fig. 3, A–C). Similar
effects were observed in rat hepatocytes (Fig. 3, F–H), and in
both human and rat hepatocytes, GW3965 further reduced

PEPCK expression (Fig. 3, C and H). We were surprised to
find that in human hepatocytes, GW3965 markedly sup-
pressed the expression of GCK, glucose transporter 2
(GLUT2), and PKLR, and in most experiments ChREBP as
well, conveying transcriptional regulation by glucose (Uyeda
and Repa, 2006), (Fig. 3, A B, D, and E). These genes in rat
hepatocytes were marginally affected by GW3965 or tended
to be enhanced (Fig. 3, F G, I, and J). The effect of LXR
activation on genes in the glucose metabolic pathway in
hepatocytes from five individual donors cultured in 3 nM
insulin is presented in Table 1; with the exception of
ChREBP, the effects were highly significant. Induced expres-
sion of ChREBP in rat hepatocytes would be in line with the
recent demonstration that the LXR agonist T0901317 in-
duces ChREBP in mouse liver (Cha and Repa, 2007). More-
over, in human hepatocytes, GW3965 induced the expression
of glucokinase regulatory protein (Supplemental Table S1),
encoding a protein that retains GCK in the nucleus and
thereby reducing GCK activity (Shiota et al., 1999).

LXR-Induced Fatty Acid Synthesis Does Not Lead to
Increased VLDL-TG Secretion. The expression of genes in
the fatty acid biosynthesis pathway, including sterol re-
sponse element binding protein-1c (SREBP-1c), fatty acid
synthase (FASN), stearoyl CoA desaturase 1 (SCD1), and
thyroid-responsive SPOT14 homolog, was induced by
GW3965 in cells from both human and rat livers (Fig. 4 and
Supplemental Table S1). The fold-induction by LXR agonist
was in general decreased with an increase of insulin concen-
tration, which might be caused by the induction of these
genes by increased insulin concentration alone. The insulin
induction seemed more pronounced in cells from rat livers
than from human livers. GW3965 induced genes involved in
the formation of phosphatidic acid and diacylglycerol from
glycerol such as glycerol kinase, mitochondrial glycerol-3-
phosphate acyltransferase, and 1-acylglycerol-3-phosphate
O-acyltransferase 2 (Supplemental Table S1). This, together
with the indicated increase in fatty acid synthesis, points to
increased de novo lipogenesis. The final step in mammalian
TG synthesis is catalyzed by diacylglycerol transferases
(DGATs), and in human but not in rat hepatocytes, DGAT2
mRNA was reduced 2- to 4-fold by GW3965 (Fig. 5, A and B,
and Table 1), demonstrating yet another intriguing differ-
ence in human versus rat hepatocytes.

Elevated insulin concentrations increased the secretion of
VLDL-TG from both human and rat hepatocytes. GW3965
markedly reduced the VLDL-TG secretion from human hepa-
tocytes at all insulin concentrations but had no or possibly a
slight stimulatory effect on VLDL-TG output from rat hepa-
tocytes (Fig. 5, C and D). Secretion of cholesterol from human
hepatocytes was affected similarly to VLDL-TG by insulin
and GW3965; however, the reductive effect of GW3965 was
prominent only at 30 nM insulin (data not shown).

LXR Induces Genes Encoding Lipid Transfer Pro-
teins. GW3965 induced the expression of key genes in lipid
transfer, including the ATP-binding cassette (ABC) trans-
porters ABCA1, 6-fold, and ABCG1, 17-fold, and the cho-
lesteryl ester transfer protein, 8-fold. Although ABCG5 and
ABCG8 did not pass the selection criteria used in the mi-
croarray analysis, qPCR analyses showed a 2-fold induction
by GW3965 (Supplemental Table S1 and data not shown).
Central to cholesterol metabolism is low-density lipoprotein
receptor (LDLR), whose expression was induced 2.5-fold by

Fig. 2. Regulation of bile acid synthesis in human hepatocytes by insulin
and GW3965. Cells were cultured as described in Fig. 1. A, relative
expression of CYP7A1 mRNA analyzed by qPCR. B, cholic acid (CA) and
chenodeoxycholic acid (CDCA) levels in cell culture media. Data repre-
sent the average of duplicate cell culture dishes with cells from each of
three (A) or two (B) donors.
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GW3965. This was concomitant with induced expression of
proprotein convertase subtilisin/kexin, which is shown to
accelerate the turnover of the LDLR protein (Benjannet et
al., 2004), thus indicating opposing effects on LDLR protein.
It is noteworthy that GW3965 induced the expression of
VLDL receptor 6-fold. VLDL receptor is usually not associ-
ated with hepatic expression, but its forced over-expression
in liver in a mouse atherosclerosis model has been shown to
reduce atherosclerosis (MacDougall et al., 2006).

LXR Activation Increases ADFP and Lipid Storage.
Storage of neutral lipids has been shown to be directly pro-
portional to the abundance of ADFP, a protein residing at the
surface of lipid droplets and indicated to be involved in the
regulation of metabolism of stored lipids (Londos et al.,
1999). Indeed, GW3965 clearly induced ADFP in human but
not in rat hepatocytes (Figs. 4F and 5E; Table 1). Increased
ADFP mRNA correlated to increased ADFP protein (Fig. 5G).
The determination of intracellular TG indicated that in-

Fig. 3. Regulation of the glucose me-
tabolism pathway by insulin and
GW3965. Primary hepatocytes were
cultured for 96 (human) or 72 (rat) h
in 0.3, 3 or 30 nM insulin � GW3965
for the last 18 h. Gene expression was
analyzed by qPCR. Data represent the
average of duplicate cell culture
dishes with cells from each of three
donors or rats and are given as rela-
tive expression. Expression of GCK in
human (A) and rat (F) hepatocytes.
Expression of PKLR in human (B) and
rat (G) hepatocytes. Expression of
PEPCK in human (C) and rat (H)
hepatocytes. Expression of GLUT2 in
human (D) and rat (I) hepatocytes.
Expression of ChREBP in human (E)
and rat (J) hepatocytes.
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creased insulin concentration and GW3965 treatment for
18 h increased TG content (data not shown) and showed that
48 h of GW3965 treatment significantly increased TG accu-
mulation at all insulin concentrations (Fig. 5H).

Discussion
Primary hepatocytes, cultured under conditions when the

adult liver phenotype is maintained (Schuetz et al., 1988),
constitute an invaluable in vitro system to investigate the
aspects of liver physiology. This study provides novel infor-
mation regarding the effects of pharmacological activation of
LXRs, putative therapeutic targets for various human met-
abolic disorders, in primary human hepatocytes. It is note-
worthy that gene regulatory effects correlated strongly to
corresponding endpoints of metabolic pathways.

A wide-ranging cross-talk between LXR and insulin signal-
ing was apparent in the human hepatocytes; most markedly,
pharmacological LXR activation attenuated the magnitude of
the insulin response for many genes. This suggests that
pharmacological LXR activation would render human liver
less sensitive to insulin, which is a serious concern in the
context of LXR as a drug target. It is also in consonance with
free fatty acids, increased by LXR activation, interfering with
glucose utilization and with the observation that LXR-defi-
cient mice have improved metabolic control (Randle, 1998;

Schuster et al., 2006). The physiological dose range of insulin
used had little effect on the magnitude of the LXR response;
however, lipogenic genes were in general more induced at the
lowest insulin concentration. This implies that the hepatic
effects of pharmaceutical LXR activation in vivo could have
different effects in normoinsulinemic versus hyperinsuline-
mic subjects, which is in line with observations in human
muscle (Kase et al., 2005). The suggestion that glucose is a
physiological LXR ligand (Mitro et al., 2007) further impli-
cates that glucose and insulin levels could have an impact on
pharmaceutical targeting of LXR and vice versa.

The primary hepatic glucose transporter GLUT2 is a facil-
itating and bidirectional transporter, whereas GCK, the first
enzyme in the glycolytic pathway, is acting as a hepatic
glucose sensor and is crucial for the subsequent expression of
glycolytic and lipogenic genes (Dentin et al., 2004). The find-
ing that the LXR agonist markedly reduced the expression of
GLUT2 and of the glycolytic key genes GCK and PKLR in
human but not in rat hepatocytes was completely unprece-
dented. There is evidence that glucose metabolism mediated
by GCK is necessary for the appropriate expression of
ChREBP in rodent hepatocytes (Dentin et al., 2004), which
independently of insulin serves as a transcriptional regulator
of PKLR and lipogenic genes (Uyeda and Repa, 2006). How-
ever, the effect of GW3965 on ChREBP expression in human
cells was not significant (Table 1). The potential of LXR

Fig. 4. Regulation of fatty acid syn-
thesis by insulin and GW3965. Pri-
mary hepatocytes were cultured for
96 (human) or 72 (rat) h in 0.3, 3, or 30
nM insulin � GW3965 for the last
18 h. Gene expression was analyzed
by qPCR. Data represent the average
of duplicate cell culture dishes with
cells from each of three donors or rats
and are given as relative expression.
Expression of SREBP-1c in human (A)
and rat (B) hepatocytes. Expression of
FASN in human (C) and rat (D) hepa-
tocytes. Expression of SCD1 in human
(E) and rat (F) hepatocytes.
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agonists as drugs has been questioned because of their lipo-
genic effect in rodent models. If, as indicated by our results,
the glycolytic pathway is compromised by pharmacological
LXR activation in human hepatocytes, an additional concern
of therapeutic aspects of LXR agonists could be hyperglyce-
mia. It might be speculated that reduced GCK expression
and simultaneously induced expression of hexokinase 2 and
phosphogluconate dehydrogenase direct glucose metabolism
to the hexose monophosphate shunt pathway, providing the
NADPH necessary for fatty acid synthesis.

The role of insulin in the regulation of hepatic VLDL as-
sembly and output is complex and associated with controver-
sies (Gibbons et al., 2002). However, continuous exposure of
hepatocytes to increased concentrations of insulin in vitro is
coupled to increased VLDL-TG output (Aarsland et al., 1996),

which was observed with both human and rat hepatocytes.
The different effect of LXR agonist treatment on VLDL-TG
output from human and rat hepatocytes was striking; the
reduced output of VLDL-TG from human hepatocytes is in
line with observations in monkeys, in which pharmacological
LXR activation showed no evidence of hypertriglyceridemia
(Groot et al., 2005). This could imply that results in rodents
have exaggerated the risk of hypertriglyceridemia as a side
effect of pharmacological targeting of LXR. The mecha-
nism(s) by which LXR activation suppresses VLDL-TG out-
put can rely on various liver specific processes; it has been
shown that increased uptake and processing of glucose, de-
pendent on glucose phosphorylation by GCK, in rat hepato-
cytes is associated with enhanced VLDL-TG output
(Durrington et al., 1982; Brown et al., 1999). In human hepa-

Fig. 5. Regulation of the lipogenic
pathway by insulin and GW3965. Pri-
mary hepatocytes were cultured for
96 (human) or 72 (rat) h in 0.3, 3, or 30
nM insulin � GW3965 for the last
18 h (A–G) or 48 h (H). Gene expres-
sion was analyzed by qPCR, and data
are given as relative expression;
DGAT2 expression in human (A) and
rat (B) hepatocytes. Output of
VLDL-TG was analyzed in cell culture
medium from human (C) and rat (D)
hepatocytes. qPCR analysis of ADFP
expression in human (E) and rat (F)
hepatocytes. qPCR data represent the
average of duplicate cell culture
dishes with cells from each of three
donors or rats. G, ADFP protein, ana-
lyzed by Western blot, in human
hepatocytes exposed to increasing
concentration of GW3965 at 3 nM in-
sulin, and fold induction of the mRNA
level is indicated. H, intracellular con-
tent of TG was analyzed in human
hepatocytes; data shown are the
mean � S.D. of results from quadru-
plicate dishes with cells from one do-
nor; one-way analysis of variance fol-
lowed by Newman-Keuls multiple
comparison test was used to deter-
mine p values. �, p � 0.05; ��, p �
0.01; ���, p � 0.001.
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tocytes, it is possible that the reduced expression of GCK,
GLUT2, and PKLR contributes to reduced VLDL-TG output;
it is also possible that the reduced expression of DGAT2 plays
a role. In animal models, antisense oligonucleotide-mediated
reduction of DGAT2 mRNA levels is associated with inhibi-
tion of TG synthesis (Yu et al., 2005), and it is suggested that
DGAT2 plays important roles in the assembly of de novo
synthesized fatty acids into VLDL-TG particles (Meegalla et
al., 2002). It is worth mentioning that the expression profil-
ing data indicated no effect of GW3965 on arylacetamide
deacetylase involved in the lipolysis of cytosolic TG (Gibbons
et al., 2000) or on apolipoprotein B, microsomal triglyceride
transfer protein, ADP-ribosylation factor 1, or apolipoprotein
E necessary for synthesis, maturation, and secretion of
VLDL particles (Shelness and Sellers, 2001).

Even though the impact of LXR agonist on VLDL-TG out-
put in human hepatocyte cultures, extrapolated to human
beings, would be beneficial, the pronounced induction of
ADFP, which has a central role in the formation of lipid
droplets (Imamura et al., 2002), suggests a detrimental effect
(i.e., increased risk of hepatic steatosis). A recent study
shows that ADFP enhances TG storage and reduces output of
TG and VLDL in primary rat hepatocytes by preventing fatty
acid transfer from cytosolic TG to VLDL-TG (Magnusson et
al., 2006). Furthermore, ADFP-deficient mice show reduced

hepatic TG content, and it is suggested that ADFP affects the
balance of TG pools in the liver (Chang et al., 2006), and
ADFP is induced in hepatocytes upon increased lipid load
(Motomura et al., 2006). As expected, the experimental con-
ditions in which the cells were cultured for several days in
the presence of 11 mM glucose and insulin resulted in well
filled stores of lipids, observed with oil red O staining (data
not shown) and is in line with glucose being an endogenous
LXR ligand (Mitro et al., 2007). Despite this, TG storage was
markedly increased after 48 h of GW3965 treatment, partic-
ularly at 30 nM insulin. This indicates that the risk of he-
patic steatosis would be especially serious in insulin-resis-
tant individuals upon pharmacological LXR targeting. It
cannot be excluded, however, that an increased risk of ste-
atosis could be compensated by simultaneously stimulated
lipid �-oxidation; mitochondrial fatty acid oxidation is facil-
itated by carnityl palmitoyl transferases (CPTs), and
GW3965-induced CPT1 and CPT2 2-fold in human cells (Sup-
plemental Table S1 and data not shown).

A summary of gene regulatory effects of LXR stimulation
in human hepatocytes is shown in Fig. 6 (also see Supple-
mental Table S1); extrapolated to the human situation in
vivo, the following consequences can be perceived. Decreased
cholesterol metabolism through reduced bile acid formation
may reduce the flux of cholesterol through the reverse cho-
lesterol pathway in the hepatocyte and possibly contribute to
atherosclerosis development. On the other hand, decreased
cholesterol catabolism could lead to the channeling of free
cholesterol to high-density lipoprotein synthesis through in-
creased ABCA1 and ABCG1 expression (Vaughan and Oram,
2006), two genes markedly induced by GW3965. Perturba-
tion of bile acid formation might also have consequences for
cholesterol gallstone disease (Portincasa et al., 2006). That
LXR agonism causes hypertriglyceridemia might be of less
concern in humans than in rodents. On the other hand, the
risk of hepatic steatosis caused by increased expression of
ADFP and possibly also by reduced expression of DGAT2
might be higher in humans than in rodents. It is plausible
that suppression of glycolysis in human hepatocytes is cou-
pled to the observed effects on cholesterol and lipid pathways

Fig. 6. Schematic overview of regulatory
effects by pharmacological LXR activa-
tion (GW3965) on glucose, cholesterol,
and lipid metabolic pathways in cultured
primary human hepatocytes. Induction
and suppression are indicated by red and
blue symbols, respectively. CETP, choles-
terol ester transfer protein; GCKR, glu-
cokinase regulator; GK, glycerol kinase;
GPAM, mitochondrial glycerol-3-phos-
phate acyltransferase; AGPAT, 1-acyl-
glycerol-2-phosphate O-acyltransferase;
PCSK9, proprotein convertase subtilisin/
kexin; VLDLR, very-low-density lipopro-
tein receptor; HK2, hexokinase 2; PGD,
phosphogluconate dehydrogenase; GYS2,
glycogen synthase 2; DLAT, dihydro-
lipoamide S-acetyltransferase; AKR1D,
aldo-keto reductase family 1, member
D1; NR0B2, nuclear receptor subfamily
0, group B, member 2; ACACA, acetyl-
Coenzyme A carboxylase �; ACLY, ATP
citrate lyase; CD36, CD 36 antigen (col-
lagen type I receptor, thrombospondin
receptor); CDS1, CDP-diacylglycerol
synthase (phosphatidate cytidylyltrans-
ferase) 1; ANGPTL3, angiopoietin-like 3.

TABLE 1
Effects of GW3965 in human hepatocytes on genes in carbohydrate and
lipid metabolic pathways
Expression of relative mRNA levels of indicated genes in human hepatocytes cul-
tured in 3 nM insulin (Ins) � 2 �M GW3965. Data are expressed as a percentage and
are given as mean � S.E.M. Student’s t test was used to determine p values. Data
from one donor was excluded in the analysis of ADFP because the induction was
27-fold (i.e. approximately 10-fold higher than in the other samples).

Gene Control, 3
nM Ins

GW3965, 3
nM Ins p Value n

GLUT2 100 � 9 48 � 13 0.007 5
GCK 100 � 7 37 � 13 0.001 5
PKLR 100 � 7 39 � 10 0.006 5
PEPCK 100 � 13 64 � 24 0.040 5
ChREBP 100 � 20 75 � 27 0.409 5
ADFP 100 � 5 255 � 28 0.010 4
DGAT2 100 � 7 51 � 9 0.001 5
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but may also pose a risk for hyperglycemia. Studies in mice
suggest that specific targeting of LXR� would alleviate the
negative effects of TG synthesis in the liver, being exerted
mainly by LXR� (Quinet et al., 2006). Whether this also
applies to humans is a pertinent issue to address, particu-
larly because human and rat hepatocytes respond differently
to a pan LXR�/� agonist.
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