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a b s t r a c t
The present study reports a novel liver X receptor (LXR) activator, ethyl 2,4,6-trihydroxybenzoate (ETB),
isolated from Celtis biondii. Using a reporter gene assay, time-resolved ﬂuorescence resonance energy
transfer (TR-FRET), and surface plasmon resonance (SPR) analysis, we showed that ETB directly bound
to and stimulated the transcriptional activity of LXR-a and LXR-b. In macrophages, hepatocytes, and
intestinal cells, ETB suppressed cellular cholesterol accumulation in a dose-dependent manner and
induced the transcriptional activation of LXR-a/-b-responsive genes. Notably, ETB did not induce lipogenic gene expression or cellular triglyceride accumulation in hepatocytes. These results suggest that
ETB is a dual-LXR modulator that regulates the expression of key genes in cholesterol homeostasis in
multiple cells without inducing lipid accumulation in HepG2 cells.
Ó 2012 Elsevier Ltd. All rights reserved.

Atherosclerosis is the leading cause of death worldwide,
accounting for approximately 72 million deaths each year.1 Epidemiological studies have identiﬁed high levels of low-density lipoprotein (LDL) cholesterol and reduced levels of high-density
lipoprotein (HDL) cholesterol as major contributors to atherogenesis.2 Accordingly, HDL-raising therapies have generated interest. It
was recently demonstrated that nuclear receptor LXRs regulate the
cholesterol and phospholipid pump by activating the transcription
of ATP-binding cassette (ABC) A1/G1/G5/G8 and apolipoprotein E
(apoE). Thus, LXR agonists are potential HDL-raising agents that
could act on the artery wall to stimulate the efﬂux of cholesterol
from lipid-laden macrophages. Treatment of atherosclerotic mice
with synthetic LXR ligands, such as GW3965 and T0901317, inhibit
progression and promote regression of atherosclerotic plaques.
Furthermore, transplantation of macrophages lacking LXR-a/-b
into a host that is predisposed to atherogenesis results in increased
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foam cell differentiation and arterial plaque formation, even after
treatment with LXR agonists.3,4
These results highlight the cardioprotective roles of LXRs. However, studies have also shown that LXR agonists can cause liver steatosis and increase serum triglyceride levels in rodents by
activating hepatic SREBP-1c.5,6 Thus, speciﬁc LXR ligands that do
not induce fatty acid synthesis in the liver are of interest. Several
groups have described agents that have beneﬁcial effects on lipid
metabolism. Vlasuk et al.7 and Kratzer and co-workers8 identiﬁed
two novel LXR agonists, WAY-252623 and N,N-dimethyl-3b-hydroxy-cholenamide, that reduce atherosclerosis without activating
SREBP1c or increasing hepatic lipogenesis. This raised the possibility that some of the anti-atherosclerotic effects of LXR agonists
may be independent of systemic lipid metabolism in hepatocytes
and may be attributable to direct actions on the vascular wall that
activate reverse cholesterol transport (RCT). Hence, LXR is an
attractive target for novel pharmaceutical agents.
Plant medicines have become increasingly popular for the prevention and/or treatment of cardiovascular disease and have proven to be an abundant source of pharmacological agents for
medicinal purposes. The characterization of key active compounds
is essential.9 Initially, we screened approximately 900 Korean
medicinal plant and lipidarine extracts for LXR agonist activity
and found that Celtis biondii (CB) ethanol extract had potent LXR
agonist activity. In this study, we isolated an LXR agonistic
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Figure 1. 1H NMR (A) and
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C NMR (B) spectra for ETB.

Figure 2. ETB activates LXR-a and LXR-b by directly interacting with their ligand-binding domains. (A) ETB activates LXR-a and LXR-b but not PPAR-a and PPAR-c
transactivation activity. HEK 293 cells were transfected with expression plasmids for receptors and a pSV-b-galactosidase together with a reporter plasmid (pGL4.35[luc2P/
9XGAL4UAS/Hygro] for LXRs and pCMV-3xPPRE-Luc for PPARs). The cells were exposed to ETB (50 and 100 lM), receptor-speciﬁc ligands (1 lM T0901317 for LXRs, 10 lM
fenoﬁbric acid for PPAR-a, and 10 lM troglitazone for PPAR-c), or vehicle control (1% DMSO) for 24 h before assaying luciferase activity. Activation of LXR-a (B) and LXR-b (C)
by T0901317 and ETB as assessed by TR-FRET assay. The direct interactions between ETB (100 lM) or T0901317 (1 lM) and the immobilized LXR-a-LBD (D) and LXR-b-LBD
(E) were examined by SPR on a Biacore instrument. Data represent the mean ± SE; ⁄P <0.05 versus control (n = 8).

compound from CB ethanol extract and investigated its metabolic
effect on lipid metabolism.
Lyophilized CB root powder was extracted with EtOH at room
temperature for 72 h. The EtOH extract (81.23 g) was partitioned
into two subfractions using organic solvents, yielding n-hexanesoluble (4.26 g) and CH2Cl2-soluble (4.14 g). The CH2Cl2 fraction
was further subjected to multiple chromatographic steps on a
Sephadex LH-20 column (6.0  47.0 cm) to provide the compound
CBD-III (Supplementary Fig. 1).
Next, the structure of this compound was elucidated using MS,
1
H, and 13C NMR spectra analysis10 and by direct comparison with
published data.11 The compound produced a molecular ion peak at
188 [M]+ in the EI-MS spectrum. The 1H NMR spectrum showed

ethyl signals at d 1.43 (3H, t, H-20 ) and d 4.50 (2H, dd, H-10 ) and
an aromatic proton signal at d 5.87 (2H, s, H-3, H-5). The low-ﬁeld
shift of the methylene group was suggestive of an ester group
(Fig. 1A). In the 13C NMR spectrum, there were two ethyl group signals [d 13.22 (q, C-20 ) and d 61.59 (t, C-10 )], four aromatic signals [d
92.86 (s, C-1), 162.66 (s, C-2, C-6), 164.73 (s, C-4)], and an ester carbonyl signal [d 169.76 (s, C-7)]. Among the aromatic C signals, the
chemical shifts at d 95.00 (d, C-3, C-5) and d 92.86 (s, C-1) were
attributable to the C–H and C–C groups, respectively, and the
remaining signals at d 164.73 (s, C-4) and d 162.66 (s, C-2, C-6)
were attributable to a C–O group, indicative of a methyl 2,4,6-trihydroxybenzoate moiety (Fig. 1B).11 Based on these data, the compound was identiﬁed as ethyl 2,4,6-trihydroxybenzoate (ETB).
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Figure 3. ETB induces cholesterol efﬂux in THP-1-derived macrophages and reduces intracellular cholesterol levels in multiple cell types. (A) and (B) Cholesterol efﬂux was
quantiﬁed using 22-NBD-cholesterol and FACS analysis.15 (A) FACS proﬁle of cholesterol efﬂux to HDL in THP-1-derived macrophages. (B) Relative 22-NBD-cholesterol efﬂux
to HDL. (C) Intracellular cholesterol concentrations in THP-1-derived macrophages. (D) Intracellular cholesterol concentrations in RAW 264.7 macrophages, HepG2, and
Caco2. Data represent the mean ± SE; ⁄P <0.05 and ⁄⁄P <0.01 versus control (n = 3–5).

Cell viability was measured using the MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide] colorimetric method.19
ETB did not affect cell viability in THP-1-derived macrophages, RAW
264.7 macrophages, and HepG2 cells at various concentrations
(Supplementary Fig. 2). The reporter gene assay was performed in
cultured HEK 293 cells12 to measure the transactivation of LXR-a
and -b. HEK 293 cells were co-transfected with the pGL4.35[luc2P/
9XGAL4UAS/Hygro] vector and either pFN26AhLXRa or pFN26Ah
LXRb, and then incubated with ETB, T0901317 (positive control),
or a vehicle (1% DMSO). ETB incubation signiﬁcantly induced the
transactivation of both LXR-a (+64% at 100 lM; P <0.05) and LXR-b
(+55% at 100 lM; P <0.05) in a dose-dependent fashion (Fig. 2A),
and the EC50 of ETB was 80.76 and 37.8 lM for LXR-a and -b, respectively. Similarly, T0901317 (a synthetic ligand of LXRs) showed signiﬁcant activation of both isoforms compared to that of the vehicle.
ETB did not affect transactivation of PPAR-a or PPAR-c, whereas
transactivation activity of PPAR-a and PPAR-c was induced by the
positive control fenoﬁbrate and GW0742 (Fig. 2A).
ETB could modulate LXR activity directly (by interacting with the
ligand-binding domains [LBDs] of LXRs) or indirectly (by inducing
the synthesis of an endogenous ligand). To conﬁrm the direct binding of ETB to LXR-LBD proteins, TR-FRET and SPR assays were performed as described previously.13 First, the TR-FRET assay results
showed that the synthetic LXR ligand T0901317, by binding specifically to LXR-a and LXR-b, strongly enhanced the recruitment of
Trap 220/Drip-2 and D22 coactivator peptide, respectively, with
EC50 values of 1.43 lM (LXR-a) and 0.11 lM (LXR-b) (Fig. 2B and
C). Similarly, ETB induced the recruitment of Trap 220/Drip-2

coactivator peptide to LXR-a-LBD and D22 co-activator peptide to
LXR-b-LBD in a dose-dependent manner. ETB showed strong ligand
binding and coactivator recruitment for both LXRs using a cell-free
FRET assay with estimated EC50 values of 1.50 and 3.04 lM for LXRa and LXR-b, respectively. However, this compound did not activate
LXRs in a cell-based reporter gene assay at similar concentrations. In
the reporter gene assay, the EC50 of ETB was 80.76 and 37.8 lM for
LXR-a and -b, respectively. The reason for this remains unknown;
however, it is possible that ETB may not be taken into the cells
and has a low bioavailability.
Second, T0901317 and ETB were analyzed with the SPR-Biacore
system to assess the direct interaction between LXRs–LBD proteins
and ETB. ETB was directly associated with two LXR subtypes
(Fig. 2D and E). Our results demonstrate that ETB activates the
nuclear receptors LXR-a and LXR-b by binding directly to the
LBD of the receptors, and could thereby stimulate target gene transcription for cholesterol homeostasis in macrophages, hepatocytes,
and intestinal cells.
The activation of LXR-a promotes cholesterol efﬂux, stimulates
RCT in macrophages, and inhibits the accumulation of cholesterol
in vitro and in vivo.14 Therefore, we next investigated the effect
of ETB treatment on cholesterol efﬂux in THP-1-derived macrophages15 and cellular cholesterol content in multiple cell types.16
ETB increased cholesterol efﬂux to HDL ( Fig. 3A) and reduced
cellular cholesterol concentration in a dose-dependent manner in
THP-1-derived macrophages (Fig. 3B). These effects of ETB were
signiﬁcant compared to the control at concentrations of 50 and
100 lM. T0901317 showed similar results, in agreement with a
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Figure 4. ETB-induced changes in gene and protein expression in macrophages and Caco2 cells. THP-1 monocytes were incubated with PMA (50 ng/mL) for 3 days to
differentiate them into adherent macrophages. Then the macrophages and Caco2 cells were treated with 50 and 100 lM ETB, 1 lM T0901317, or vehicle control (1% DMSO)
for 48 h. Total RNA was extracted and mRNA expression levels of ABCA1, ABCG1, and APOE in THP-1-derived macrophages (A), ABCA1 and ABCG1 in RAW 264.7 (C), and
ABCA1, ABCG1, ABCG5, and NPC1L1 in Caco2 (D, E) were measured by qPCR.23 The protein levels of ABCA1 and ABCG1 in THP-1-derived macrophages were determined by
immunoblotting (B).24 Data are shown as the mean ± SEM (n = 3). ⁄, ⁄⁄ Signiﬁcantly different gene expression compared to the control group, ⁄P <0.05, ⁄⁄P <0.001.

previous study by Aravindhan et al.17 Interestingly, ETB reduced
cholesterol levels in RAW 264.7 macrophages, HepG2, and intestinal cells in a dose-dependent manner. At an ETB concentration of
100 lM, the reduction relative to the positive control was statistically signiﬁcant (Fig. 3C). Thus, we used two concentrations (50
and 100 lM) for further experiments. These concentrations are
rather high, but not unusual for in vitro experiments using gallate
and its derivatives.18
Numerous LXR target genes are involved in the reverse cholesterol transport pathway in macrophages.14 Intracellular accumulation of cholesterol in macrophages leads to increased expression of
ABCA1, which facilitates the transport of excess macrophage cholesterol to extracellular acceptors (such as apoAI and HDL) for subsequent transport as HDL particles to the liver. Considerable
evidence has established that LXRs are critical regulators of the
ABCA1-dependent cholesterol efﬂux pathway.20 In addition, another cholesterol efﬂux transporter, ABCG1, is induced in macrophages in response to LXR ligands.21 ApoE is also an LXR target
gene involved in cholesterol homeostasis, and mice lacking ApoE
spontaneously develop atherosclerosis.22 Therefore, we performed
quantitative PCR (qPCR) and immunoblotting analysis of LXR target
genes and protein, respectively.23,24 ETB signiﬁcantly and dosedependently increased the expression of LXR-responsive genes
ABCA1 and ABCG1 in macrophages (Fig. 4A and C). At a concentration of 100 lM, ETB increased ABCA1 mRNA expression 7.4-fold
(P <0.01) for THP-1-derived macrophages (Fig. 4A) and 2.1-fold
(P <0.05) for RAW 264.7 macrophages (Fig. 4C), respectively, compared to the control group. ABCG1 mRNA levels increased 5.2- and
2.9-fold after THP-1-derived macrophages and RAW 264.7 cells
were treated with 100 lM ETB, respectively (Fig. 4A and C). Immunoblot analysis showed results similar to those of the qPCR analysis in THP-1-derived macrophages (Fig. 4B). ApoE increased 1.9fold after treatment of THP-1-derived macrophage with 100 lM
ETB (Fig. 4A). A greater effect was observed in cells stimulated with

T0901317. The effects of ETB in macrophage cells were similar to
those of LXR-a and LXR-b agonists, which increase cholesterol efﬂux by inducing ABCA1, ABCG1, and ApoE. Together, these ﬁndings
suggest that as an LXR ligand, ETB suppresses cholesterol accumulation by promoting an efﬂux pathway in macrophages, which
could elevate circulating levels of HDL-cholesterol and prevent
hypercholesterolemia and atherosclerosis.
LXR also impacts systemic cholesterol levels by decreasing
intestinal cholesterol absorption and increasing biliary cholesterol
excretion via the regulation of NPC1L1 and the transporters ABCA1,
ABCG5, and ABCG8.14,25 In Caco2 cells, intestinal ABCA1, ABCG5,
and ABCG8 mRNA levels increased 2.1-, 12.6-, and 1.5-fold, respectively, after stimulation with 100 lM ETB (Fig. 4D). Compared to the
controls, the expression of NPC1L1 mRNA was signiﬁcantly reduced
by 33.2% in Caco-2 cells stimulated with 100 lM ETB. Reduction of
intestinal cholesterol uptake by ETB may provide additional beneﬁts to prevent hypercholesterolemia and atherosclerosis.
The role of LXR in the control of fatty acid metabolism has been
implicated as a potential side effect of LXR therapy. The expression
of fatty acid synthesis genes including sterol regulatory elementbinding protein-1c (SREBP-1c), fatty acid synthase (FAS), and stearoyl-CoA desaturase-1 (SCD-1) is blunted in mice carrying a targeted
disruption in the LXR-a gene.26 On the other hand, administration of
synthetic LXR ligands to mice elevates plasma triglyceride levels in
part by inducing the hepatic lipogenic pathway.6 In this study, stimulation of HepG2 cells with T0901317 increased cellular TG levels, as
previously reported (Fig. 5A and B), and also induced the expression
of SREBP-1c, FAS, and SCD-1 (Fig. 5C). However, ETB did not increase
cellular TG concentrations in hepatocytes, as assessed by direct
measurement as well as DiI and Oil Red O-lipid staining (Fig. 5A
and B).27 In contrast, T0901317-treated cells showed signiﬁcant
accumulation of cellular lipid droplets (Fig. 5B). Compared to vehicle-treated control cells, treatment with ETB at 50 and 100 lM reduced SCD-1 mRNA levels by 47.6%, and 54.9%, respectively, and
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Figure 5. ETB has modest effects on intracellular triglyceride levels in HepG2 cells and the expression of hepatic lipogenesis genes and proteins. (A) Intracellular triglyceride
levels in HepG2 cells. (B) Lipid staining of HepG2 incubated with ETB and T090131727 shows fat accumulation in cells stained with DiI or Oil Red O. (C) Expression of the genes
encoding SREBP-1c, FAS, SCD-1, CPT-1, and ACOX in HepG2 cells incubated with ETB and T0901317, as assessed by qPCR. Results are normalized to the GAPDH or cyclophilin
mRNA levels. (D) The protein expression levels of SREBP-1 in HepG2 cells were determined by immunoblotting with anti-SREBP-1.24 Data represent the mean ± SE; ⁄P <0.05
and ⁄⁄P <0.01 versus control (n = 3–5).

did not affect the expression of SREBP-1c or FAS (Fig. 5C). We further
assessed the protein expression of SREBP-1, a key transcription factor of FAS and SCD-1, to investigate the regulatory mechanism of
ETB in lipid metabolism in HepG2 cells.24 ETB did not affect the precursor or nuclear form of SREBP-1 whereas protein expression was
signiﬁcantly induced by T0901317 (Fig. 5D).
The mechanisms of ETB upregulation of FAS and SCD-1 are currently unclear. However, differential co-activator and corepressor
recruitment is a determinant of nuclear receptor tissue speciﬁcity28 and may play a role in ETB activity. Miao et al.29 and Albers
et al.30 reported that the selective LXR modulators GW3965 and
22R-HC differ in their induction of FAS and SCD-1 in the liver (compared to T0901317) due to differences in the extent of co-activator
recruitment. For LXR-a, coactivators such as SRC-1 and DRIP are recruited in similar amounts by T0901317 and GW3965. In contrast,
GW3965 recruits less CBP than T0901317. It is tempting to speculate that SRC-1 and DRIP mediate the intestinal effects on gene
expression, while other coactivators such as CBP mediate the effects of these two ligands on the liver after they bind LXR-a. In
the present study, ETB was less effective at recruiting TRAP220/
DRIP-2 to LXR-a than T0901317. Hence, it is possible that other
coactivators besides the ones we tested may mediate the tissueselective differences of T0901217 and ETB.
Musso et al.31 reported that reduced lipogenesis by SCD-1 inhibition is related to enhanced hepatic fatty acid oxidation via increased carnitine palmitoyltransferase 1 (CPT-1). Because ETB did
not affect cellular TG content or SCD-1 expression in HepG2 cells,
we further investigated the effect of ETB treatment on mRNA
expression of fatty acid oxidation genes in HepG2 cells.23 Stimulation of HepG2 cells with ETB at a concentration of 100 lM signiﬁcantly induced the expression of CPT-1 and ACOX (key genes in
fatty acid oxidation) compared to controls (Fig. 5C). Strong antioxidative potential of trihydroxybenzoate may affect hepatic fatty
acid oxidation.32 Taken together, these ﬁndings suggest that ETB

induces fatty acid oxidation gene expression, but does not affect
the expression of the lipogenic gene SCD-1 in hepatocytes.
In conclusion, we isolated ETB from C. biondii and demonstrated
that it exhibits LXR agonist activity. We showed that ETB is a direct
ligand of LXR-a and LXR-b and that it stimulates cholesterol efﬂux
in macrophages without hepatic lipid accumulation. The ﬁndings
of the present study provide insight that may be useful in the
development of pharmaceutical agents for treating hypercholesterolemia and atherosclerosis.
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