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Abstract

Liver X receptors (LXR) play an important role in cholesterol homeostasis by serving as regulatory sensors of cholesterol levels in

tissues. The present study reports a novel LXR-a activator, (20S)-2a, 3b, 12b, 24(S)-pentahydroxydammar-25-ene 20-O-b-D-glucopyr-

anoside (TR1), a dammarane-type gynosaponin, isolated from the herbal medicine, Gynostemma pentaphyllum. Gynosaponin TR1

demonstrated greater selectivity toward activation of the LXR-a isoform than LXR-b in HEK293 cells. TR1 selectively enhanced LXR-

mediated transcriptional activation and protein expression of ABCA1 and apoE gene expression and secretion in THP-1-derived

macrophages. The selectivity of TR1 for LXR-awas consistent with ligand docking studies, which showed favourable interaction of TR1

in the LXR-a-binding domain, whereas the presence of the sugar substituent interfered with binding to the LXR-b site. Findings from the

present study may provide insight into the development of pharmaceutical agents for treating atherosclerosis.
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1. Introduction

A global research effort has led to significant advances

in therapeutic treatments toward preventing or curing

cardiovascular disease (CVD). Vascular biology has

revealed much information on the pathophysiology of

atherosclerosis [1,2], from the first report of its association

with cholesterol [3], to the current notion that inflammation

and the immune response also contribute to atherogenesis

[1,4]. An important target for pharmacological interven-

tion is through the up-regulation of reverse cholesterol

transport (RCT), whereby cholesterol is removed from

macrophages and other peripheral cells and transported

to the liver by plasma lipoproteins for excretion as bile salts

[5]. These systemic changes involve regulation of the
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expression of a myriad of genes through ligand-activated

transcription factors called nuclear receptors. One parti-

cular therapeutic target, known as transcription factor liver

X receptor (LXR), regulates RCT by functioning as a

sensor of cholesterol levels in tissues [6–8].

At present, two LXR isoforms have been characterised.

LXR-a (NR1H3) is primarily expressed in the liver, intes-

tine, adipose tissue, spleen and macrophages, whilst LXR-

b (NR1H2) is ubiquitously expressed [6]. LXR-a and

LXR-b share considerable sequence homology (�77%

identity in DNA- and ligand-binding domains) and appear

to respond to the same endogenous ligands [9]. Both

receptors are activated by naturally occurring oxysterols,

such as 22(R)- and 24(S)-hydroxycholesterol [10] and

24(S)- and 25-epoxycholesterol [9] and by synthetic ago-

nists, such as T0901317 [11,12], GW3965 [13] and acetyl-

podocarpic dimmer [14].

Theoretical investigations of the known LXR agonists

have provided much insight in the understanding of the

LXR ligand-binding domain (LBD) [15,16] and identifica-

tion of the the specificity towards each LXR isoform

[17,18]. The recent reported X-ray crystal structures of
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human LXR-a and LXR-b LBDs complexed with 24(S),

25-epoxycholesterol, T0901317 and GW3965 provide

insight into key elements of ligand recognition as well

as the mechanisms of activation for each ligand [12]. The

LBDs share a common, mainly a-helical fold that embeds

a hydrophobic ligand-binding pocket. The structures have

shown that ligands can affect the conformation of the

ligand-dependent activation function 2 residing in the

C-terminal H12. Therefore, an agonist allows H12 to cover

the ligand-binding pocket, thereby providing one of the

sides in the coactivator-binding pocket [19]. Furthermore,

this ligand-activation of the LXR transcription factors

results in the formation of obligate heterodimers with

the retinoid X receptor. The complexes subsequently bind

to the consensus response element sequence DR4 in the

promoter regions of several target genes, including cho-

lesterol 7a-hydroxylase, cholesterol ester-transfer protein,

ATP-binding cassette (ABC) transporter proteins (ABCA1,

ABCG5 and ABCG8), apolipoprotein E (apoE), lipopro-

tein lipase and sterol-response element-binding protein-1c

[8,20].

The ABCA1 protein is critical for the first step in the

RCT pathway through its up-regulation in lipid-loaded

macrophages and its involvement in the efflux of excess

cellular cholesterol to apolipoprotein acceptors. Humans

who are genetically deficient in ABCA1 due to mutations

in both ABCA1 alleles (homozygous Tangier disease) lack

high-density lipoprotein (HDL) cholesterol almost com-

pletely, resulting in the accumulation of cholesterol esters

in peripheral macrophages, leading to a greater risk of

atherosclerosis [21,22]. Numerous studies have shown

ABCA1 to be a definite LXR target gene both in vitro

and in vivo. The increase in cholesterol efflux by LXR

ligands was shown to be ABCA1-dependent, as the effect

of ligands was lost in the ABCA1-deficient Tangier fibro-

blasts. The ability of LXRs to control ABCA1 expression

appears to be a significant factor in the enhanced HDL

levels in mice [23].

ApoE is another essential LXR target gene in cholesterol

metabolism. ApoE mediates the hepatic uptake of very-

low-density lipoprotein (VLDL) and chylomicron rem-

nants and can serve as an extracellular acceptor for cho-

lesterol in the ABCA1 efflux pathway [24]. In contrast to
Fig. 1. Structure of T090131
ABCA1, regulation of apoE by LXR is tissue-specific,

occurring only in macrophages and adipocytes [13]. The

beneficial nature of apoE production by macrophages is

evident from several animal studies. Mice expressing apoE

only in macrophages were protected against atherosclero-

sis, whereas those specifically lacking apoE expression in

macrophages were more susceptible [9,25,26]. Therefore,

induction of the ABCA1 and apoE gene by LXR agonists

might lead to a decreased cholesterol burden in the arterial

wall, as well as enhanced HDL levels [5,27].

Identifying potential medicinal compounds from nature

with increasing efficacy and safety has become important

in the growing population of pre-dyslipidaemic patients, as

well as patients suffering from related CVD events [28].

Recently, the first non-oxysterol natural product ligand of

LXR from Penicillium paxilli was discovered. The indole

alkaloid fungal metabolite, paxilline, functions as a ligand

for both LXR-a and LXR-b. Unfortunately, the clinical

application of paxilline is limited by its tremorgenic

mycotoxin properties and antagonism of high conductance

calcium-activated K channels [29]. To date, there has been

no report of LXR agonists from plant-derived material.

Gynostemma pentaphyllum (Cucurbitaceae), known as

Jiagulan in Chinese herbal medicine, is a perennial vine

endemic to southern China, Japan, India and Korea [30].

The pharmacological studies of G. pentaphyllum have

illustrated a variety of biological activities, including

anti-inflammatory, anti-tumour, immunopotentiating,

anti-ulcer, anti-oxidant and retardation of aging [30–32].

G. pentaphyllum has been used clinically in China and has

been described as having minimal toxicity [33,34]. The

dammarane saponins, namely gypenosides or gynosapo-

nins, isolated from G. pentaphyllum are believed to be the

active principles responsible for its biological activities

and reported clinical effect of the G. pentaphyllum extract

in the treatment of CVDs and related disorders [31,35].

However, the mode of action of gypenosides has not been

well-defined. Due to their similarity in structure to the

oxysterols (Fig. 1), we postulated that G. pentaphyllum

may contain novel LXR agonist(s) with similar biological

and ligand-binding properties.

In the present study, we demonstrate that the new

dammarane saponin, gynosaponin TR1 ((20S)-2a, 3b,
7, 22(R)-HC and TR1.
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12b, 24(S)-pentahydroxydammar-25-ene 20-O-b-D-gluco-

pyranoside), isolated from G. pentaphyllum, is an agonist

of LXR, with selectivity for LXR-a over LXR-b. Further-

more, it was also found to be an inducer of ABCA1 and

apoE gene expression in vitro. Theoretical investigations

were also employed to rationalise the selectivity of TR1 to

LXR-a through an understanding of its potential binding

interactions.
2. Materials and methods

2.1. Chemicals and reagents

Anti-actin rabbit primary antibody, anti-goat-IgG per-

oxidase-conjugated secondary antibody, b-mercaptoetha-

nol, 22(R)-hydroxycholesterol (22(R)-HC), Tween 20, O-

phenylenediamine dihydrochloride and phorbol 12-myris-

tate 13-acetate (PMA), deuterated (d5)-pyridine (C5D5N)

99.5 at.% and filter agent Celite 521 were obtained from

Sigma (Australia). T0901317 was purchased from Cayman

chemical (USA). Silica gel 60H and 60H silanised (normal

and reversed phase, respectively) were purchased from

Merck Pty. Ltd. (Australia). Dichloromethane, ethanol,

methanol and HPLC-grade acetonitrile were purchased

from Asia Pacific Specialty Chemicals Ltd. (APS, Aus-

tralia). Analytical grade solvents were distilled prior to use.

AC-18, 5 mm, 21.2 mm � 50 mm Luna preparative HPLC

column was purchased from Phenomenex (Australia). 13C

and 1H NMR, DEPT, COSY and HETCOR spectra were

obtained on a Varian Gemini 300 MHz Instrument (USA).

Initial mass data were measured on a ThermoFinnigan

TSQ 7000 liquid chromatography–mass spectrometer

(LC–MS/MS) (San Jose, USA). Positive high-resolution

mass spectrometry (HRESI–MS) was carried out on a

Bruker BioApex-II 7T FTICRmass spectrometer equipped

with both an on- and off-axis Analytica ESI source. Data

acquisition (typically 512 K spectra) and processing were

performed using XMASSTM (Version 6.2 Software, Bruker

Daltonics, USA).

2.2. Extraction, isolation and identification of

TR1 from G. pentaphyllum

Dried locally grown G. pentaphyllum plant material

(1184 g) was extracted three times with 10% methanol

in water with stirring at room temperature (RT). The

residue was subsequently extracted three times with etha-

nol at RT. The ethanol extract (GPE; 40 g) was dissolved in

dichloromethane:ethanol (5:1) (with a few drops of water

and methanol to aid the dissolution) and loaded onto a

normal-phase silica gel short-column vacuum chromato-

graphy column (NPSC). A step-wise gradient of eluents

consisting of dichloromethane:ethanol (5:1, 4:1, 3:1, 2:1,

1:1, 1:2, 0:1) was employed to obtain various eluate

fractions (100 mL). The column was finally eluted with
100% methanol (200 mL) followed by 20% methanol in

water (200 mL). The fractions were concentrated to dry-

ness under reduced pressure using a rotary evaporator and

analysed by thin-layer chromatography (TLC). Fractions

with similar TLC profiles were combined and further

purified using NPSC, as described above. A similar pur-

ification procedure was repeated twice to isolate potential

candidates. Finally, reversed-phase silica gel short-column

vacuum chromatography (RPSC) and HPLC were

employed to further purify individual saponins. A step-

wise gradient of eluents for RPSC consisting of methanol:-

water (20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20)

followed by 100% methanol to elute the sample (2.75 g)

and the fractions (100 mL) were collected and concen-

trated to dryness under reduced pressure. The saponin

(512 mg) collected at 60:40 (methanol:water) was sub-

jected to preparative HPLC using an isocratic condition of

32.5% acetonitrile in water and detected at 210 nm to give

the gynosaponin TR1 as colourless plate-like crystals.

NMR and mass spectra of TR1 were analysed using

instruments as described above.

2.3. Tissue culture

The THP-1 human monocytic cell line was a kind gift

from Dr. Asne Bauskin (St. Vincent’s Hospital, Australia).

The human embryonic kidney 293 cell line (HEK293) was

obtained from the American-Type Culture Collection

(USA). All materials used for tissue culture were pur-

chased from Invitrogen, Australia unless specified.

HEK293 was grown in DMEM/F12, containing L-gluta-
mine supplemented with penicillin (100 U/mL), strepto-

mycin (100 mg/mL) and 10% (v/v) heat-inactivated foetal

bovine serum in a humidified atmosphere of 5% CO2 and

95% O2 at 37 8C. THP-1 monocytes were maintained in

RPMI 1640 containing the supplementary ingredients as

mentioned above, with the addition of 55 mM b-mercap-

toethanol. Differentiated THP-1 macrophages were

obtained by inducing the monocyte with 50 ng/mL PMA

for 3 days [37,38]. Cytotoxicity of the ligands (T0901317,

22(R)-HC and TR1) on the cells was assessed using cell

viability assays. All compounds showed little or no effect

on cell viability (>90% viability remained) at the con-

centrations examined (data not shown).

2.4. Transfection and luciferase assay

The transfection and luciferase procedures were per-

formed using HEK293 cell lines as described previously

[11,29,39]. The plasmids used for transfection were

hLXREx3TK-Luc plasmid (a kind gift from Dr. Barry

M. Forman, City of Hope National Medical Center,

USA), pCMX-hLXR-a and pCMV-hLXR-b plasmids (a

kind gift from Dr. Alan Tall, Columbia University, USA).

The pSV-b-galactosidase control vector (Promega, Aus-

tralia) was used to normalise the transfection efficiencies.
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Cells were transfected with FuGENE 6 transfection

reagent (Roche Applied Science, USA) in accordance with

the manufacturer’s instruction. After 24 h, the cells were

harvested and plated on growth media in 96-well plates at

5 � 104 cells/well and allowed to attach for 2 h. The cells

were then treated with LXR ligands (T0901317 and 22(R)-

HC) and TR1 or vehicle (0.1% DMSO) for 24 h. After

24 h, the cells were lysed and assayed for luciferase and

b-galactosidase activities using the Bright-Glo Luciferase

Assay System and Beta-Glo Assay System (Promega,

Australia), respectively. The results were expressed as

relative luciferase activity (fold difference compared to

negative control).

2.5. Semi-quantitative mRNA analysis

Total RNA was extracted from THP-1-derived macro-

phages using TRIzol reagent (Invitrogen, Australia) after 2

days (for LXR-a and ABCA1 in THP-1 macrophage), 3

days (for apoE in THP-1 macrophage) treatment with LXR

ligands (T0901317 and 22(R)-HC) and TR1 or vehicle

(0.1%DMSO). The relative levels of specific mRNAs were

assessed by reverse transcription polymerase chain reac-

tion (RT-PCR) following the method reported in the lit-

erature [40]. The sequences of the sense and antisense

primers used for amplification were: LXR-a (HSU22662:

332bp), 50-CGGGCTTCCACTACAATGTT-30 and 50-CT-
TCTCGATCATGCCCAGTT-30; ABCA1 (NM005502:

462bp), 50-AAGCACTTCCTCCGAGTCAA-30 and 50-
TGACAGGCTTCACTCCACTG-30; apoE (NM000041:

443bp), 50-AGAAGCGCCTGGCAGTGTA-30and 50-CTT
CGGCGTTCAGTGATTGT-30; b-actin (NM001101:

629bp), 50-GGAGTAACCAGGTCGTCCAA-30 and 50-
GAAGGTGCCCAGAATACCAA-30. The quantity and

base pair size of the PCR generated DNA fragments were

estimated relative to DNA ladder standards. RT-PCR

values are presented as a ratio of the specified gene signal

in the selected linear amplification cycle divided by the

b-actin signal.

2.6. Protein extraction and semi-quantitative

immunoblotting

Immunoblotting was conducted as previously described

[41,42]. The cells (THP-1 monocyte and derived macro-

phage) were treated with LXR ligands (T0901317 and

22(R)-HC) and TR1 or vehicle (0.1% DMSO) for 2 days.

The cell were lysed and centrifuged at 16,000 � g (SS-34

rotor, Sorvall Centrifuge, USA) for 30 min and super-

natants resolved by reducing SDS-PAGE (6–10% poly-

acrylamide gels). Protein was transferred on to PVDF

membranes with Dunn–carbonate transfer buffer

[10 mM sodium bicarbonate, 3 mM sodium carbonate

and 15% MeOH at 4 8C] and blocked in 5% skim-milk

powder overnight. The membrane was then incubated with

anti-human LXR-a polyclonal primary goat antibody
(1:700 dilution; Santa Cruz Biotechnology, USA) or

anti-human ABCA1 polyclonal primary rabbit antibody

(1:600 dilution; Novus Biologicals, USA). After mem-

brane washing, horseradish peroxidase conjugated anti-

goat (1:5000 dilution) or anti-rabbit (1:5000 dilution)

secondary antibodies were applied (Promega, Australia).

Bound antibodies were detected using enhanced chemilu-

minescence with Lumi-Light Western Blotting Substrate

(Roche, Australia). To quantify the protein expression of

LXR-a and ABCA1, the intensity of the signal on the

membrane was normalised to actin. The membranes were

re-probed with anti-actin primary antibody (1:1000 dilu-

tion) after stripping with boiling distilled water for 5 min.

The membranes were then washed and re-incubated with

the horseradish peroxidase conjugated anti-rabbit second-

ary antibody as described above. Protein content was

determined by the Bradford assay method using bovine

serum albumin as a standard [43].

2.7. ApoE quantification

ApoE in culturemediumwasmeasured byenzyme-linked

immunosorbent assays (ELISA), as described previously

[37]. Briefly, THP-1-derived macrophages were incubated

for 3 days with 0.77 ng/mL of PMA in the presence of the

LXR ligands (T0901317 and 22(R)-HC) and TR1 or vehicle

(0.1%DMSO). Cell supernatants were collected and diluted

(five-fold) with ELISA buffer, then 100 mL aliquot was

added to each well of the ELISA plate. After 1 h incubation

at 37 8C, the plate was washed three times with washing

buffer (200 mL) [PBS with 0.1% Tween 20], then incubated

with anti-human apoE IgG goat primary antibody (1:10,000

dilution; 100 mL/wellCalbiochem,USA) for 1 h at 37 8Con

an orbital Mixer Incubator (Rateck Instruments, Australia)

at 200 rpm. The plates were subsequently washed three

times with washing buffer then incubated with anti-goat-

IgG peroxidase-conjugated secondary antibody (1:5000

dilution; 100 mL/well). The plate was then washed five

times and incubated with O-phenylenediamine dihy-

drochloride (100 mL/well) solution for 15–20 min with

shaking at RT. The reaction was stopped by the addition

of sulfuric acid (3 mol/L; 50 mL/well) (Fluka,Australia) and

continuous shaking for 1 min at RT. The absorbance was

read at 492 nm versus 620 nmwith amicroplate photometer

(POLARstar OPTIMA; BMG Labtech, Australia). Dilu-

tions of known concentrations of human apoE (Chemicon,

USA) were used for quantification.

2.8. Statistical analysis

All results are expressed as means � S.E.M. Data were

analysed by one-factor analysis of variance (ANOVA). If a

statistically significant effect was found, the Newman–

Keuls test was performed to isolate the difference between

the groups; p-values less than 0.05 ( p < 0.05) were con-

sidered as indicative of significance.
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2.9. Ligand docking

The crystal structure of the LXR-a:RXR-b complex

bound with T0901317 (PDB 1UHL) was used as the

primary model for LXR-a [15]. Similarly, the LXR-b

crystal structure bound with the neutral oxysterol 24(S),

25-epoxycholesterol was also used (PDB 1P8D) [16]. The

structures of TR1 and LXR agonists (T0901317 and 22(R)-

HC) were initially built using the program Maestro v7.0

(Portland, USA). Each ligand was energy minimised with

the MM3* force field prior to docking in MacroModel v8.1

[44]. Docking was performed with each ligand using the

Glide software [45]. Here, the best-docked pose was scored

and chosen and scored from the calculated binding affinity;

the receptor–ligand molecular mechanics interaction

energy and ligand strain energy. Furthermore, the poses

were subjected to another final optimisation procedure in

which the receptor–ligand complex underwent a full mole-

cular mechanics energy minimisation (OPLS–AA force

field) in order to optimise flexible side-chain residues of

LXR that may interact with the ligands. The minimised

complex was retained as the final model and was applied in

subsequent investigations.
Fig. 2. TR1 selectivity towards LXR-a over LXR-b transactivation com-

pared to known oxysterols in HEK293 cell line. The HEK293 cells were

transiently transfected with hLXREx3TK-Luc as a reporter plasmid,

pCMX-hLXR-a or pCMV-hLXR-b as expression vectors and pSV-b-

galactosidase as a reference plasmid. Cells were treated with increasing

concentrations of 22(R)-HC (0.1, 1 and 10 mM) and TR1 (0.1, 1, 10 mM).

T0901317 (0.01, 0.1 and 1 mM) was used as positive control and DMSO

(0.1%) as negative control. At the end of the incubation period, the cells

were lysed and assayed for luciferase and b-galactosidase activities were

determined. The results are expressed as relative luciferase activity (fold

difference compared to negative control). All values are means � S.E.M.

(n = 3, each in duplicate) vs. control, *p < 0.05 and **p < 0.01.
3. Results

3.1. Identification of (20S)-2a, 3b, 12b, 24(S)-

pentahydroxydammar-25-ene 20-O-b-D-

glucopyranoside (TR1)

The title compoundwas identified as (20S)-2a, 3b, 12b,

24(S)-pentahydroxydammar-25-ene 20-O-b-D-glucopyr-

anoside, as shown in Fig. 1. The amount of TR1 recovered

was 57 mg. Electrospray liquid chromatography–mass

spectrometry (ESI–MS) analysis gave a molecular ion

of m/z 672.5 [M + NH4
+]+ and a fragment ion at m/z

475.2 [(M � glu) + 1]+. Positive high-resolution mass

spectrometry (HRESI-MS) analysis showed a molecular

ion at m/z 677.421909 (observed for C36H62O10Na);

677.42355 (calculated for C36H62O10Na), thus, the mole-

cular formula of TR1 was tentatively established as

C36H62O10.
1H and 13C nuclear magnetic resonance (NMR) of TR1

were compared to that of gynosaponin TN1 [46], gypeno-

side LXXI and ginsenoside M7cd LXXI and ginsenoside

M7cd [36].
13C nuclear magnetic resonance spectrum data

of the compound is shown below:

13C NMR (75 MHz, in pyridine-d5) d;
Aglycone (CH): 68.7 [C2], 83.7 [C3], 56.5 [C5], 50.3 [C9],

70.2 [C12], 49.4 [C13], 51.9 [C17], 75.6 [C24]; (CH2):

48.4 [C1], 18.8 [C6], 35.1 [C7], 30.6 [C11], 30.8 [C15],

26.7 [C16], 32.5 [C22], 31.2 [C23], 109.9 [C26]; (CH3):

15.9 [C18], 17.3 [C19], 22.7 [C21], 18.6 [C27], 29.2 [C28],

17.4 [C29], 17.6 [C30];
C: 39.9 [C4], 40.1 [C8], 38.5 [C10], 51.5 [C14], 83.5

[C20], 149.8 [C25];

Glucose (CH): 98.3 [C01], 75.2 [C02], 79.1 [C03], 71.7
[C04], 78.3 [C05]; (CH2): 63.1 [C06].
3.2. Effect of TR1 and other LXR ligands on LXR-a

and-b luciferase activity in HEK293 cell line

Due to the structural similarity of oxysterol 22(R)-HC and

gynosaponin TR1, their relative potencies and efficacy on

LXR-a andLXR-bwere compared over similar dose ranges

(Fig. 2) [10]. T0901317 (0.01, 0.1 and 1 mM), a well-known

agonist of LXR-a and LXR-b, induced dose-dependent

increases in LXR-a (1.4-, 2.1- and 4.1-fold) and LXR-b

(1.5-, 1.9- and 2.9-fold) activities, respectively (Fig. 2), con-

sistent with previous results [11,12]. Differences in selectiv-

ityofactivationof thetwoLXRisoformswerefoundbetween

22(R)-HCandTR1over the sameconcentration range (0.1, 1

and10 mM). 22(R)-HCshowed significant activation of both

isoforms at 1 and 10 mM, whilst at 10 mM, TR1 showed

significant elevation of luciferase activity for LXR-a only

(Fig.2).This selectivity forTR1onLXR-a isprobablydue to

the presence of the carbohydrate group, which is absent in

22(R)-HC. The oxysterol stereoisomer 24(S)-HC also acti-

vated both LXR-a and LXR-b isomers (results not shown).

3.3. TR1 induces LXR-a and ABCA1 mRNA and

protein expression in THP-1-derived macrophages

The induction of ABCA1 gene by agonist activation

of LXR expression in macrophages is well-characterised
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Fig. 3. Effect of TR1 on: (a) LXR-a and ABCA1 mRNA and (b) protein levels in THP-1-derived macrophages. THP-1 monocytes were incubated with PMA

(50 ng/mL) for 3 days to differentiate them into adherent macrophages. The macrophages were then treated in the presence and absence of T0901317 (0.1 and

1 mM), 22(R)-HC (1 and 10 mM) and TR1 (1 and 10 mM) for 2 days. Total mRNAs and protein were prepared from the cell pellets using TRIzol and cell lysis,

respectively. (a) The relative levels of LXR-a and ABCA1 mRNAs were assessed by RT-PCR. Results were normalised to b-actin. Control levels were

arbitrarily assigned a value of 1.0. (b) Protein extracts from cells pellets were subjected to SDS-PAGE followed by Western blot analysis using an anti-LXR-a

and anti-ABCA1 antibodies. The results are normalised to actin. Control levels were arbitrarily assigned a value of 1.0. All values are means � S.E.M. (n = 3)

vs. control, *p < 0.05 and **p < 0.01.
[47–49]. Differentiation of THP-1 monocyte to macro-

phage by PMA is typically accompanied by an increased

mRNA expression of LXR-a [38,50] and ABCA1 levels

[13,39,50]. Agonist activation of LXR also leads to

increased protein expression of both LXR-a [34,51,52]

and ABCA1 [53,54]. In this study, THP-1 monocytes were
Fig. 4. Effect of TR1 on: (a) apoE mRNA and (b) apoE protein secretion in THP-1

mL) for 3 days to differentiate them into adherent macrophages. The macrophag

absence of T0901317, 22(R)-HC and TR1 for a further 2 days. (a) Total mRNAs w
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with LXR ligands (T0901317 and 22(R)-HC) and TR1 for

a further 2 days [37,38]. The mRNA and protein were

extracted and studied as described in Section 2. The

expression of both LXR-a and ABCA1 mRNA levels
-derived macrophages. THP-1 monocytes were incubated with PMA (50 ng/

es were then treated for 3 days with 0.77 ng/mL PMA in the presence and

ere prepared from the cell pellets using TRIzol. The relative levels of apoE

els are arbitrarily assigned a value of 1.0. (b) To determine the level of apoE

he results were expressed as a fold induction of apoE secretion over vehicle

are means � S.E.M. (n = 3) vs. control, *p < 0.05.
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was up-regulated dose-dependently on treatment with

T0901317 (positive control), 22(R)-HC and TR1, reaching

statistical significance relative to control (DMSO only) at

0.1 and 1 mM T0901317 and 10 mM 22(R)-HC and TR1

(Fig. 3(a)). This increase in mRNA levels was accompa-

nied by a corresponding increase of LXR-a and ABCA1

protein expression (Fig. 3(b)). The comparable effects of

22(R)-HC and TR1 may reflect their structural similarity

(Fig. 1). LXR-b expression in the macrophage was not

examined in this study because it has been previously

shown that LXR-b was not regulated by LXR agonists

in either THP-1-derived macrophage or human monocyte-

derived macrophages [50] and TR1 showed insignificant

up-regulation of LXR-b luciferase activity at the concen-

trations studied (Fig. 2).

3.4. TR1 induces apoE mRNA expression and

secretion in THP-1-derived macrophages

ApoE plays an important role in lipid homeostasis and

macrophage-derived apoE is critical for preventing the

development of atherosclerotic lesions [24]. To study the

effect of TR1 on apoE gene expression and secretion, THP-

1 monocytes were differentiated into macrophages by

PMA, as described above, prior to treatment with LXR
Fig. 5. Proposed complex of TR1 with the ligand-binding pocket of LXR-a. The d

to reveal flexible side-chain residues that may potentially interact with TR1. The

hydrogen bond contacts (dashed lines) established to the LXR-a receptor. Molec

models, respectively. LXR-a is represented in cartoon style, colour coordinated

enhance viewing. Image was created with Maestrov v7.0.
agonists (T0901317 and 22(R)-HC) and TR1. The apoE

mRNA was assessed by RT-PCR and the amount of apoE

protein secreted was determined from the culture medium

by an ELISA method. The positive control T0901317 (0.1

and 1 mM) effectively induced apoE mRNA expression

and apoE secretion, with a maximum approximately three-

and six-fold increase over control, respectively (Fig. 4(a

and b)), consistent with previous studies [37,38]. The

oxysterol, 22(R)-HC increased apoE mRNA by approxi-

mately two-fold at 10 mM (Fig. 4(a)) and enhanced apoE

secretion optimally at 1 mM (�4.5-fold) (Fig. 4(b)). TR1

increased apoE mRNA expression and apoE secretion to a

similar maximum extent (�2- and 5-fold, respectively), but

required higher concentrations (10 mM) for its optimal

effect (Fig. 4(a and b)).

3.5. TR1 docks into the LXR-a and not LXR-b
receptor domain

The TR1 ligand occupies a proportionally large volume

of the cavity space within the ligand-binding pocket of

LXR-a. With an accessible volume of �800 Å3, the

ligand-binding pocket can accommodate TR1 (molecular

volume of �602 Å3) in a tightly bound conformation

restricting it to only a few possible docked poses. TR1
ocked complex was optimised using the OPLS–AA force field in an attempt

final result suggests the predominant interactions arise from the numerous

ule TR1 and amino acid residues are displayed as ball-and-stick and tube

by chain. Residues Glu-259 to Val-263 on Helix 3 (H3) were removed to
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Fig. 6. Superposition of TR1 in the ligand-binding pocket of LXR-a (blue) and LXR-b (red). The superimposed structure of the docked LXR-alpha:TR1

complex with LXR-beta, performed using Swiss-PDBViewer [64], revealed a small difference in residue orientations. It is speculated TR1 is unable to dock into

LXR-b due to steric hindrance from residues Phe-243* and Phe-333* (red), illustrated by the yellow arrows (residues Glu-259/273* to Val-263/Ile-277* on H3

were removed to enhance viewing); (*) indicates residues from LXR-b.
is primarily bound to LXR-a through hydrogen bonding

via the many hydroxyl groups present on the molecule (see

Fig. 5). Several contacts are established, including those to

Met-298, Ser-264, Tyr-321 and to the backbone amide of

Phe-229, all within a distances of 2.5 Å. The formation of a

hydrogen bond to the Ne imidazole nitrogen of His-421

from the C-3-OH is also evident and appears to be the

common contact established by all four ligands. The close

proximity of His-421 to Trp-443 (<4 Å) also suggests the

potential for these two residues to interact through p–p

interactions. TR1-binding involves a network of hydrogen

bonds, mediated by the 30- and 40-OH groups present on the

glucose moiety, bridging residues Glu-267 and Arg-305.

An intra-molecular hydrogen bond also forms between

the C-12-OH on the C-ring and the oxygen atom from the

20-OH on the sugar group (Fig. 5).

Conversely, TR1 does not successfully dock into the

LXR-b receptor domain. A superposition of the LXR-

a:TR1 complex with LXRb reveals a steric clash between

the sugar moiety with Phe-243 and Phe-333 of LXR-b.

It appears that this hindrance is not observed in LXR-a

as its equivalent phenylalanines, Phe-229 and Phe-319,

respectively, adopt different orientations (Fig. 6).
The binding modes of T091317, 22(R)-HC and 24(S)-

HC in LXR-a and LXR-b closely resemble those proposed

from previous docking studies [15,16], giving confidence

in our model and approach. On the other hand, TR1 did not

adopt the same binding orientation as demonstrated by

other steroid agonists [15,16]. In such studies, the respec-

tive C-22, C-24, C-25 or C-27-OH/epoxide moieties bind

to His-421, whilst the C-3-OH group on the A-ring ster-

oidal skeleton is positioned towards the b-strand residues,

such as Arg-305 in LXR-a (Arg-319 in LXR-b). In this

study, docking results suggest it is the C-3-OH of TR1,

which interacts with His-421. Equally, the C-24-OH is

placed near Tyr-321, whilst the C-30 and 40-OHs from

TR1’s sugar group makes contact with Arg-305. Hence,

the ligand docking study has provided insight into the

binding affinity of TR1 to LXR-a receptor.
4. Discussion

Plant medicines have become increasingly popular for

the prevention and/or treatment of CVD and have proven to

be an abundant source of pharmacological agents for
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medicinal purposes [28,29]. Plant extracts have been

extensively studied, however, single compounds can ide-

ally provide further information on the mechanism(s) of

action of the plant. Coupled with molecular modeling

studies, the LBD of the receptor and the agonist can be

thus evaluated. This study not only reports on the identi-

fication of a new compound, gynosaponin TR1 (Figs. 1 and

2) isolated from G. pentaphyllum, but also its selective

activation of LXR-a and proposes a receptor–agonist-

binding model. Its selectivity in activation of LXR-a over

LXR-b may be advantageous, as LXR-a appears to play a

dominant role in the liver compared with LXR-b, suggest-

ing that this selectivity of TR1 toward LXR-amay prevent

elevation of triglycerides [47,55,56]. However, the domi-

nant role of LXR-a versus LXR-b has only been demon-

strated in mice and a recent study has indicated that both

isoforms are important for inducing cholesterol efflux [57].

Additionally, human LXR-a, but not LXR-b, is autoregu-

lated, suggesting that the a-isoform is more physiologi-

cally responsive to cholesterol loading in humans [13,58].

Thus, the debate of whether selective LXR activators for

either LXR-a or LXR-b isoforms or both are more ben-

eficial for preventing or treating atherosclerosis still

remains unanswered [12]. Nevertheless, activation of

LXR-a has been shown to inhibit the development of

atherosclerosis in mice [27] and decrease inflammation

by down-regulating genes coding for inducible nitric oxide

synthase, cyclooxygenase-2 and interleukin-6, matrix

metalloproteinase-9 and tissue factor [59–61].

The current study also showed that TR1 may favourably

influence LXR-related pathways. At the same doses, TR1

exhibits comparable efficacy to the natural ligand, 22(R)-

HC, in THP-1-derived macrophage. This is shown by the

induction of expression of a LXR regulated gene, ABCA1,

determined by RT-PCR and immunoblotting analysis

(Fig. 3). This implies that the induction of ABCA1 by

TR1may promote cholesterol efflux, resulting in a net lipid

loss from the macrophage and inhibition of fatty streak

formation [9]. Similarly, TR1 was demonstrated to effec-

tively induce apoE, similar to 22(R)-HC (Fig. 4). This

supports the possibility that TR1 may modulate the RCT

pathway via VLDL and chylomicron clearance in macro-

phages and consequently, decrease susceptibility to ather-

osclerosis [13,22]. Interestingly, our preliminary study

indicated that TR1 weakly activated the lipogenic gene

targets sterol-response element-binding protein-1c expres-

sion and fatty acid synthase (results not shown), suggesting

that TR1 may have different mechanism of action to that of

conventional LXR-a agonists, which induce raised TG

levels in liver [62,63]. This effect of TR1 in vivo is still

under investigation.

Theoretical investigations were employed in an attempt

to understand TR1’s in vitro activation of the LXR-a

receptor over LXR-b. It has been demonstrated in previous

studies that the ligand-binding pocket of the LXR isoforms

can adopt various shapes and volumes to accommodate a
diverse array of ligands with varying size and structure

[16,17,19]. This adaptability has encouraged the search for

novel LXR agonists. In this study, it was shown that TR1

can dock into LXR-a despite having a larger molecular

volume and structure than other more commonly known

agonists, such as T0901317. The molecular modeling

uncovered possible binding interactions and provided

initial clues to TR1’s greater selectivity for LXR-a over

LXR-b. Together with the current understanding of LXR-

a0s ability to interact with various shaped ligands

[12,16,17,19], our molecular docking results are consistent

with the binding of TR1 to LXR-a and subsequently

inducing the in vitro gene expression observed in this

study (Figs. 2 and 3).

In previous studies, the interaction of the hydroxyl/

epoxide moieties of LXR ligand with His-421 (for

LXR-a) and His-435 (for LXR-b) is considered to be

the most essential point of contact for LXR:agonist com-

plexes [15–17,19]. A more detailed investigation of the

edge-on p-interaction between His-421 (for LXR-a) and

His-435 (for LXR-b) mentioned earlier with the neigh-

bouring Trp-443 (for LXR-a) and Trp-457 (for LXR-b),

respectively, outlines the crucial determinant for LXR

agonistic activity [15–17,19]. In the structures of the

LXR-a bound complexes described here, the importance

of this relationship is highlighted by the interaction of TR1

through a hydrogen bond made to the Ne of His-421

established from its C-3-OH (distance of 2.0 Å). In addi-

tion, the close proximity of His-421 with Trp-443 (distance

of 3.7 Å) supports its capability to potentiate agonistic

activity towards LXR-a. Other contacts made by TR1, for

example to Met-298 and Ser-264 are believed to be

involved in either ligand recognition or non-essential

interactions of hydroxyl groups to the binding site via

hydrogen bonds (Fig. 5).

LXR ligands T0901317, 22(R)-HC and 24(S)-HC had

been previously studied in molecular modeling and were

thus assigned as controls in the docking studies [15]. All

these agonists appeared to have bound in a similar pose to

that published in crystal complexes and docking studies

[15–17,19]. In contrast, the results of the docking study of

TR1 showed that it bound in a ‘reverse’ fashion in the

LXR-a ligand-binding domain, with the A-ring C-3-OH

(Fig. 1) forming the bond to His-421, but not the C-24-OH

group, as seen with other sterol agonists. This suggests that

the sugar moiety may be a determinant factor for TR1’s

orientation in the ligand-binding domain. As mentioned,

this sugar moiety is not present in the other sterol agonists.

Thus, the sugar groups of gypenosides may influence the

ligand–receptor interaction. In the case of LXR-b, dock-

ing results suggests that TR1 does not fit into the ligand-

binding pocket due to steric hindrance from Phe-243 and

Phe-333. Unlike their corresponding residues in LXR-a,

these phenylalanines in LXR-b project into the ligand-

binding pocket, thus prohibiting binding of any molecule

larger than the hydroxycholesterols. It is speculated that
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this steric hindrance may explain TR1’s failure to elicit

biological activity in LXR-b (Fig. 6).

In conclusion, we have isolated a novel gynosaponin

which functions as an activator-specific for LXR-a from G.

pentaphyllum. This gynosaponin TR1 has similar activa-

tion capacities to that of the hydroxycholesterols and

exhibited favourable gene regulatory properties for an

LXR modulator. This study provides the first proposed

structure–activity relationship of gypenosides on LXR–

ligand-binding. Volume and shape of the binding pocket

and corresponding gynosaponin ligand, differences in key

amino acids involved in the gynosaponin-receptor inter-

action and the position and stereochemistry of the func-

tional groups of the gynosaponin ligand are important

requirements for activation of the LXR receptors. Ulti-

mately, in vivo studies of TR1 would need to be carried out

to confirm the in vitro observation and the proposed

consequences of these interactions to lipid metabolism

and outcome. This study may assist with the development

of LXR ligands with beneficial anti-atherogenic properties,

without the potential proatherogenic lipogenic effects

common to this class of drugs.
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