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a b s t r a c t
We investigated the effect of cineole on the expression of genes related to reverse cholesterol transport
and hepatic fatty acid metabolism. Cineole, a small aroma compound in teas and herbs, signiﬁcantly stimulated the transactivation of liver X receptor modulator (LXR)-a and LXR-b. The mRNA and protein
expression of LXRs and their target genes, including ABCA1 and ABCG1, was signiﬁcantly increased in
macrophages stimulated with cineole. This led to the subsequent removal of cholesterol from the cells.
Interestingly, cineole showed tissue-selective LXR induction: hepatocytes stimulated with cineole
showed signiﬁcantly reduced expression of LXR-a and LXR-a-responsive genes, including FAS and
SCD-1 (P <0.05). Accordingly, hepatocytes treated with cineole displayed reduced cellular lipid accumulation compared with control cells, as assessed by Oil Red O lipid staining and cholesterol quantiﬁcation.
These results suggest that cineole is a selective LXR modulator that regulates the expression of key genes
in reverse cholesterol transport in macrophages without inducing lipogenesis in hepatocytes. This selective LXR modulator may have practical implications for the development of hypocholesterolemic or antiatherosclerotic agents and also suggests.
Ó 2012 Published by Elsevier Ltd.

Cardiovascular diseases are the leading cause of death globally,
and it is estimated that almost 23.6 million people will die from
cardiovascular disease by the year 2030.1 Risk of cardiovascular
disease has been reported to be associated with cellular cholesterol
levels, with excess cellular cholesterol often increasing the risk of
cardiovascular diseases such as hypertension and stroke. Therefore, proper control of cholesterol homeostasis is essential. This
could be achieved by regulation of liver X receptors (LXRs), which
play a signiﬁcant role in reverse cholesterol transport (RCT), in
which accumulated cholesterol is transported from peripheral tissues to the liver, subjected to biliary secretion, and ultimately excreted from the body.2
LXRs are ligand-activated transcription factors that belong to
the nuclear receptor superfamily. There are two LXR isotypes,
LXR-a and -b, which upon activation form heterodimers with the
retinoid X receptor and bind to LXR response elements located in
the promoter regions of target genes. LXRs have been demonstrated to function as cholesterol sensors and regulators of a set
of genes associated with cholesterol absorption, transport, efﬂux
and excretion, and to thus control whole-body cholesterol homeostasis. Considering the importance of LXR activation, there has
been increasing interest in the ability of LXR agonists to reduce cellular cholesterol levels and/or risk of cardiovascular disease.
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Although LXR agonists have shown promising therapeutic effects,
various synthetic LXR agonists have been reported to stimulate
lipogenesis, leading to hepatic steatosis and hypertriglyceridemia.3
A previous in vivo study demonstrated that administration of the
synthetic LXR agonist T0901317 to mice signiﬁcantly increased
plasma triglyceride levels as a result of activation of sterol regulatory element-binding protein-1c (SREBP-1c).4 SREBP-1c plays a
major role in fatty acid biosynthesis by activating the transcription
of various genes that are important in fatty acid synthesis, including the genes encoding acetyl CoA carboxylase (ACC), fatty acid
synthase (FAS) and stearoyl CoA desaturase-1 (SCD-1).5 Discovery
of compounds that act as LXR agonists without inducing lipogenesis is therefore crucial.
1,8-Cineole (cineole), also known as eucalyptol or cajeputol, is a
terpene oxide and a principal constituent of most Eucalyptus oils,
rosemary, Psidium and many other essential oils.6 It is often used
in the pharmaceutical industry in drug formulations and has been
reported to exert various therapeutic effects. The beneﬁcial effects
of cineole include analgesic effects, reduced inﬂammation, and
beneﬁcial effects in the treatment of bronchitis, sinusitis and rheumatism.7 Cineole has also been reported to exert cardiovascular effects, and its consumption signiﬁcantly reduced the mean aortic
pressure and heart rate in mice.8 However, the mechanisms behind
the cardiovascular effects of cineole are not well understood. In
addition, no study to-date has evaluated the effect of this natural
compound on cardiovascular risk through reduction of cellular
cholesterol levels. The potential application of cineole as a novel
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Figure 1. Cineole induced the transactivation of both LXR-a (A) and LXR-b (B). Cells were co-transfected with the reporter vector pGL4.35[luc2P/9XGAL4UAS/Hygro], pSV-bgalactosidase and either PFN26AhLXRa or pFN26AhLXRb. Luciferase activity was assayed and normalized to that of b-galactosidase.10 The data shown represent the
means ± SE (n = 3); ⁄P <0.05 versus the control.

Figure 2. Cineole induced the efﬂux of cholesterol from RAW 246.7 macrophages by upregulating the gene and protein expression of LXRs and their target genes. (A)
Intracellular and extracellular RAW 246.7 cell cholesterol concentrations. (B) mRNA expression of LXR-a, LXR-b, ABCA1 and ABCG1 in RAW 246.7 cells, as measured by
qPCR.14 (C) LXR-a, LXR-b and ABCA1 protein levels in RAW 246.7 cells, as measured by immunoblotting.16 The data shown represent the means ± SE (n = 3); ⁄P <0.05 and
⁄⁄
P <0.01 versus the control.

LXR activator to reduce cholesterol levels warrants further investigation. Therefore, we evaluated the potential effect of cineole on
cholesterol efﬂux and hepatic steatosis in cultured RAW 246.7
macrophages and HepG2 hepatocytes.9

In the present study, cineole signiﬁcantly increased the transactivation of both LXR-a and LXR-b. The effect of cineole on LXR
transactivation was assessed by performing luciferase reporter assays in CHO-K1 cells co-transfected with LXRE-Luc reporter vector
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and an LXR-a or LXR-b expression vector.10 Treatment with cineole
at 50, 100 and 200 lM induced the transactivation of LXR-a by
more than 75% compared to the control (P <0.05) (Fig. 1A). The
transactivation of LXR-b was signiﬁcantly and dose-dependently
increased by cineole (P <0.05; Fig. 1B). Transactivation of LXR-b
was increased 1.4-, 2.0- and 2.3-fold in cells treated with 50, 100
and 200 lM cineole, respectively.
The activation of LXRs promotes cholesterol efﬂux, stimulates
RCT in macrophages, and inhibits the accumulation of cholesterol
in vitro and in vivo.11 Therefore, we evaluated the cellular cholesterol concentration in lipid-loaded macrophages stimulated with
cineole.12 Cineole, especially at a higher dose (100 lM) signiﬁcantly reduced the cellular cholesterol level in RAW 264.7 macrophages by 17% compared to control cells (P <0.05) (Fig. 2A). This
was accompanied by an increased concentration of cholesterol in
the culture medium treated with 100 lM cineole (P <0.05; 35%
higher than controls). This suggests that cineole promoted the
transport of cholesterol from cells to the medium, thereby reducing cholesterol accumulation in cells and potentially reducing the
risk of hypercholesterolemia and atherosclerosis.
It is well-known that LXRs play a critical role in cholesterol
homeostasis by inducing the expression of several genes involved
in cholesterol efﬂux, including ABCA1 and ABCG1.11 ABCA1 regulate the export of cholesterol to lipid free lipoprotein and subsequently generates nascent or pre-b-HDL.11 These particles in turn
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serve as substrates for ABCG1-mediated cholesterol transport. Taking into consideration our observation that cineole induced the
cholesterol efﬂux, we further performed quantitative PCR (qPCR)
and immunoblotting analysis of LXR target genes and proteins in
macrophages, respectively.12–15 We demonstrated that cineole induced the expression of LXR-a and LXR-b mRNA, similar to
T0901317 (Fig. 2B). Treatment with cineole (50 or 100 lM)
increased the mRNA expression of LXR-a in macrophages by
20–25% (P <0.05). The mRNA expression of LXR-b was upregulated
in a dose-dependent manner, being increased by 35 and 50% in
cells treated with 50 and 100 lM cineole, respectively. Cineole also
signiﬁcantly increased the mRNA expression of the LXR-responsive
genes ABCA1 and ABCG1 in macrophages (P <0.05). In tandem with
the upregulation of mRNA expression, the levels of LXR-a, LXR-b
and ABCA1 proteins were also induced in macrophages stimulated
with cineole, particularly by 100 lM cineole (Fig. 2C).
Activation of LXRs, leading to macrophage cholesterol efﬂux, is
beneﬁcial and may offer a practical approach for treatment of atherosclerosis. However, the role of LXRs, especially LXR-a, in elevating hepatic fatty acid synthesis served as a potential side-effect of
LXR therapy.3 Nakamuta et al.16 and others demonstrated that
activation of LXR-a caused hepatic steatosis and hyperlipidemia
in human subjects through the induction of SREBP-1c. SREBP-1c
is a key factor involved in regulating the expression of several hepatic lipogenic enzymes, including acetyl coenzyme A carboxylase,

Figure 3. Cineole reduced hepatic lipid accumulation by downregulating the gene and protein expression of LXR-a and its target genes in hepatocytes. (A) Lipid accumulation
in HepG2 cells, as assessed by Oil Red O staining.18 (B) mRNA expression of LXR-a, SREBP-1c, FAS and SCD1 in HepG2 cells, as measured by qPCR.13 (C) LXR-a, SREBP-1c and
FAS protein levels in HepG2 cells, as measured by immunoblotting.15 (D) LanthaScreen TR-FRET assays were performed interactions between cineole and LXR-a and LXR-b.21
T090137 was used as a positive control. The data shown represent the mean ± SE (n = 3); ⁄P <0.05 versus the control.
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fatty acid synthase (FAS) and stearoyl coenzyme A desaturase-1
(SCD-1).17 Thus, in theory, the most successful strategies would involve macrophage-speciﬁc upregulation of LXRs without inducing
hepatic lipogenesis.
In this study, treatment with cineole led to a decrease in cellular
lipid accumulation in hepatocytes treated with cineole (50 or
100 lM), as assessed by Oil Red O staining (Fig. 3A).18 On the other
hand, T0901317-treated cells showed signiﬁcant accumulation of
cellular lipid droplets. This effect of cineole was due to unaltered
expression of LXR-a and downregulation of the expression of
SREBP-1c, FAS and SCD-1 by 10%, 25%, 24% and 30%, respectively
(Fig. 3B). In addition, cineole (100 lM) substantially reduced the
protein expression of LXR-a (by 40%), SREBP-1c (25%) and FAS
(50%) in hepatocytes (P <0.05; Fig. 3C). This indicates that, unlike
T0901317, cineole acts as a partial agonist that selectively activates
LXRs without inducing hepatic lipogenesis. Thus, treatment with
this compound may have practical implications for the prevention
or treatment of dyslipidemia without undesirable side effects.
The mechanisms of cineole in the downregulation of LXRs,
SREBP1c, and FAS in hepatocytes are currently unclear. However,
there are three possibilities. First, it has been shown that ligand
compounds could recruit co-activators/co-repressors differentially,
which could result in tissue-speciﬁc activity. Albers et al.19 compared the effects of T0901317 with those of LN6500 in the induction of two LXR target genes, FAS and SCD-1 in the liver.
Regarding LXR-a, T0901317 potently induced the expressions of
FAS and SCD-1 while LN6500 showed no induction. Interestingly,
in co-activator recruitment assay, T0901317 recruited TRAP220
strongly, while LN6500 only recruited TRAP220 weakly, which
may explain no induction of FAS and SCD-1 expression by
LN6500. To evaluate the possibility of direct interactions between
cineole and LXR-a and LXR-b, a cell-free FRET co-activator assay
was performed with LXR co-activator peptides and the LBDs of
LXR-a and LXR-b.20 As expected, the potent LXR agonist
T0901317 showed strong binding to both LXR-a (EC50 = 0.32 lM)
and LXR-b (EC50 = 0.01 lM), and induced the recruitment of Trap
220 and D22 co-activator peptide to the LXR-a and LXR-b LBDs,
respectively, in a dose-dependent manner (Fig. 3D). Cineole recruits the TRAP220/DRIP-2 and D22 coactivators very weakly to
LXR-a and LXR-b, respectively. Hence, it is possible that LXR-aactivation by cineole may recruit co-activators other than TRAP220
thus showed slightly different metabolic effects compared with
those by T0901317. Alternatively, it is also possible that cineole
may not directly activate LXR proteins but indirectly by inducing
endogenous ligand synthesis.
Second, cineole may have additional effects on the cellular lipid
metabolism. It has been reported that AMPK activation reduces hepatic but not macrophage LXRa.21,22 Although not investigated in
the present study, it possible that the net expression of hepatic
LXR, SREBP1c, and FAS is controlled by the combined effects of
LXR and AMPK activity modulated by cineole.
Third, some natural compounds have shown that posttranscriptional modiﬁcation of SREBP-1 could be delayed by inducing the
expression of Insig-2a, thus inhibiting nuclear translocation of
pSREBP to nSREBP in hepatocytes.16,23,24 Cineole may have similar
activities.
In conclusion, cineole acts as a selective LXR modulator that
activates the expression of LXR genes in a tissue-speciﬁc manner.
In macrophages, cineole signiﬁcantly activated the expression of
LXRs and a spectrum of genes that regulate reverse cholesterol
transport. In contrast, it downregulated the expression of LXR-a
and lipogenesis-related genes in the liver. Cineole can serve as a
potent pharmaceutical agent for treatment of hypercholesterolemia and atherosclerosis since it not only reduces cholesterol accumulation, thereby preventing atherosclerotic plaque formation,
but also prevents the potential side effect hepatic steatosis.
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