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The natural carotenoid astaxanthin, a PPAR-« agonist

and PPAR-y antagonist, reduces hepatic lipid
accumulation by rewiring the transcriptome

in lipid-loaded hepatocytes
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Scope: A natural carotenoid abundant in seafood, astaxanthin (AX), has hypolipidemic activity,
but its underlying mechanisms of action and protein targets are unknown. We investigated
the molecular mechanism of action of AX in hepatic hyperlipidemia by measuring peroxisome
proliferator-activated receptors (PPAR) activity.

Methods and results: We examined the binding of AX to PPAR subtypes and its effects on
hepatic lipid metabolism. AX binding activated PPAR-«, but inhibited PPAR-y transactivation
activity in reporter gene assay and time-resolved fluorescence energy transfer analyses. AX had
no effect on PPARS/ transactivation. AX bound directly to PPAR-a and PPAR-y with moderate
affinity, as assessed by surface plasmon resonance experiments. The differential effects of AX
on PPARs were confirmed by measuring the expression of unique responsive genes for each
PPAR subtype. AX significantly reduced cellular lipid accumulation in lipid-loaded hepatocytes.
Transcriptome analysis revealed that the net effects of stimulation with AX (100 uM) on lipid
metabolic pathways were similar to those elicited by fenofibrate and lovastatin (10 uM each),
with AX rewiring the expression of genes involved in lipid metabolic pathways.

Conclusion: AX is a PPAR-a agonist and PPAR-y antagonist, reduces hepatic lipid accumula-
tion by rewiring the transcriptome in lipid-loaded hepatocytes.
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1 Introduction

Peroxisome proliferator-activated receptors (PPARs) are well-
characterized nuclear receptors that regulate the expression
of genes involved in multiple biological pathways including
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cellular metabolic pathways, inflammation, differentiation,
and proliferation [1]. PPAR proteins contain an N-terminal
DNA-binding domain and a C-terminal ligand-binding do-
main (LBD) with a large ligand-binding pocket that inter-
acts with natural and synthetic compounds [2]. The ligand-
bound protein forms heterodimers with retinoid-X-receptors
and other regulatory proteins. These heterodimers then acti-
vate or repress the transcription of target genes involved in
various biological processes. A physiological role of PPARs is
to regulate lipid and glucose metabolism. Appropriate regula-
tion of PPAR activity could therefore provide therapeutic and
preventive benefits in cardiovascular disease, type 2 diabetes
mellitus (T2DM), and obesity [3-6].

The three subtypes of PPAR-alpha (), delta/beta (3/B),
and gamma (y)-have different metabolic functions [3, 7).
Briefly, PPAR-« is highly expressed in the liver, heart, and
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skeletal muscle and stimulates human fatty acid catabolism
by accelerating the B-oxidation of fatty acids and increasing
fatty acid uptake, thereby producing hypotriglyceridemic ef-
fects [8]. PPAR-a agonists known as fibrates reduce plasma
triglyceride (TG) levels and increase high-density lipoprotein
cholesterol (HDL-C) levels, thereby contributing to the treat-
ment and prevention of atherosclerosis and cardiovascular
events. Dysregulation of PPARS/B could be involved in the
pathophysiology of atherosclerosis and obesity due to its piv-
otal role in lipid metabolism, while the integrated activation of
PPARJ/B, which acts to connect muscle and adipose tissue, is
believed to lead to induction of nonshivering thermogenesis,
thereby reducing fat accumulation in adipocytes and control-
ling body fat reduction [9]. PPAR-y agonists including thiazo-
lidinediones (TZDs) are widely prescribed as diabetes drugs
since the activation of PPAR-y improves insulin sensitivity
and ameliorates insulin resistance. Overall, PPAR activation
provides metabolic benefits. However, potent full agonists
could induce significant side effects. For example, the potent
TZD rosiglitazone induces carcinogenesis, edema, and car-
diovascular complications, and has thus been suspended for
newly diagnosed T2DM since 2010 [10]. In addition, recent fo-
cus in this area has centered on the concept of selective PPAR
modulators—particularly for PPAR-y—following the observa-
tion that the efficacies of full agonists, such as rosiglitazone
and pioglitazone, were counterbalanced by receptor-mediated
side effects including weight gain, edema, and potential car-
diovascular complications [11]. A partial agonist might retain
efficacy but reduce the transcriptional effects thought to be
responsible for the attendant side effects. On the other hand,
PPAR-y antagonists such as GW9662 inhibit gene expres-
sion in adipocytes and adipocyte differentiation, and are thus
considered to maximize the antiobesity effects [12]. Recent
data also suggest that the PPAR-y antagonist reduces lipid
accumulation in steatotic livers [13].

Initially, we screened approximately 900 Korean natural
extracts and compounds from plant and marine organisms
for PPAR agonist or antagonist activity in a reporter gene
assay-based screen, and found that astaxanthin (AX) had po-
tent PPAR activity. AX is a naturally occurring carotenoid
that is found in a wide variety of living organisms, including
microalgae, yeast, salmon, and most crustaceans, including
krill, shrimp, crawfish, crabs, and lobster, that are pink to red
in color. As a carotenoid, AX is similar to beta-carotene in
structure, but is not converted to vitamin A (retinol) in the
human body, and thus has lower potential toxicity than other
provitamin A carotenoids [14, 15].

AX is a powerful biological antioxidant that exhibits
strong free radical scavenging activity [16-18], protecting
against lipid peroxidation and oxidative damage of low-
density lipoprotein cholesterol, cell membranes, cells, and
tissues, and could provide antiatherogenic effects in animal
models of cardiovascular disease [14,19, 20]. Several animal
studies of AX have been published. Hussein et al. suggested
that AX administration increased the HDL-C level and low-
ered nonesterified fatty acid and TG levels in their animal
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model [21]. Also, AX-rich extract from green algae for four
weeks in apoE-deficient mice significantly reduced plasma
TG levels [22]. In another study, both hepatic and plasma
TG concentrations and plasma cholesterol levels were signif-
icantly reduced in the AX supplementation group compared
to controls [23]. Although several in vivo studies have sug-
gested hypolipidemic effects of AX, the direct molecular tar-
get of AX has not been identified. The objective of this study
is to investigated the molecular mechanism of action of AX
in hepatic hyperlipidemia by measuring PPAR activity.

2 Materials and methods

Refer to the Supporting Information for detailed descriptions
of the methods and supplementary data.

2.1 Reagents

Cell culture reagents and supplies were obtained from Hy-
clone (Logan, UT). AX (Fig. 1A), fenofibrate, troglitazone,
GW9662, lovastatin were purchased from Sigma (St. Louis,
MO). GW0742 was acquired from Cayman Chemical Com-
pany (Ann Arbor, MI). Total RNA extraction reagent (RNAiso
Plus) and real-time polymerase chain reaction (RT-PCR)
premix (SYBR® Premix Ex Taq™) were obtained from
Takara (Otsu, Japan). Oligo(dT);s primer was purchased
from Promega (Madison, WI). PowerOpti-ECL Western blot-
ting detection reagent was purchased from Amersham-
Pharmacia (Seoul, Korea). Primary (anti-PPAR«, 3/B, v,
andtubulin) and secondary (antirabbit immunoglobulin G)
antibodies were acquired from Santa Cruz Biotechnology
(Santa Cruz, CA).

2.2 Cell culture

HepG2 cells and Chinese hamster ovary (CHO-K1) cells were
obtained from the Korean Cell Line Bank (Seoul, Korea)
and were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone) and Dulbecco’s modified Eagle’s medium-
F/12 (DMEM-F/12; Hyclone), respectively, containing 10%
heat-inactivated fetal bovine serum (Hyclone) and 1% peni-
cillin/streptomycin (Welgene Inc., Seoul, Korea). Cells were
maintained at 37°C in a humidified atmosphere containing
5% CO, as previously described [24].

2.3 Transfection and luciferase assays

Transfection and reporter gene assays were performed using
CHO-K1 cells as described previously [25]. CHO-K1 cells were
seeded in DMEM-F/12 in 24-well plates at a cell density of
2 x 10°/well. The cells were then cotransfected with pSV-
B-galactosidase, pSGS5-PPAR alpha, and pBABE-zeo-PPAR
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Molecular mass: 596.84 g/mol
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Figure 1. Astaxanthin (AX) activates PPAR-a and PPARS/B, but inhibits PPAR-y, as determined by a luciferase assay. (A) Chemical structure
of AX. (B-D) Transactivation activities of PPAR subtypes induced by AX and agonists of PPAR subtypes. Fenofibrate (FF) for PPAR-«, GW0742
for PPARS/B, and troglitazone (TT) for PPAR-y were used as positive controls. Data represent the relative fold increase compared to the
nontreated control (1% DMSO). Each analysis was performed in triplicate. All data were analyzed by using a one-way ANOVA for repeated
measures. p < 0.05 indicates AX-treated hepatocytes compared to significant difference compared to control (PPRE/PPAR-a, DR-1/PPARS/,
or PPRE/PPAR-y) hepatocytes. A common letter means significant difference (p < 0.05).

gamma?2 (Addgene, Cambridge, MA) with pCMV-3xPPRE-
Luc, and pAdTrack-CMV-PPARY/B (Addgene) with pCMV-
DR-1, respectively. Transfection was performed with Hily-
max (Dojindo, Gaithersburg, MD) according to the manufac-
turer’s protocol. At 24 h posttransfection, AX was applied at
different concentrations ranging from 1 to 100 pM in 1%
DMSO. Next, the cells were lysed and assayed for luciferase
and B-galactosidase activities using a firefly luciferase assay
kit (Biotium, Hayward, CA) and a B-galactosidase enzyme
assay system (Promega) according to the manufacturers’ pro-
tocols. In each experiment, luciferase activity was normalized
to B-galactosidase activity and expressed as relative luciferase
activity.

2.4 Cloning, expression, and purification of PPAR
proteins

The LBDs of human PPAR-a, PPARS/B, and PPAR-y were
cloned into the expression vector pET-32 a-c(+) (Novagen,
Madison, WI) to induce protein expression. Proteins were
purified using a HiTrap™ Chelating HP Column (GE

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Healthcare, Milwaukee, WI) according to the manufacturer’s
instructions.

2.5 Surface plasmon resonance (SPR)

The binding of immobilized hPPAR«-LBD, hPPARS/B-LBD,
and hPPARY-LBD to ligands was measured using a Biacore
2000 instrument (HP/GE Healthcare) as described in Sup-
porting Information.

2.6 Time-resolved fluorescence resonance energy
transfer (TR-FRET) assays

The potential active or inhibitory effect of AX on PPARs
was investigated using LanthaScreen™ TR-FRET PPAR-a,
PPAR3/B, and PPAR-y coactivator assays (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. This assay examined whether the ligand bind-
ing to PPAR-LBD protein induces coactivator recruitment

capability.
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2.7 Oil Red O staining of hepatocytes and
intracellular cholesterol and TG measurement

0Oil Red O staining of HepG2 cells and the extraction of cel-
lular lipids were performed as described previously [26]. The
cellular contents of cholesterol and TG were quantified using
an enzymatic method with a Cobas C111 automatic analyzer
(Roche, Basel, Switzerland).

2.8 Real-time quantitative PCR (qPCR) and protein
immunoblotting analysis

Total RNA was extracted from HepG?2 cells as described pre-
viously [27] after treatment with different concentrations of
AX or fenofibrate (10 pM), GW0742 (1 uM), and troglita-
zone (10 pM) for 24 h. DMSO (1%) was used as a vehi-
cle. Real-time qPCR was performed with Bio-Rad iQ SYBR®
Green Supermix reagent and the Bio-Rad iQ5 Cycler System
(Bio-Rad, Hercules, CA). Expression levels were calculated
according to the manufacturer’s guidelines. For protein im-
munoblotting analysis, total protein was isolated by adding
200 pL of RIPA containing 1% protease inhibitor cocktail
(Bio Basic Inc., Ambherst, NY) to the treated HepG?2 cells and
the concentration was determined with a BCA Protein As-
say Kit (Pierce Biotechnology, Cramlington, UK). SDS-PAGE
and immunoblotting were performed as described previously
[28].

2.9 Oligonucleotide microarray analysis

Cytosolic lipid droplet formation was induced in HepG2
cells as described previously [27]. Lipid- and nonlipid-loaded
HepG2 cells were treated with 100 M AX, 10 wM fenofibrate,
or 10 uM lovastatin, with 1% DMSO as the vehicle. Two-
color microarray experiments were performed with HepG2
cells treated with 1% DMSO as a control. The synthesized
cDNA was dye-labeled and hybridized onto Human OneAr-
ray microarrays (Phanlanx Biotech Group, Hsinchu, Taiwan).
Data analysis was conducted according to the manufacturer’s
guidelines.

2.10 Statistical analysis

Data are presented as the mean + SEM. The student’s t-test
was used to compare means between two groups. Statistical
differences among groups were calculated by one-way analy-
sis of variance (ANOVA) in reporter gene assay. A value of p
<0.05 was considered statistically significant.
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3 Results

3.1 AX s an agonist for PPAR-«, but an antagonist
for PPAR-y

In the reporter gene assay, AX potently activated PPAR-a
transactivation by 1.98-, 2.02-, and 2.03-fold at concentrations
of 10, 50, and 100 wM, respectively, compared to the known
PPAR-a agonist fenofibrate (Fig. 1B). AX has no effect on
PPARS/ activation (Fig. 1C). However, AX inhibited PPAR-
v transactivation by 22% (50 wM) and 28% (100 uM) (Fig. 1D).

AX, fenofibric acid, and troglitazone were analyzed with
the SPR-BIAcore system to assess the direct interaction be-
tween PPAR-LBD proteins and AX. AX was directly associated
with PPAR-a and PPAR-y (Fig. 2A and B). The Kp, values, the
concentration at which a compound dissociates from the im-
mobilized protein after the association phase, for AX were 197
puM to PPAR-a and 11.9 uM to PPAR-y (Table 1). Thus, AX
bound directly to PPAR-a and PPAR-y, respectively, showing
the higher affinity for PPAR-y than PPAR-a.

To further investigate the activity of AX toward the three
PPAR subtypes, the LBDs of PPAR-a, PPARS/B, and PPAR-
v were incubated with the corresponding coactivator peptide
at different concentrations of AX (107% to 10’ nM), using
the TR-FRET coactivator assays with the agonist assay mode
(Fig. 3). In line with previous findings, AX activated PPAR-a
thus functioned as an agonist (Fig. 3A). Moreover, the TR-
FRET ratio increased in a sigmoidal manner with increasing
concentrations of AX, and the half-maximal effective concen-
tration (ECsp) values, which represent the ability of AX to acti-
vate PPAR-a was 3.9 pM (Table 2). However, AX had no effect
PPARS/P activity (Fig. 3B). On the other hand, AX reduced
the TR-FRET ratio of PPAR-y with increasing concentrations
of AX (Fig. 3C). Thus, we further investigated AX and PPAR-y
using the TR-FRET coactivator assay in antagonist assay
mode. AX inhibited PPAR-y (Fig. 3D), and the half-maximal
inhibitory concentration (ICsq) value of AX for PPAR-y was
607.8 uM (Table 2). The results suggest that AX may function
as an antagonist for PPAR-y. Therefore, the binding studies
of AX with the LBDs of three subtypes of PPAR showed dif-
ferent effects. AX was an agonist for PPAR-a and had no
effect on PPARY/B, and an antagonist for PPAR-y.

3.2 AXreduces cellular lipid concentration in
lipid-loaded hepatocytes

Three subtypes of PPAR are commonly involved in hep-
aticlipid metabolism. We stimulated lipid-loaded hepatocytes
with different concentrations of AX, as well as with fenofi-
brate, GW0742, and troglitazone, and vehicle (1% DMSO).
The lipid staining results showed that AX stimulation reduced
lipid accumulation in HepG2 cells. The effects were compara-
ble to those of the PPAR agonists fenofibrate, GW0742, and
troglitazone (Supporting Information Fig. S1). In addition,
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Figure 2. Astaxanthin (AX) binds directly to PPARa-LBD and PPAR«y -LBD. The sensorgrams were obtained by injecting a series of con-
centrations of AX (left panels of A and B), fenofibrate (FF, right of A), or troglitazone (TT, right of C) over immobilized hPPARa-LBD or
hPPAR~y-LBD response in SPR-BlAcore as described in the methods and Supporting Information.

Table 1. Equilibrium dissociation constants (Kp values) for the
binding of astaxanthin and PPAR agonists to hPPARa-
LBD and hPPARY-LBD, as measured by SPR

Compound Kp (nM)

hPPARa-LBD hPPARy-LBD
Astaxanthin 197.0 11.9
Fenofibrate 0.3 -
Troglitazone - 0.8

AX (10 pM) reduced the cellular cholesterol and TG con-
centrations in HepG2 cells, by —14 and —20%, respectively
(Fig. 4A and B). These results confirmed that AX produces hy-
polipidemic effects in hepatocytes by regulating PPAR activity
and suggest a potential application of AX for the prevention
of nonalcoholic fatty liver disease.

3.3 AXinduces PPAR«-responsive gene expression,
but reduces the expression of PPARy-responsive
genes

The expression of unique responsive genes for PPAR-a,
PPARJ/B, and PPAR-y was quantified in hepatocytes stimu-
lated with AX. AX (5 pM) activated PPAR-« transcription 1.8-
fold and upregulated the expression of the PPARa-responsive
gene Apo-Al Reduced expression of Apo-CIII and HMGCS2,
which is mediated by PPAR-« activation, was demonstrated
by AX stimulation (Fig. 5A). AX treatment did not signifi-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cantly change the gene expression of PPARS/p, or its target
genes ILK, PDKI1, or UBC (Fig. 5B), in line with the results
of the TR-FRET assay of AX with PPARY/B, indicating that
the effect of AX on PPARS/B is marginal. However, AX (10
M) inhibited PPAR-y gene expression by 28%. The PPARry-
responsive genes AQP7 and PEPCK were also significantly
downregulated by AX (100 pM), by 30 and 20%, respectively
(Fig. 5C).

3.4 Global effects of AX on the hepatic
transcriptome in lipid-loaded HepG2 cells

The genome-wide hypolipidemic effects of AX (100 uM) in
hepatocytes were compared to those of two lipid-lowering
drugs, lovastatin (10 pM) and fenofibrate (10 wM), in lipid-
loaded hepatocytes (Fig. 6). AX upregulated the gene expres-
sion of PPAR-a 2.14-fold but downregulated PPAR-y expres-
sion 0.67-fold in microarray. AX stimulated the bile acid
synthesis pathway and inhibited the cholesterol biosynthe-
sis pathway, comparable to the effects of lovastatin. Expres-
sion of genes involved in fatty acid biosynthesis, fatty acid
metabolism, the glycolysis pathway, and the tricarboxylic acid
(TCA) cycle was similarly altered in cells stimulated with AX
(100 wM) and those treated with fenofibrate (10 uM), suggest-
ing that AX may regulate hepatic fatty acid metabolism gene
expression in a manner comparable to fenofibrate. Further-
more, the expression of target genes for PPAR-o and PPAR-y
was significantly changed: SCP2, ACADVL, ACADM, and
EHHADH were induced, whereas CPT2 and ACO1 were

www.mnf-journal.com
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Figure 3. Astaxanthin (AX) binding activates PPAR-a and PPARS3/B, but inhibits PPAR-y, as determined by a TR-FRET assay. Increasing
concentrations of AX or PPAR agonists were added to LBD and coactivator peptide solutions. (A) AX (left plot) and fenofibrate (FF, right
plot) activate PPAR-«a; (B) AX (left) and GW0742 (right) activate PPARS/B; (C) AX (left) inhibits PPAR-y, whereas troglitazone (TT, right)

activates PPAR-y; (D) AX (left) and GW9662 (right) inhibit PPAR-y.

Table 2. Half-maximal effective concentrations (ECso values) of
astaxanthin and PPAR agonists for hPPAR«a-LBD and half-
maximal inhibitory concentrations (ICsg values) of astax-
anthin and PPARy antagonists for hPPARy-LBD, as mea-
sured by a TR-FRET assay

Compound ECso for hPPARa-LBD  ICs for hPPARy-LBD
Astaxanthin 3.9 pM 607.8 .M
Fenofibrate 446.3 nM -

GW9662 - 14.9 nM

reduced. The common target gene (CYP27A1), which is up-
regulated by both PPAR-a and PPAR-y activation, was in-
duced significantly, suggesting a dominant effect of PPAR-a
over the y-form on CYP27A1 gene expression (Fig. 6A). These
microarray results suggest that AX could modulate PPAR-a
and PPAR-y. A list of the genes included in these pathways
and their expressions are provided in Supporting Information
Table S1.

To confirm the microarray results, we selected 12 genes
involved in lipid and glucose metabolism and quantified their
expression by qPCR. The expression of these genes was com-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

parable between the qPCR and microarray results (Support-
ing Information Fig. S2).

3.5 AX stimulation of lipid-loaded HepG2 cells
rewired the hepatic transcriptome profile, with
the effects of AX being comparable to those of
lovastatin and fenofibrate

We selected 388 genes that were commonly and significantly
expressed in all experimental groups, including control hepa-
tocytes, lipid-loaded hepatocytes, and lipid-loaded cells stim-
ulated with AX, fenofibrate, or lovastatin, respectively, to
compare the transcriptome profile of AX with those of hy-
polipidemic drugs. Lipid loading of hepatocytes dramatically
altered hepatic gene expression, where 74.2% of the selected
genes showed >20% changes in expression [fold change
>1.2 (red color) or fold change <0.8 (blue color)]. However,
AX stimulation of lipid-loaded cells showed that 55.7% of
the selected genes had expression changes of >20%. Thus,
18.5% of the selected genes became to show less than 20%
changes in expression after AX stimulation compared to the

www.mnf-journal.com
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Figure 4. Astaxanthin (AX) reduces intracellular cholesterol and
triglyceride contents in lipid-loaded hepatocytes. HepG2 cells
were incubated with palmitic acid (400 wM) and oleic acid (400
wM) for 24 h, and then stimulated with AX (5-100 uM), fenofi-
brate (FF, 10 nM), GW0742 (1 nM), or troglitazone (TT, 10 pM).
(A) Cellular cholesterol content. (B) Cellular triglyceride content
(changes in cholesterol and triglyceride contents of hepatocytes
treated with fatty acids were considered a single fold change. All
data were analyzed by one-way ANOVA for repeated measures.
*p < 0.05, **p < 0.001. AX-, fenofibrate, GW0742-, or
troglitazone-treated hepatocytes compared to lipid-loaded sam-
ple and control hepatocytes.

lipid-loaded condition. Fenofibrate and lovastatin stimula-
tion, respectively, showed 57.2 and 46.4% of the selected gene
expression changes of >20%. Thus, 17.0 and 27.8% of the se-
lected genes fell into the <20% change category compared
to the lipid-loaded condition after fenofibrate and lovastatin
stimulation, respectively (Fig. 6B). Lovastatin had the most
potent normalizing effect on gene expression (<20% change
compared to the control) in lipid-loaded hepatocytes. The re-
sults indicate that the effects of dietary intake of AX may be
comparable to those of lovastatin and fenofibrate for mediat-
ing the hepatic transcriptome profile.
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4 Discussion

PPARs belong to a superfamily of nuclear receptors. Ligand-
induced activation of PPARSs controls the expression of innu-
merable genes, notably genes involved in lipid and lipopro-
tein metabolism whose activation could prevent or ameliorate
clinical symptoms in hyperlipidemia, insulin resistance, and
obesity, and that have thus been favorable targets for drug
development as well as nutritional interventions with natural
compounds and phytonutrients [11]. Identification and char-
acterization of natural or synthetic ligands specific for each
PPAR isoform has been of great interest in research. How-
ever, known synthetic ligands specific for individual PPAR
isoforms cause considerable side effects, e.g. the induction of
carcinogenesis (PPAR-a) and increased risk of heart failure
(PPAR-y overactivation) [29]. Therefore, recent efforts have
focused on the identification of a hit compound derived from
natural compounds and phytonutrients with moderate bind-
ing affinity for two or more PPAR isoforms, so-called dual- or
pan-PPAR ligands, for the development of balanced ligands
30,31].

Previously, we screened approximately 900 natural com-
pounds and extracts from plants and marine organisms for
PPAR activity in a luciferase-based assay and identified AX
as a compound with strong PPAR-modulating activity. In the
current study, we demonstrated that AX, a natural carotenoid
abundant in seafood, bound directly to PPAR-a and PPAR-y
isoforms with physiologically significant affinities, and that
binding induced opposite effects on PPAR-a and PPAR-y,
which is unique. AX is a moderate agonist for PPAR-a, but
an antagonist for PPAR-y. Several synthetic and natural com-
pounds have been identified as PPAR pan-agonists. These
include the antihyperlipidemic drug bezafibrate [32], which
is used to treat T2DM and cardiovascular diseases. Nonethe-
less, until now, no compounds were known that bound PPAR
subtypes, inducing opposite effects. To the best of our knowl-
edge, the current study is the first report of a natural com-
pound that acts as an agonist for PPAR-, but an antagonist
for PPAR-y. Our data also provide a structural insight into
a PPAR-a agonist/PPAR-y antagonist, and suggest that AX
could serve as a scaffold for the synthesis of more effective
compounds.

The results of structural studies suggest that the three
PPAR subtypes share a similar general mechanism of acti-
vation, with the bound ligand stabilizing the C-terminal acti-
vating helix (AF-2) by making hydrophobic contacts with it,
thereby allowing the binding of coactivators [33]. Although
an agonist binding allows the AF-2 domain to adopt the ac-
tive conformation, binding interactions between corepressors
and the PPAR-LBD occur in the unliganded state and can be
stabilized by antagonists [34]. Three-dimensional structural
studies have revealed that compared to the bulkier Cys275
and Arg284 side chains in PPAR-a, PPAR-y has a smaller
Gly284 side chain in the ligand-binding pocket [33] and this
difference may affect the position of the AF-2 domain af-
ter AX binding, and may thus result in opposite effects in
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Figure 5. Astaxanthin (AX) changes the expression of PPARs and regulates transcription of their specific target genes. HepG2 cells were
treated with AX (5-100 wM), fenofibrate (FF, 10 wM), GW0742 (1 nM), or troglitazone (TT, 10 wM) for 24 h, with DMSO (1%) as the vehicle,
and the changes in gene expression were investigated. (A) Gene expression of PPAR-a and its target genes; (B) gene expression of PPARS/3
and its target genes; (C) gene expression of PPAR-y and its target genes. Results are normalized to the GAPDH mRNA level. *p < 0.05,
**p < 0.001 compared to the control. The full names of unique PPAR target genes are provided in Supporting Information Table S2.

PPAR-a and PPAR-y. Ligand-binding cavity of the PPAR3/3
is significantly narrower in the region adjacent to the AF2
helix, such that PPARS/B may have stricter ligand specificity
compared with PPAR-o and PPAR-y, hardly accommodating
bulky substituents of the ligand in the region that comes in
contact with the LBD cavity [33]; thus, AX may not induce
significant transactivation on PPARS/p.

Several groups have described the in vivo lipid-regulating
effects of AX. For example, oral administration of AX (50
mg/kg/day) for 22 weeks reduced nonesterified fatty acid and
TG concentrations while elevating HDL-C levels in an an-
imal model [21], while AX supplementation in Wistar rats
with alloxan-induced diabetes for 23 days significantly re-
duced plasma TG levels [35]. In another study, hepatic and
plasma TG concentrations and plasma cholesterol levels were
significantly reduced in the AX supplementation group com-
pared to the control [23]. In 2009, Yoshida reported the results
of arandomized, placebo-controlled clinical trial with AX that
showed a reduction in plasma TG levels and an increase in
HDL-C in humans [36]. However, the direct molecular target
of AX has not been identified. Our findings demonstrate that
the target proteins for AX are PPAR-a and PPAR-y, which
reduce cellular and plasma TG concentrations by rewiring
the hepatic transcriptome.

Since AX binding induced opposite effects on PPAR-a and
PPAR-y, we decided to investigate the global effects of AX on
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the hepatic transcriptome in lipid-loaded hepatocytes. The re-
sults confirmed that AX induced the expression of PPAR-a
target genes while suppressing PPARy-specific target genes.
In addition, the expression profiles of 388 genes that were
commonly and significantly expressed in all experimental
groups, including control hepatocytes, lipid-loaded hepato-
cytes, and lipid-loaded cells stimulated with AX, fenofibrate,
or lovastatin showed that AX rewired the expression of genes
that were either up- or downregulated in lipid-loaded hepato-
cytes compared to untreated control cells, and that the global
effect of AX (100 uM) was comparable to that of lovastatin
(10 wM) or fenofibrate (10 wM). This indicates that AX is
a weak ligand for PPARs but sufficient dietary intake could
show significant biological effects.

The bioavailability of AX has been investigated in vitro and
in vivo. Results from the Caco-2 cell-based Transwell system
showed 14-27% of total uptake and secretion to the basolat-
eral chamber—the highest percentage total uptake and se-
cretion among seven tested carotenoids [37]. Human studies
also showed significant uptake of AX and a study reported
approximately 6% of the administered dose of AX appeared
in the plasma after supplementation with 100 mg of AX [38].
Thus, intake of AX would enable it to function as a ligand for
PPARs in human tissues.

Among several possible applications of AX as a dual PPAR-
a and PPAR-y modulator, hepatic steatosis and nonalcoholic
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Figure 6. Astaxanthin (AX) regulates PPAR-responsive gene expression in cellular lipid and glucose metabolism pathways and normalizes
the hepatic transcriptome profile induced after lipid loading in hepatocytes. HepG2 cells were treated with lipid for 24 h and the lipid
was removed. Then, cells were treated with AX (100 wM), fenofibrate (FF, 10 wM), or lovastatin (ST, 10 wM) for the next 24 h. Control
cells were treated with the vehicle (1% DMSO). (A) The gene expression in the bile acid synthesis pathway, cholesterol biosynthesis
pathway, fatty acid biosynthesis pathway, fatty acid metabolism pathway, glycolysis pathway, and tricarboxylic acid (TCA) cycle pathway
changed (altered expression is indicated by different colors). The expression of target genes of all subtypes of PPAR (PPAR-«, PPARS/B,
and PPAR-vy) increased (SCP2, ACADVL, ACADM, and EHHADH) or decreased (CPT2 and ACO1). The expression of the PPAR-a and PPAR-y
target gene CYP27A1 increased, while that of the PPAR-«a target gene HMGCS2 decreased. The correlation indicates the similarity of gene
expression in AX-stimulated hepatocytes and fenofibrate- or lovastatin-treated hepatocytes. (B) Lipid-loaded hepatocytes were treated
with AX, lovastatin, or fenofibrate. Significantly upregulated (red) and downregulated (blue) expression compared between lipid-loaded
hepatocytes and AX-, lovastatin-, or fenofibrate-treated lipid-loaded hepatocytes. The percentage of changed selected genes (presented as
fold change 1 & 0.2) by lipid-loaded cells or AX-, fenofibrate-, or lovastatin-treated cells was calculated. The middle part of the white portion
indicates the unchanged selected genes. *Percentage of selected genes with >20% expression compared to the nontreated controls.

fatty liver disease are of interest. Nonalcoholic fatty liver dis-
ease is the clinical hepatic expression of metabolic syndrome.
Its prevalence is approximately 20-30%, with a rapid increase
in the metabolic risk factors in the general population, and it
has become the most common cause of liver disease world-
wide [39]. PPAR-a activation in hepatocytes is well known to
favor normal lipid levels in hepatocytes by reducing cellular
TG concentration through the modulation of target gene ex-
pression [40]. However, the role of PPAR-y in hepatic steato-
sis has been controversial. Recently, Claria and colleagues
demonstrated that PPAR-y is a presteatotic factor in fatty liver
and showed that targeted deletion of PPAR-y in hepatocytes

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

protected mice against high-fat diet-induced hepatic steato-
sis by downregulating the expression of genes involved in
lipogenesis and lipid transport [13]. In hepatocytes, a PPAR-y
agonist and oleic acid increased TG accumulation, an effect
that was blocked by a PPAR-y antagonist [41]. Collectively, the
current data suggest that PPAR-y antagonists could amelio-
rate hepatic lipid accumulation. We thus examined the effect
of AX, as a moderate PPAR-« agonist and a PPAR-y antag-
onist, on hepatic lipid accumulation. Our results show that
intracellular cholesterol and TG levels were more effectively
reduced by AX compared to a full PPAR-« agonist, and that
the hepatic transcriptome of lipid metabolism pathways in
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lipid-loaded hepatocytes was normalized to levels in control
hepatocytes by AX stimulation.

Additionally, our gene transcriptome profiling results sug-
gest that AX regulates glucose metabolism genes and stim-
ulates gluconeogenesis through PCK gene upregulation, in
line with a previous report [15,21]. AX also altered the expres-
sion of genes involved in both glycolysis and the TCA cycle
to a similar manner to fenofibrate. These results suggest that
the previously reported hypoglycemic and hypoinsulinemic
effects of AX in animals [42] could be achieved through reg-
ulation of PPAR-a and PPAR-y activity, respectively.

Regarding obesity prevention, research suggests the exis-
tence of an interesting paradox concerning PPAR-y, with both
activation of PPAR-y by TZD drugs and inhibition of PPAR-y
by antagonists or gene deficiency protecting against obesity-
induced insulin resistance in animal models [12]. Because
TZDs, agonists of PPAR-y, have caused significant side ef-
fects, the potential benefits of PPAR-y antagonists in obesity
treatment have recently gained attention. Thus, AX, which
has PPAR-y antagonist activity, may have potential in the nu-
tritional prevention of obesity because it reduces plasma TG
levels and simultaneously activates PPAR-« [4,43].

In conclusion, we demonstrated that AX is an agonist
of PPAR-a, but an antagonist of PPAR-y, thus reduces hep-
atic lipid accumulation effectively. Stimulation of hepatocytes
with AX rewires global hepatic lipid metabolism gene expres-
sion in a way that could mimic the effects of lovastatin and
fenofibrate, thus our results suggest that the intake of seafood
containing high concentrations of AX may be beneficial in
the control of plasma lipid concentrations and hepatic steato-
sis. Our data also provide a structural insight into a PPAR-a
agonist/PPAR-y antagonist, and suggest that AX could serve
as a scaffold for the synthesis of more effective compounds.
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