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Abstract

Hyperlipidemia is considered to be one of the greatest risk factors contributing to the prevalence and severity of
cardiovascular diseases. In this work, we investigated the anti-hyperlipidemic effect and potential mechanism of action of
the Pandanus tectorius fruit extract in hamsters fed a high fat-diet (HFD). The n-butanol fraction of the P. tectorius fruit
ethanol extract (PTF-b) was rich in caffeoylquinic acids (CQAs). Administration of PTF-b for 4 weeks effectively decreased
retroperitoneal fat and the serum levels of total cholesterol (TC), triglycerides (TG) and low density lipoprotein—cholesterol
(LDL-c) and hepatic TC and TG. The lipid signals (fatty acids, and cholesterol) in the liver as determined by nuclear magnetic
resonance (NMR) were correspondingly reduced. Realtime quantitative PCR showed that the mRNA levels of PPARa and
PPARa-regulated genes such as ACO, CPT1, LPL and HSL were largely enhanced by PTF-b. The transcription of LDLR, CYP7AT,
and PPARy was also upregulated. Treatment with PTF-b significantly stimulated the activation of AMP-activated protein
kinase (AMPK) as well as the activity of serum and hepatic lipoprotein lipase (LPL). Together, these results suggest that
administration of the PTF-b enriched in CQAs moderates hyperlipidemia and improves the liver lipid profile. These effects
may be caused, at least in part, by increasing the expression of PPARa and its downstream genes and by upregulation of
LPL and AMPK activities.
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[20,21]. By altering transcription of these genes, activated PPARa
leads to increased breakdown of triglycerides and fatty acids,
increased cellular fatty acid uptake, and reduced triglyceride and
fatty acid synthesis. Among the PPAR-regulated genes, LPL
encodes the rate-limiting enzyme for the hydrolysis of the TG core
of circulating TG-rich lipoproteins, such as those found in
chylomicrons and very low-density lipoproteins (VLDL) [22,23],

Introduction

The incidence of hyperlipidemia, a disorder of lipid metabolism,
is currently increasing at a dramatic rate throughout the world.
The close relationship between hyperlipidemia and cardiovascular
diseases (CVD) has been well documented [1,2]. The lipoprotein
of LDL-cholesterol (LDL-c) has been deemed as the primary risk

factor of atherosclerosis (AS) and coronary heart disease (CHD)
[3,4], and the elevated circulating levels of free fatty acids (FFA)
and triglycerides (T'G) shows an important impact on the AS and
CHD [5,6]. Therefore, modulating the dysregulation of lipid
metabolism and decreasing the elevated levels of serum TC, TG
and LDL-c are considered to be quite beneficial for the treatment
and prevention of CVD [7].

Peroxisome proliferator-activated receptor alpha (PPARw) plays
a pivotal role in regulation of lipid metabolism [8,9,10]. Activation
of PPARa by ligands upregulates the expression of genes involved
in fatty acid transport and oxidation, such as acyl-CoA oxidase
(ACO) [11,12], carnitine palmitoyl transferase 1 (CPT1)
[13,14,15], fatty acid transport protein (FATP) [16,17], hor-
mone-sensitive lipase (HSL) [18,19], and lipoprotein lipase (LPL)
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playing an important role in TG metabolism. LPL not only
removes T'G from VLDL and decreases its size but also serves as a
bridge between the cell surface and lipoproteins and promotes the
uptake of LDL by cells. Therefore, LPL contributes to the
clearance of both VLDL and LDL from the serum [24]. It has
been reported that the hypotriglyceridemic action of PPARa
agonist fenofibrate results at least in part from induction of the
expression and activity of lipoprotein lipase (LPL) [25,26].
AMP-activated protein kinase (AMPK) is another key regulator
of lipid metabolism, imposing profound influence on lipid
oxidation, synthesis, and storage [27,28,29]. AMPK activation
turns on ATP-generating mechanisms such as lipid oxidation
while switches off energy-consuming processes like T'G and protein
synthesis. The phosphorylation at threonine (Thr-172) on the
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alpha-subunit of AMPK has been deemed as an index of
activation of this kinase which in turn promotes the phosphory-
lation and inhibition of acetyl-CoA carboxylase (ACC), a critical
enzyme for controlling fatty acid biosynthesis and oxidation [30].
AMPK has now been proposed as a major therapeutic target for
obesity and obesity-linked metabolic disorders such as hyperlip-
idemia [27].

Currently, a number of synthetic hypolipidemic drugs are
available and are effective but the associated side effects such as
diarrhea, nausea, myositis and abnormal liver function severely
handicap their application. Some patients are resistant to or are
intolerant of conventional pharmacotherapy. Therefore, alterna-
tive approaches are eagerly needed, and plant-based therapies
attract much interest, as they are effective in reducing lipid levels
and show minimal or no side effects. The Pandanaceae family
comprises approximately 700 species, and many of these are
important economic crops and are used as folk medicine for the
treatment for leprosy, bronchitis, measles, dermatitis and diabetes
[31,32,33]. In South China, the native people ingest the fruit of
Pandanus  tectorius as a folk medicine for the treatment of
hyperlipidemia. However, to our knowledge, no scientific study
of the anti-hyperlipidemic effect of the Pandanus tectorius fruit has
been reported.

In the present study, the anti-hyperlipidemic activity of the z-
butanol fraction from the ethanol extract of Pandanus tectorius fruit
(PTF-b) was evaluated in hamsters fed a high-fat diet. An
integrated methodology of pharmacological, molecular biological
and analytical chemical approaches (ultra-performance liquid
chromatography/quadrupole time-of-flight mass spectroscopy
(UPLC/Q-TOF-MS) and nuclear magnetic resonance spectros-
copy (NMR)-based metabolomics) was utilized to investigate the
anti-hyperlipidemic activity and the potential mechanism of action
of the PTT-b and to identify its active components.

Results

Characterization of the caffeoylquinic acids (CQAs)
composition of the PTF-b using UPLC/Q-TOF-MS/MS
UPLC/Q-TOF-MS/MS analysis revealed that the PTF-b was
rich in caffeoylquinic acids (CQAs). Approximately twenty visible
peaks could be determined from the total ion current profile of the
PTF-b, of which fifteen were identified as caffeoylquinic acids. The
compounds were characterized by their retention times and their
UV and mass spectra and were identified by comparison with
published data or commercial standards. A complete list with all
the compounds identified in the PTF-b is shown in Table S1. The
fifteen caffeoylquinic acids present in the PTF-b consisted of four
caffeoylquinic acids (1-O-caffeoylquinic acid, 3-O-caffeoylquinic
acid, 4-O-caffeoylquinic acid, and 5-O-caffeoylquinic acid), eight
di-O-caffeoylquinic acids (1, 3-di-O-caffeoylquinic acid, 1, 4-di-O-
caffeoylquinic acid, 1, 5-di-O-caffeoylquinic acid, 3, 4-di-O-
caffeoylquinic acid, 3, 5-di-O-caffeoylquinic acid, 4, 5-di-O-
caffeoylquinic acid, 1, 3-di-O-caffeoyl-¢pi-quinic acid, and 3, 5-
di-O-caffeoyl-gpi-quinic acid), two methyl esters of di-O-caffeoyl-
quinic acids (methyl 1, 3-di-O-caffeoyl quinate and methyl 3, 4-di-
O-caffeoyl quinate), and one tri-O-caffeoylquinic acid (3, 4, 5-tri-
O-caffeoyl quinate). The 1, 4-di-O-caffeoylquinic acid, the 3, 4-di-
O-caffeoylquinic acid, and the 3, 5-di-O-caffeoylquinic acid were
designated as the major components of the PTT-b (Figure 1).
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The CQAs-rich PTF-b decreased the retroperitoneal fat
accumulation and serum TC, TG and LDL-c levels in

hamsters fed a high fat-diet

Hamsters treated with a HFD for four weeks showed a
significant increase in serum TC and TG (Figure 2). Supplemen-
tation with the 70% ethanol extract of P. tectorius fruit (native
extract) largely reduced the blood levels of TC and TG with an
efficacy comparable to berberine, a natural product widely
reported to have anti-hyperlipidemic activities [34,35,36]. To
identify the active fractions of P. tectorius fruit with blood lipid-
lowering effects, the native extract was sequentially partitioned
with petroleum ether, chloroform (CHCI3), ethyl acetate (EtOAc),
and n-butanol (n-BuOH), and each fraction and the residue were
further examined. As shown in Figure 2, the fractions of P. fectorius
fruit extracted by petroleum ether, CHCI3, EtOAc and the
remaining residue showed no effect on serum TC and TG, while
the n-butanol fraction was quite effective in decreasing these blood
lipids (Figure 2). This fraction was assigned as the PTF-b and
investigated in detail for lipid modulatory activity.

Feeding hamsters with a HFD for four weeks led to a significant
gain of body weight and an increase in liver and retroperitoneal fat
when compared with hamsters fed a normal diet (p<<0.05,
Table 1). Treatment with the PTF-b or berberine did not affect
food or water consumption (Figure 3A and B) and showed no
remarkable effect on body weight (Table 1). However, the weight
of the retroperitoneal fat was significantly decreased in animals
treated with berberine and the PTF-b. Correspondingly, the
relative weight of the retroperitoneal fat compared with the whole
body weight was significant lower in hamsters treated with 50 mg/
kg of the PTT-b than in HFD control animals (0.0069%0.0005 vs.
0.0093%+0.0017, Table 1).

As shown in Figure 3C, the serum levels of TC, TG and LDL-c
in hamsters fed a HFD were increased more than two times over
the normal control. Consistent with this, the color of the serum
collected from HFD-treated hamsters appeared to be pale and
turbid, while the serum from normal diet-treated animals was
transparent and bright (Figure 3D). Supplementation with PTF-b
significantly reduced the levels of serum TC, TG and LDL-c. At
the optimal dose (100 mg/kg), PTF-b decreased the serum
concentrations of TG by 64.51%, which was greater than the
effect of berberine (200 mg/kg) (Figure 3C). At this dose, the
mnhibitory effect of PTF-b on LDL-c was similar with 200 mg/kg
of berberine but the efficacy of PTF-b on TC was weaker than
berberine. These data suggested that PI'F-b was more potent in
decreasing serum T'G. The level of serum HDL-c was not affected
by treatment with PTF-b or berberine.

The CQAs-rich PTF-b inhibited lipid accumulation and
decreased TC and TG levels in the liver

To examine whether supplementation with the PTT-b had
beneficial effects on the levels of lipids in the liver, we first
measured neutral lipid content in liver tissue using oil-red O
staining. At the end of the experimental procedure, fat accumu-
lation was markedly higher in HFD-fed hamsters than in normal
diet-fed hamsters (Figure 4A). Following administration of the
PTF-b (100 mg/kg), red staining representing neutral lipid
accumulation was dramatically decreased. We further measured
the levels of T'G and total cholesterol in the liver and found that
consumption of PTTF-b markedly reduced the liver content of TC
(25.88%, 30.14% and 24.91% by 50, 100 and 200 mg/kg PTF-b,
respectively) and TG (63.72%, 60.01% and 46.11% by 50, 100
and 200 mg/kg PTF-b, respectively) (Figure 4B). At these doses,
the efficacy of PTF-b in decreasing hepatic TC and TG was
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Figure 1. The primary caffeoylquinic acids present in the P. tectorius fruit extract PTF-b. (A) The total ion current profile corresponding to
the UPLC-ESI-MS analysis of the PTF-b. (B) The skeleton of caffeoylquinic acid derivatives (IUPAC numbering). Peak numbers correspond to each of
the caffeoylquinic acids (CQAs) identified in the PTF-b and are listed in Table S1.

doi:10.1371/journal.pone.0061922.g001

weaker than that of 200 mg/kg berberine especially in decreasing
hepatic TC (Figure 4B).

The CQAs-rich PTF-b increased LPL activity

Lipoprotein lipase (LPL) is the rate-limiting enzyme for the
hydrolysis of triglyceride (T'G)-rich lipoproteins. LPL activity has
been demonstrated in a variety of tissues including lung, kidney,
and liver [37,38]. The dramatic decrease of serum and liver levels
of TG by PTF-b promoted us to examine the effect of PTF-b on
the activity of LPL. As shown in Figure 5, HFD did not change the
serum activity of LPL but significantly decreased the LPL activity
in liver. Administration of PTF-b largely increased the activity of
LPL in serum and substantially reversed the decrease of hepatic
LPL activity by HFD.

The CQAs-rich PTF-b reversed some hyperlipidemia-
related metabolites

NMR-based metabolomics has been shown to be an effective
tool for investigating the pharmacological effects of drugs [39].
The liver tissues were subjected to NMR-based metabolomic
analysis and the data were processed by principal components
analysis (PCA) and partial least squares-discriminant analysis
(PLS-DA) with the SIMCA-P software package. As shown in
Figure 6A, the data points from the normal hamsters clustered to
the right part of the plot whereas the data points from the HFD-
fed animals localized to the far left part, with a distinct separation
between the two groups. Supplementation with berberine or PTF-
b caused the data to move towards the normal group, suggesting a
remarkable normalization of lipid metabolism by these two
reagents. The PLS-DA score plots (Figure 6B) also displayed an
obvious separation between HFD and HFD+PTF-b groups with a
high Q2 value of 0.958. The loading plots from the PLS-DA
(Figure 6C) indicated that several NMR signals were significantly

PLOS ONE | www.plosone.org 3

changed between the two groups. Analyzing these signals by visual
comparison (Figure S1) and one-way ANOVA analysis (Figure S2)
demonstrated that the metabolite profiles of the HFD+berberine
and HFD+PTF-b groups contained lower levels of cholesterol,
saturated and unsaturated fatty acids, and N+(CH3)3 (PC or SM)
compared with that of the HFD group. These collective results
demonstrate that the PTF-b effectively lowers the levels of
cholesterol and fatty acids in the liver of hyperlipidemic hamsters,
thus producing significant hypolipidemic effects.

The PTF-b rich in CQAs upregulated the transcriptional
expression of PPARa and activated AMPK in the liver

To elucidate the potential mechanism of the anti-hyperlipid-
emic activity of the PTT-b, real-time quantitative PCR was first
performed to determine the lipid metabolic genes whose
expressions are regulated by the PTF-b. The hepatic mRNA
levels of twenty-one lipid metabolism-related genes were quanti-
fied and compared between treated and untreated animals. As
shown in Figure 7, supplementation with the PTF-b dramatically
increased the mRINA levels of PPARx and PPARu-regulated genes
such as ACO, CPTI, HSL and LPL, which indicated the
upregulation of PPARo-related hypolipidemic pathway. The
genes involved in LDL uptake (LDLR), cholesterol catabolism
(CYP7A1), and insulin sensitivity (PPARy) were also increased by
PTF-b. The transcription of SREBP-la and SREBP-lc was
apparently up-regulated by PTF-b but the data were not
significant due to the high variability of the analysis. The mRNA
levels of SREBPs downstream genes such as ACC, HMGR, FAS,
and SCD, and two SREBP-processing genes, SREBP cleavage-
activating protein (SCAP) and insulin induced gene 2 (Insig-2),
showed no significant change either after PTT-b treatment. These
results indicated that PTF-b may decrease lipid accumulation
mainly through upregulation of PPARa-related hypolipidemic
pathway.
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Figure 2. The effects of different fractions of P. tectorius fruit
extract on the serum levels of total cholesterol (TC) (A) and
triglycerides (TG) (B). The normal group was fed with a normal diet
while the other groups were fed with a high fat-diet (HFD). The
HFD+berberine and test groups (except the HFD+native extract group)
were simultaneously supplemented with berberine (200 mg/kg) or
individual fractions extracted from the native extract of P. tectorius fruit
(100 mg/kg). The HFD+native extract group was treated with the 70%
ethanol extract of P. tectorius fruit (500 mg/kg). **p<<0.01, ***p<<0.001
HFD group vs. normal group. Tp<0.05, Ip<0.01 test group vs. HFD
group.

doi:10.1371/journal.pone.0061922.9g002

AMPK is a key regulator of lipid metabolism, playing a pivotal
role in lipid oxidation, synthesis, and storage The hepatic protein
levels of AMPK and its phosphorylated form (phospho-AMPK),
which indicates the activation of AMPK, were evaluated by
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western blot. To confirm the activation of AMPK, the expression
levels of ACC protein, a downstream target of AMPK, and its
phosphorylated form (phospho-ACC) were simultaneously exam-
ined. As displayed in Figure 8, the PTF-b remarkably enhanced
the levels of the activated form of AMPK (phospho-AMPK) and
ACC (phosphor-ACC), which indicates the activation of AMPK
by PTF-b.

Caffeoylquinic acids (CQAs) may be the active
components accounting for the anti-hyperlipidemic
effect of the PTF-b

Phytochemical analysis showed that the PTF-b was very rich in
caffeoylquinic acids (CQAs). To verify whether CQAs are the
principal active components of the PTF-b accounting for the anti-
hyperlipidemic activity, three CQAs which appear as large peaks
in the total ion current profile (i.e., 3, 4-di-O-caffeoylquinic acid
(peak 6, indicated as CQA-1), 3, 5-di-O-cafteoylquinic acid (peak
9, indicated as CQA-2) and 3, 4, 5-tri-O-caffeoylquinic acid (peak
14, indicated as CAQ-3)) were isolated from the PTF-b and tested
for TC- and TG-lowering activities. As displayed in Figure 9, these
three CQAs, particularly CQA-1 and CQA-3, significantly
reduced the oil-red O staining (Figure 9A) and TC (Figure 9B)
and TG (Figure 9C) accumulation in HepG2 cells, suggesting that
CQAs play an important role in the anti-hyperlipidemic activity of
the PTT-b.

Discussion

In this study, we investigated for the first time the lipid
regulatory activities of the ethanol extract of P. tectorius fruit as well
as its n-butanol fraction (PTF-b) in hyperlipidemic hamsters
induced by a high-fat diet (HID). Through a combination of
pharmacological, molecular and cell biological, and analytical
chemical approaches, we demonstrated that the PTF-b possesses
remarkable anti-hyperlipidemic activity which may work at least in
part, by upregulating the expression of PPARa and its down-
stream genes and by promoting the activation of AMPK. The
caffeoylquinic acids (CQAs) may be the active components
accounting for the lipid modulatory effect of the PTTF-b.

PTF-b exhibits significant anti-hyperlipidemic effects in
hamsters fed a HFD

We first assessed the anti-hyperlipidemic effects of the 70%
ethanol extract of P. fectoruus fruit and its n-butanol fraction (PTF-b)
in HFD-fed hamsters, using the positive control berberine, which
is a natural product well-documented to have the ability to reduce
the blood and liver levels of TC and TG in various animal models

Table 1. Effects of the PTF-b on the weight of body, liver and retroperitoneal fat in hamster (n=10).

Retroperitoneal fat

Body weight (g) Liver weight (g) weight (g) Liver/BW Fat/BW
Normal 154.2+6.3 4.79+0.46 0.94%0.19 0.03100.0020 0.0061+0.0011
HFD 170.6+15.7 8.14+1.29" 1.60+0.20" 0.0475+0.0032" 0.0093+0.0017"
HFD+Berberine 166.8+8.1 7.12+0.45 1.33+0.23% 0.0428+0.0029 0.00790.0012
HFD+PTF-b-L 169.0+11.5 7.57+0.84 1.17+0.13%# 0.0448+0.0039 0.0069+0.0005%
HFD+PTF-b-M 162.0+5.2 7.06+0.477 1.16+0.127# 0.0435+0.0022 0.0072+0.0009
HFD+PTF-b-H 172.5+15.6 7.69+0.98 1.32+0.28% 0.0445+0.0028 0.0076+0.0011

doi:10.1371/journal.pone.0061922.t001
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*p<<0.05 HFD group Vs. Normal group, #p<0‘05, ##p<0‘01 Test group Vs. HFD group.
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Figure 3. The CQA-rich PTF-b reduced serum total cholesterol
(TC), triglycerides (TG) and low-density lipoprotein cholesterol
(LDL-c) (C) without affecting food (A) and water (B) intake in
hamsters. (D) Representative images of serum samples obtained from
treated and untreated animals. The normal group was fed with a
normal diet while the other groups were fed with a high fat-diet (HFD).
The HFD+berberine and HFD+PTF-L, -M and -H groups were
simultaneously supplemented with berberine (200 mg/kg) or the PTF-
b at 50, 100 or 200 mg/kg, respectively. **p<<0.01 HFD group vs. normal
group. 'p<0.05, ¥p<0.01 test group vs. HFD group.
doi:10.1371/journal.pone.0061922.g003

[40,41,42]. Feeding with HFD for four weeks caused a large
increase in serum and hepatic TC and TG in hamsters,
manifesting in a severe hyperlipidemia. Treatment with berberine
(200 mg/kg) substantially reduced the elevated levels of TC and
TG in both the bloodstream and liver (Figure 2, 3C and 4B),
which was in good accordance with previous reports
[34,43,44,45]. In animals fed a HFD, consumption of PTF-b
(100 and 200 mg/kg) dramatically decreased the blood and
hepatic levels of TC and TG (Figure 3C and 4B). This suggested
that PTF-b is effective for the treatment of hyperlipidemia. In the
dosage regimen we tested in this study, 50 mg/kg of PTT-b began
to exhibit TC- and TG-lowering effects, and the optimal dose was
determined to be 100 mg/kg.

The anti-hyperlipidemic activity of PTF-b was further con-
firmed by histochemical staining and NMR-based metabolomics.
When sacrificed at the end of experiment, the bellies of the HFD-
treated hamsters were filled with fat, and the livers appeared
yellow (data not shown). Comparatively, the retroperitoneal fat
accumulation was decreased and the liver appearance was
significantly improved in the animals simultaneously supplement-
ed with PTF-b. Treatment with 100 mg/kg of the PTF-b
decreased retroperitoneal fat by 27.40% (Table 1) and markedly
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Figure 4. The CQA-rich PTF-b inhibited lipid accumulation and
TC, TG levels in the liver. (A) The oil-red O staining pictures. (B) The
hepatic TC and TG levels. The HFD+berberine and HFD+PTF-L, -M and -
H groups were simultaneously supplemented with berberine (200 mg/
kg) or the PTF-b at 50, 100 or 200 mg/kg, respectively. **p<<0.01 HFD
group vs. normal group. Tp<0.05, ¥p<0.01 test group vs. HFD group.
doi:10.1371/journal.pone.0061922.9004

reduced the oil-red O staining of the liver, reversing it to a degree
comparable to that of normal animals (Figure 4A). Analysis of the
liver lipid profiles by NMR-based metabolomics also demonstrat-
ed that treatment with the PTF-b substantially reversed the
disordered lipid metabolism of HFD-treated animals (Figure S1).
The PTF-b showed a comparable lowering effect to berberine on
liver unsaturated fatty acids (Figure S2A), cholesterol (Figure S2B),
and PC and SM (Figure S2C), but was more effective in decreasing
saturated fatty acids (Figure S2A). Therefore, the PTF-b is a
promising agent for the treatment of hyperlipidemia.

Caffeoylquinic acids (CQAs) may be the principle active
components accounting for the anti-hyperlipidemic

effect of the PTF-b

The total ion current profile of the PTF-b obtained by UPLC-
Q-TOF/MS analysis showed that the PTTF-b mainly consists of
caffeoylquinic acids (CQAs) (Figure 1A), which account for 58%
percent of the PTF-b by weight. It has been widely reported that
the chlorogenic acid, one of the CQAs, from various plant species
exhibit strong lipid-lowering effects in rodent models fed a HFD
[46,47,48,49,50]. Administration of chlorogenic acid markedly
decreased the concentration of TC, TG and free fatty acids (FFAs)
in plasma and liver, which is most likely due to an increase in fatty
acid utilization in the liver via the upregulation of PPARa mRNA
[46,48,50]. The alteration of the activities of lipid metabolism
enzymes such as hepatic lipase (HL), lipoprotein lipase (LPL) and
3-hydroxy 3-methylglutaryl coenzyme A (HMG-CoA) reductase
(HMGR) are also involved in the anti-hyperlipidemic activities of
chlorogenic acid [47,48,50,51]. The beneficial effects of CQAs on
hyperglycemia and hyperlipidemia have also been reported
[52,53]. Therefore, caffeoylquinic acids may be the active
components of the PTF-b used for the treatment of hyperlipide-
mia.
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Figure 5. The CQA-rich PTF-b increased lipoprotein lipase (LPL) activity in serum (A) and liver (B). The normal group was fed with a
normal diet while the other groups were fed with a high fat-diet (HFD). The HFD+berberine and HFD+PTF-L, -M and -H groups were simultaneously
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Figure 6. "H-NMR spectra of liver chloroform extract samples showed distinct separation between the HFD group and the
HFD+PTF-b or HFD+berberine groups (A) Principal components analysis (PCA) of the "H-NMR spectra of liver chloroform extract
samples from normal and HFD-, HFD+berberine-, and HFD+PTF-b-treated hamsters. (B) Partial least squares-discriminant analysis (PLS-DA)
score plots of the "H-NMR spectra of liver chloroform extract samples showed obvious separation between HFD- and HFD+PTF-b-treated hamsters
(R*X =0.708, R%Y =0.922, Q*>=0.958). (C) PLS-DA loading plots of the "H-NMR spectra of liver chloroform extract samples from HFD- and HFD+PTF-b-
treated animals. Five types of lipids, i.e, fatty acid residues (-CH,-CH =, CH,-CH-, -CH,CH,CO-), methyl groups of cholesterol and fatty acids and
N*(CHs); of PC and SM were significantly separated between the samples from the two groups.

doi:10.1371/journal.pone.0061922.g006
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Figure 7. The CQA-rich PTF-b upregulated the transcriptional expression of LPL and PPAR-a and -y in the liver. Real-time PCR was
conducted with gene specific oligonucleotide primers as shown in Table S2. The amplification of B-actin served as the internal control. All groups
were fed with a HFD. The HFD group (white) was treated with equal volume of distilled water, the HFD+berberine group (gray) was treated with
200 mg/kg of berberine and the HFD+PTF-b group (black) was treated with 100 mg/kg PTF-b. *p<<0.05, **p<<0.01 vs. HFD group.

doi:10.1371/journal.pone.0061922.g007

To verify this hypothesis, we isolated three caffeoylquinic acids,
namely 3, 4-di-O-caffeoylquinic acid (CQA-1), 3, 5-di-O-caffeoyl-
quinic acid (CQA-2) and 3, 4, 5-tri-O-caffeoylquinic acid (CQA-
3), from the PTTF-b and tested their lipid-altering activities in
HepG2 cells, using the AMPK activator 5-aminoimidazole-4-
carboxamide 1-beta-ribofuranoside (AICAR) as a positive control
[30]. Incubation with oleic acid (OA) dramatically increased fat
deposition and cellular TC and TG content. Addition of the
AMPK activator AICAR substantially inhibited the elevation of
mtracellular lipid concentration by OA (Figure 9), which was in
good accordance with previous reports [30,54]. After treatment
with the three CQAs, particularly CQA-1 and CQA-3, neutral
lipid accumulation in HepG2 cells, as determined by oil-red O
staining, was significantly reduced (Figure 9A), and the intracel-
lular content of TC and TG was correspondingly reduced
(Figure 9B and 9C). These data demonstrated that the CQAs in
the PTF-b exhibited a strong lipid-lowering activity in liver cells.
Considering their potent lipid-modulating activity and their high
concentration in the PTF-b, it is reasonable to conclude that
caffeoylquinic acids (CQAs) may be the principle active compo-
nent accounting for the anti-hyperlipidemic effect of the PTF-b.

Upregulation of PPARa and AMPK may be involved in the
anti-hyperlipidemic effect of PTF-b

The lipid metabolism in liver is regulated by a number of genes
and proteins in which PPARo, AMPK, and SREBPs play central
roles. PPARo increases the transcription of many genes that
promote lipid hydrolysis and oxidation such as LPL, HSL, ACO,
and CPT1 [10,18,25]. AMPK phosphorylates and suppresses the
activity of key proteins that promote lipogenesis such as SREBP1c
[55,56] and that inhibit lipid oxidation such as ACC [57,58,59].
On the contrary, SREBPs increase the synthesis of cholesterol,

PLOS ONE | www.plosone.org

fatty acid, and triglyceride by enhancing the transcription of
crucial genes involved in lipogenesis such as HMG CoA synthase
(HMGS), HMG CoA reductase (HMGR), acetyl CoA carboxylase
(ACC), fatty acid synthesis (FAS), and stearoyl CoA desaturase
(SCD) [60]. It has been reported that the activities of SREBPs are
regulated by SCAP and Insig-2, two regulators involved in SREBP
processing and maturation [61,62].

In this study, administration of PTF-b significantly enhanced
the mRNA levels of PPARa and PPARa-regulated genes (ACO,
CPT1, HSL) (Figure 7) and activated AMPK in a dose-dependent
manner (Figure 8). The mRNA level and activity of LPL, the key
enzyme in TG hydrolysis which is known to be upregulated by
PPARa and AMPK [25,26], were also increased (Figure 5 and 7).
Treatment with PTTF-b apparently up-regulated the transcription
of SREBP-1a and SREBP-1c but the data were not significant due
to the high variability of the analysis. The nuclear localization of
SREBPs which indicates their activities was not determined in this
study. Instead, we measured the mRINA levels of SREBPs-
regulating (SCAP and Insig-2) and SREBPs-regulated genes (ACC,
HMGR, FAS and SCD) and found that PTF-b showed no
significant change on their expression (Figure 7). These results
suggested that PTF-b may regulate lipid metabolism mainly
through upregulation of PPARa and AMPK.

Although it has been reported that activation of PPARa led to
increased expression of SREBPs and their downstream genes such
as FAS, PTF-b significantly increased the expression of PPARo
but it showed little influence on the expression of FAS. This may
be due to the simultaneous stimulating effect of PTF-b on the
activation of AMPK which is known to suppress the transcription
of SREBPs. The balance between PTF-b induced PPARa and
AMPK activation may result in the non-significant change in the

expression of SREBPs and SREBPs-regulated genes in PTF-b
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Figure 8. The CQA-rich PTF-b enhances AMP-activated protein
kinase (AMPK) activation in the liver. Treatment with 100 mg/kg
of the PTF-b for four weeks significantly increased the levels of
phospho-AMPK and phospho-ACC in liver tissues. Protein levels were
standardized against B-actin levels. The histograms in the lower panel
represent the ratios of phospho-AMPK/total AMPK and phospho-ACC/
total ACC, which represents the activation of AMPK. These values were
obtained by quantification of the intensity of each band of the western
blot. The normal group was fed with normal diet while the other groups
were fed with a high fat-diet (HFD). The HFD+berberine group was
treated with 200 mg/kg of berberine and the HFD+PTF-b-L, -M and -H
groups were simultaneously supplemented with PTF-b 50, 100 or
200 mg/kg, respectively. *p<<0.05, **p<<0.01, ***p<0.001 vs. HFD group.
doi:10.1371/journal.pone.0061922.g008

treated animals. As PPARa, AMPK, and LPL play key roles in
stimulating T'G hydrolysis and fatty acid oxidation [59,63,64], the
positive effects of PTF-b on PPARa, AMPK and LPL accounted,
at least in part, for the TG-lowering role of PTF-b. AMPK
activation also decreases cholesterol level in vivo [65]. PTF-b
dramatically activated AMPK and increased the mRNA levels of
LDLR and CYP7AI, two important genes in cholesterol uptake
and catabolism [66,67], which provided a potential mechanism for
the cholesterol-lowering action of PTF-b.

Berberine was used as a positive control in this study which has
been well-documented to exert hypolipidemic effects by upregula-
tion of LDLR and activation of AMPK [34,43,44,45]. As shown in
Figure 7 and 8, berberine significantly stimulated LDLR
expression and AMPK activation which were in accordance with
previous reports. However, the gene expression profile in
berberine-treated animals was not identical to that in PTT-b-
treated ones. Although the regulatory effects of berberine on the
expression of CYP7A1, LDLR, and LPL were similar with that of
PTF-b, berberine showed little influence on the mRNA levels of
PPARo and PPARo-regulated genes. These data indicated that
the mechanism through which PTT-b and berberine decrease lipid
accumulation was not identical though they both activate AMPK.

In summary, the combined approaches in present study proved
to be effective not only in verifying the lipid-lowering effects of
hypolipidemic herbal drugs used in the clinic or in folk medicine
but also helpful in determining their potential mechanisms and
their active components. Our findings suggest that the lipid-
lowering effect of the PTT-b is due to the effect of CQAs in
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Figure 9. Three caffeoylquinic acids isolated from the PTF-b
exhibited significant lipid-lowering effects in HepG2 cells. Cells
were starved in 0.02% BSA/DMEM for 12 h and then incubated with
1 uM of the individual CQAs (3, 4-di-O-caffeoyl quinic acid (CQA-1), 3, 5-
di-O-caffeoyl quinic acid (CQA-2) and 3, 4, 5-tri-O-caffeoyl quinic acid
(CAQ-3)) or 1T mM AICAR in 0.02% BSA+100 uM oleic acid (OA)/DMEM or
in 0.02% BSA+100 uM OA/DMEM alone for 6 h. Subsequently, the cells
were subjected to oil-red O staining (A) or TC (B) and TG (C)
determination. *p<0.05 OA group vs. normal group. 'p<<0.05 test
group vs. OA group.

doi:10.1371/journal.pone.0061922.g009

upregulating the transcriptional expression of PPARo and
activation of AMPK in the liver. These promising findings provide
incentive to find new alternative approaches for the treatment of
hyperlipidemia. Therefore, further investigation of the interaction
between compounds containing CQAs and their target effects are
needed to generate a more complete understanding of the
hypolipidemic effects of both the PTF-b and the natural products
of the CQAs.

Materials and Methods

Ethics statement

All necessary permits were obtained for the described field
studies. All animal experiments were approved by the Medical
Ethics Committee of Peking Union Medical College and were in
accordance with the National Institutes of Health regulations for
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the care and use of animals in research. All efforts were made to
minimize suffering.

Plant materials

The ripe fruits of P. tectorius were purchased from the public
market in Hainan Province, P.R. China, in July 2011 and
identified by Prof. Weiyong Lai at the School of Pharmaceutical
Science, Hainan Medical University. A voucher specimen has
been deposited there (NO. PT20110714). The PTF-b used in this
study was prepared as described below. The dried fruits were
exhaustively extracted with 70% ethanol and then filtered and
concentrated under reduced pressure. The native extract was
sequentially partitioned with petroleum ether, CHCl3, EtOAc and
n-BuOH. The native extract, individual fractions and the residue
were used for the evaluation of their anti-hyperlipidemic activities.

Animals and experimental design

To evaluate the anti-hyperlipidemic activity of P. fectorius fruit
and to determine the active fraction, animal experiments were
performed. Seventy-two male Syrian golden hamsters (Vital River
Laboratory Animal Technology Co., Ltd., Beijing, China) were
kept in a humidity-controlled room on a 12-h light—dark cycle with
food and water available ad lbitum for one week. The animals were
then divided randomly into nine groups with eight animals in each
group. The normal group was fed with a normal diet while the
other groups were fed with a high fat-diet (HFD). The normal
rodent chow contained 12% fat, 62% carbohydrate, and 26%
protein, with a total energy content of 12.6 kJ/g. The HFD was
formulated to balance micronutrient content on a per calorie basis
and contained 60% fat, 14% protein, and 26% carbohydrate, with
total energy content of 21.0 kJ/g. The HFD contained much less
choline bicitrate (0.6 g/kg) and DL-methionine (1.5 g/kg). Fatty
acid composition of the fats (mainly from lard) in HFD was 36%
saturated fatty acids, 45% monounsaturated fatty acids, and 19%
polyunsaturated fatty acids (PUFA). The HFD+berberine and test
groups (except the HFD+native extract group) were simultaneous-
ly supplemented with berberine (200 mg/kg) (Laboratoires Four-
nier S.A., Chenove, France) or individual fractions extracted from
the native extract of P. tectorius fruit (100 mg/kg). The HFD+native
extract group was treated with a 70% ethanol extract of P. tectorius
fruit (500 mg/kg). At the end of the 4-week period, after the
animals were fasted overnight, blood samples were collected for
estimation of serum TC and TG (Jian Cheng Biotechnology
Company, Nanjing, China).

In the study of the PTF-b, sixty male Syrian golden hamsters
weighing 90+ 10 g were divided into six diet regimen groups with
10 animals in each group. These regimens were as follows: a
control diet consisting of normal food, a HFD, a HFD in
combination with one of three PTT-b dosages (50, 100, or
200 mg/kg per day), and a HFD in combination with berberine
(200 mg/kg per day). At the end of the 4-week period, after the
animals had been fasted overnight, the weight of each animal was
measured, and blood samples were collected for the estimation of
serum TG, TG, LDL-c and HDL-c (Jian Cheng Biotechnology
Company, Nanjing, China). Hamsters were then euthanized, and
the weights of the liver and retroperitoneal adipose tissue were
determined. The hepatic levels of TC, TG were determined using
assay kits (Jian Cheng Biotechnology Company, Nanjing, China)
according the manufacturer’s instructions. The activity of serum
and hepatic LPL was measured by kit (Jian Cheng Biotechnology
Company, Nanjing, China) according the manufacturer’s instruc-
tions.
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Cell culture

HepG2 cells, which were originally from the American Type
Culture Collection (ATCC) (Manassas, VA, USA), were obtained
from the China Union Medical University. Cells were grown to
70%—-80% confluence and then incubated in 0.02% BSA (Sigma-
Aldrich)/DMEM (Gibco-BRL, Grand Island, NY, USA) for 12 h.
Cells were then washed and incubated with 1 uM of various
CQAs or 1 mM of the AMPK activator AICAR (Sigma-Aldrich,
China) in 0.02% BSA+100 pM oleic acid/DMEM or in 0.02%
BSA+100 uM oleic acid/DMEM alone for 6 h. Subsequently, the
cells were subjected to oil-red O staining or TC and TG
determination as described previously [30].

UPLC analysis

The PTT-b (0.01 g) was dissolved in methanol (5 mlx2) under
ultrasonic irradiation. The sample was passed through a 0.22 ym
filter prior to injection. Known amounts of the reference standards
were weighed and dissolved in methanol to prepare solutions with
concentrations of approximately 1 mg/ml. The standards were
diluted fifty-fold to prepare the working solutions before injection.
The samples were separated on an Acquity UPLCTM system
(Waters Corp., USA). The chromatographic analysis was con-
ducted on an Agilent phenyl column (100 mmx2.1 mm 1i.d., 1.7
um) at 25°C with a flow rate of 0.4 ml/min. The mobile phase
consisted of acetonitrile (A) and water with 0.05% formic acid (B),
and the eluting gradient was as follows: 0-3 min, 2-11.0%; 3—
10 min, 11.0%; 10-16 min, 11.0-20%; 16-18 min, 20-24%; 18—
22 min, 24-24%; 22-22.5 min, 24-30%; 22.5-26 min, 30-30%;
26-33 min, 30-80%; 33-35 min, 80-100%.

Mass spectrometry

Mass spectrometry detection was performed on a Synapt G2
MS system (Waters Corp., USA) equipped with an ESI source.
Two data acquisition modes-MSF were selected to investigate
precursor ions and product ions. Nitrogen gas was used for
nebulization. The detection mode of the flying tube was selected to
the “V” pattern. The negative ion spectra of the column eluates
were recorded in the range of m/z 100-1500. The optimized
conditions of the ESI source were as follows: capillary voltage,
2.5 kV; sampling cone voltage, 40 V; extraction cone voltage,
3.0 V; ESI source temperature, 120°C; desolvation temperature,
450°C; cone gas flow, 30 L/h; desolvation gas flow, 800 L/h;
Collision gas flow, 0.5 ml/min; collision energy for Ms*®
acquisition mode, 4.0 ¢V for low energy scan and 1540 eV for
high energy scan; the dynamic adjustment of the fragmentor
voltage range was from 25 to 40 V for the MS/MS acquisition
mode. The lock mass compound was leucine enkephalin (m/z
556.2771), and the interval scan time was 0.02 s. Masslynx 4.1
(Waters Corp.) software was used to control the instrument.

Oil-Red O staining

Liver tissues of hamsters were removed and each liver lobe was
cut into small pieces. To detect fat deposition in the liver, frozen
sections were rinsed with distilled water, stained with 0.2% Oil-
Red O (Sigma-Aldrich, Shanghai, China) and 60% 2-propanol
(Sigma-Aldrich) for 10 min at 37°C, and then rinsed with distilled
water. We observed the liver tissues under a microscope (Leica
DM4000B, Benshein, Germany) and photographed the samples
with a digital camera. The mean gray values of the photos were
quantified using the Image] 4.1 software.
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NMR-based hepatic metabolomics

The NMR-based hepatic metabolomics including the liver
tissue extraction, the pulse-acquire sequence and the metabolite
identification, and the data processing was performed according to
previous reports with minor modulation [39,68,69]. The lipophilic
extracts which contained most of the lipid constituents in the liver
were used for IH-NMR spectroscopy. The extracts were mixed
with CDCI3 and centrifuged (10,000 rpm, 10 min, 4 °C). The
supernatants of each sample were individually transferred into 5-
mm o.d. NMR tubes. All IH-NMR spectra were recorded at 27
°C on a Bruker AVIII 600 spectrometer (Bruker Biospin,
Germany) equipped with an inverse 5-mm Bruker probe operating
at a 600.13 MHz 1H frequency. A simple 90° pulse-acquire
sequence was used, and total 128 transients were collected into
32768 data points, with a relaxation delay of 2 s and an acquisition
time of 2.65 s.

The acquired NMR spectra were referenced to the chemical
shift of CDCls. Following phase and baseline correction, the 'H-
NMR spectra were automatically reduced to ASCII files using the
AMIX software (Analysis of MIXtures software v. 3.0, Bruker
Biospin). Each spectral region was normalized to the total of all the
resonance integral regions and reduced to ‘buckets’ of equal width
(0.01 ppm) over the range of 0.5-6.0 ppm. The generated ASCII
files were imported into SIMCAP 12.0 (Umetrics, Umed, Sweden)
for the PR analysis. Prior to the analysis, the values of all variables
were mean-centered. The metabolites in the liver extracts were
identified with reference to the published literature data [39] and
using the Chenomx NMR Suite (Chenomx, Calgary, Canada).

Real-time quantitative PCR

The mRNA levels of twenty-one lipid metabolism-related genes
were determined by real-time quantitative PCR. Total RNA
extraction, cDNA synthesis and quantitative PCR assays were
performed as described previously [70,71]. The normalized
expression levels of the target genes were estimated as described
previously [72]. At least three independent biological replicates
were performed to check the reproducibility of the data. The gene-
specific primers used for quantitative PCR are listed in Table S2.

Western blotting

Livers and retroperitoneal adipose tissue were lysed in lysis
buffer containing 10% glycerol, 1% Triton X-100, 135 mM NaCl,
20 mM Tris (pH 8.0), 2.7 mM KCI, 1 mM MgCl2, and protease
and phosphatase inhibitors (0.5 mM PMSF, 2 pM pepstatin, and
2 uM okadaic acid). The protein concentrations were assessed
using the Bradford method, and aliquots of samples containing
40 g of protein were subjected to SDS-PAGE (12% and 7.5% for
P-AMPK and P-ACC, respectively) and then transferred to PVDF
membranes (Amersham Pharmacia, Uppsala, Sweden). Immuno-
blotting was performed using phospho-AMPKa. (Thr-172, 1:3000)
and phospho-ACC (1:2000) antibodies (Cell Signaling Technolo-
gy, Beverly, MA, USA), as well as anti-beta-actin (included as a
loading control; Abcam, Inc., Cambridge, MA, USA). Following
incubation with horseradish peroxidase-conjugated secondary
antibodies (Sigma-Aldrich, China), the proteins were detected
with an ECL plus kit (Amersham, Piscataway, NJ, USA).
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Immunoreactive bands were quantified using NIH image analysis
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Statistical analyses

Data are presented as the means = S.E.M. One-way ANOVA
was used to determine significant differences among groups, after
which the modified Student’s t-test with the Bonferroni correction
was used for comparison between individual groups. P<<0.05 was
considered statistically significant.

Supporting Information

Figure S1 The CQA-rich PTF-b reversed some hyper-
lipdemia-related metabolites. (A) 'H-NMR peak attribution
of the main metabolites in the liver chloroform extract from the
hyperlipidemic hamster. Visual comparison of the 'H-NMR
spectra between the HFD group and normal (B), HFD+berberine
(C) or HFD+PTT-b (D) groups displayed apparent changes in 8
signals. No visual differences were detected between the
HFD+PTF-b and the HFD+berberine group (E). Keys: (1)
Cholesterol (Me-18), (2) methyl groups of fatty acid and
cholesterol, (3) Cholesterol (Me-19), (4) fatty acid residue (CO-
CH,-CHy), (5) fatty acid residue (-CHo-CH=), (6) fatty acid
residue (-CO-CHy), (7) N*(CHs); (PC and SM), (8) fatty acid
residue (-CH = CH-).

(TIF)

Figure S2 Statistical analysis of the apparently changed
lipid signals by one-way ANOVA showed significant
difference among the normal, HFD, HFD+berberine and
HFD+PTF-b groups. *$<<0.01, ***p<<0.001 HFD group vs.
normal group. 75<0.05, ¥p<<0.01 test group vs. HFD group.
(TIF)

Table S1 List of the caffeoylquinic acid derivatives
identified in the n-butanol fraction of P. tectorius (PTF-
b) by their retention times, UV and mass spectra and by
comparison with published data or commercial stan-
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Table $2 Oligonucleotide primers used in this work.
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Acknowledgments

We thank Prof. Rongji Dai (Beijing Institute of Technology) and Prof.
Guifang Chen (Institute of Materia Medica) for critical reading of the
manuscript. We also thank Prof. Chengai Wu (Beijing Jishuitan Hospital)
for intensive discussion and valuable suggestions on the lipid metabolism
analysis.

Author Contributions

Conceived and designed the experiments: PG XDX CW. Performed the
experiments: CW XPZ HW YS XZ HL YT GS XBS. Analyzed the data:
CW PG XDX HW XPZ. Contributed reagents/materials/analysis tools:
CW XPZ HW LS YS XZ YT HL GS XBS Y]J. Wrote the paper: CW PG
XPZ.

3. Baigent C, Blackwell L, Emberson J, Holland LE, Reith C, et al. (2010) Efficacy
and safety of more intensive lowering of LDL cholesterol: a meta-analysis of data
from 170,000 participants in 26 randomised trials. Lancet 376: 1670-1681.

4. Berry JD, Dyer A, Cai X, Garside DB, Ning H, et al. (2012) Lifetime risks of
cardiovascular disease. N Engl ] Med 366: 321-329.

5. Harchaoui KE, Visser ME, Kastelein JJ, Stroes ES, Dallinga-Thie GM (2009)
Triglycerides and cardiovascular risk. Curr Cardiol Rev 5: 216-222.

April 2013 | Volume 8 | Issue 4 | e61922



20.

21.

22.

23.

26.

27.

28.

29.

30.

31.

. Pilz S, Scharnagl H, Tiran B, Seelhorst U, Wellnitz B, et al. (2006) Free fatty

acids are independently associated with all-cause and cardiovascular mortality in
subjects with coronary artery disease. J Clin Endocrinol Metab 91: 2542-2547.

. Derosa G, Salvadeo S, Cicero AF (2006) Prospects for the development of novel

anti-hyperlipidemic drugs. Curr Opin Investig Drugs 7: 826-833.

. Haemmerle G, Moustafa T, Woelkart G, Buttner S, Schmidt A, et al. (2011)

ATGL-mediated fat catabolism regulates cardiac mitochondrial function via
PPAR-alpha and PGC-1. Nat Med 17: 1076-1085.

. Dechan R, Maerz-Weiss P, Catlett NL, Steiner G, Wong B, et al. (2012)

Comparative transcriptional network modeling of three PPAR-alpha/gamma
co-agonists reveals distinct metabolic gene signatures in primary human
hepatocytes. PLoS One 7: €35012.

. Ferre P (2004) The biology of peroxisome proliferator-activated receptors:

relationship with lipid metabolism and insulin sensitivity. Diabetes 53 Suppl 1:
S43-50.

. Pettersen JC, Pruimboom-Brees I, Francone OL, Amacher DE, Boldt SE, et al.

(2012) The PPARalpha agonists fenofibrate and CP-778875 cause increased
beta-oxidation, leading to oxidative injury in skeletal and cardiac muscle in the
rat. Toxicol Pathol 40: 435-447.

. Huang ], Jia Y, Fu T, Viswakarma N, Bai L, et al. (2012) Sustained activation of

PPARalpha by endogenous ligands increases hepatic fatty acid oxidation and
prevents obesity in ob/ob mice. FASEB J 26: 628-638.

. Kimura R, Takahashi N, Murota K, Yamada Y, Niiya S, et al. (2011) Activation

of peroxisome proliferator-activated receptor-alpha (PPARalpha) suppresses
postprandial lipidemia through fatty acid oxidation in enterocytes. Biochem
Biophys Res Commun 410: 1-6.

. Do GM, Kwon EY, Ha TY, Park YB, Kim HJ, et al. (2011) Tannic acid is more

effective than clofibrate for the elevation of hepatic beta-oxidation and the
inhibition of 3-hydroxy-3-methyl-glutaryl-CoA reductase and aortic lesion
formation in apo E-deficient mice. Br J Nutr 106: 1855-1863.

. Clemenz M, Frost N, Schupp M, Caron S, Foryst-Ludwig A, et al. (2008) Liver-

specific peroxisome proliferator-activated receptor alpha target gene regulation
by the angiotensin type 1 receptor blocker telmisartan. Diabetes 57: 1405-1413.

. Blanquart C, Barbier O, Fruchart JC, Staels B, Glineur C (2002) Peroxisome

proliferator-activated receptor alpha (PPARalpha) turnover by the ubiquitin-
proteasome system controls the ligand-induced expression level of its target
genes. J Biol Chem 277: 37254-37259.

. Hardwick JP, Osei-Hyiaman D, Wiland H, Abdelmegeed MA, Song BJ (2009)

PPAR/RXR Regulation of Fatty Acid Metabolism and Fatty Acid omega-
Hydroxylase (CYP4) Isozymes: Implications for Prevention of Lipotoxicity in
Fatty Liver Disease. PPAR Res 2009: 952734.

. Rakhshandehroo M, Sanderson LM, Matilainen M, Stienstra R, Carlberg C, et

al. (2007) Comprehensive analysis of PPARalpha-dependent regulation of
hepatic lipid metabolism by expression profiling. PPAR Res 2007: 26839.

. Miranda J, Lasa A, Fernandez-Quintela A, Garcia-Marzo C, Ayo J, et al. (2011)

cis-9,trans-11,cis-15 and cis-9,trans-13,cis-15 CLNA mixture activates PPAR-
alpha in HEK293 and reduces triacylglycerols in 3T3-L1 cells. Lipids 46: 1005
1012.

Schafer HL, Linz W, Falk E, Glien M, Glombik H, et al. (2012) AVE8134, a
novel potent PPARalpha agonist, improves lipid profile and glucose metabolism
in dyslipidemic mice and type 2 diabetic rats. Acta Pharmacol Sin 33: 82-90.
Rudkowska I, Caron-Dorval D, Verreault M, Couture P, Deshaies Y, et al.
(2010) PPARalpha L162V polymorphism alters the potential of n-3 fatty acids to
increase lipoprotein lipase activity. Mol Nutr Food Res 54: 543-550.

Davies BS, Beigneux AP, Fong LG, Young SG (2012) New wrinkles in
lipoprotein lipase biology. Curr Opin Lipidol 23: 35-42.

Erickson B, Selvan PS, Ko KW, Kelly K, Quiroga AD, et al. (2013)
Endoplasmic reticulum-localized hepatic lipase decreases triacylglycerol storage

and VLDL secretion. Biochim Biophys Acta.

. Beisiegel U, Weber W, Bengtsson-Olivecrona G (1991) Lipoprotein lipase

enhances the binding of chylomicrons to low density lipoprotein receptor-related

protein. Proc Natl Acad Sci U S A 88: 8342-8346.

. Foger B, Drexel H, Hopferwieser T, Miesenbock G, Ritsch A, et al. (1994)

Fenofibrate improves postprandial chylomicron clearance in II B hyperlipopro-
teinemia. Clin Investig 72: 294-301.

Staels B, Auwerx J (1992) Perturbation of developmental gene expression in rat
liver by fibric acid derivatives: lipoprotein lipase and alpha-fetoprotein as
models. Development 115: 1035-1043.

Lage R, Dieguez C, Vidal-Puig A, Lopez M (2008) AMPK: a metabolic gauge
regulating whole-body energy homeostasis. Trends Mol Med 14: 539-549.
Slack C, Foley A, Partridge L (2012) Activation of AMPK by the putative dietary
restriction mimetic metformin is insufficient to extend lifespan in Drosophila.
PLoS One 7: e47699.

Niu Y, Li S, Na L, Feng R, Liu L, et al. (2012) Mangiferin decreases plasma free
fatty acids through promoting its catabolism in liver by activation of AMPK.
PLoS One 7: ¢30782.

Guo P, Kai Q, Gao J, Lian ZQ, Wu CM, et al. (2010) Cordycepin prevents
hyperlipidemia in hamsters fed a high-fat diet via activation of AMP-activated
protein kinase. J Pharmacol Sci 113: 395-403.

Sasidharan S, Sumathi V, Jegathambigai NR, Latha LY (2011) Antihypergly-
caemic effects of ethanol extracts of Carica papaya and Pandanus amaryfollius
leaf in streptozotocin-induced diabetic mice. Nat Prod Res 25: 1982-1987.

PLOS ONE | www.plosone.org

33.

34.

36.

37.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

53.

54.

56.

57.

58.

Hypolipidemic Pandanus Tectorius Fruit Extract

. Peungvicha P, Temsiririrkkul R, Prasain JK, Tezuka Y, Kadota S, et al. (1998)

4-Hydroxybenzoic acid: a hypoglycemic constituent of aqueous extract of
Pandanus odorus root. J Ethnopharmacol 62: 79-84.

Peungvicha P, Thirawarapan SS, Watanabe H (1996) Hypoglycemic effect of
water extract of the root of Pandanus odorus RIDL. Biol Pharm Bull 19: 364
366.

Hu Y, Ehli EA, Kittelsrud J, Ronan PJ, Munger K, et al. (2012) Lipid-lowering
effect of berberine in human subjects and rats. Phytomedicine 19: 861-867.

. Dong SF, Hong Y, Liu M, Hao YZ, Yu HS, et al. (2011) Berberine attenuates

cardiac dysfunction in hyperglycemic and hypercholesterolemic rats.
Eur J Pharmacol 660: 368-374.

Lee YS, Kim WS, Kim KH, Yoon MJ, Cho HJ, et al. (2006) Berberine, a
natural plant product, activates AMP-activated protein kinase with beneficial
metabolic effects in diabetic and insulin-resistant states. Diabetes 55: 2256-2264.
Camps L, Reina M, Llobera M, Bengtsson-Olivecrona G, Olivecrona T, et al.
(1991) Lipoprotein lipase in lungs, spleen, and liver: synthesis and distribution.

J Lipid Res 32: 1877-1888.

. Camps L, Reina M, Llobera M, Vilaro S, Olivecrona T (1990) Lipoprotein

lipase: cellular origin and functional distribution. Am J Physiol 258: C673-681.
Sun Y, Lian Z, Jiang C, Wang Y, Zhu H (2012) Beneficial metabolic effects of
2°,3’,5’-tri-acetyl-N6- (3-hydroxylaniline) adenosine in the liver and plasma of
hyperlipidemic hamsters. PLoS One 7: e32115.

Zhao HL, Sui Y, Qiao CF, Yip KY, Leung RK, et al. (2012) Sustained
antidiabetic effects of a berberine-containing Chinese herbal medicine through
regulation of hepatic gene expression. Diabetes 61: 933-943.

Xie W, Gu D, Li J, Cui K, Zhang Y (2011) Effects and action mechanisms of
berberine and Rhizoma coptidis on gut microbes and obesity in high-fat diet-fed
C57BL/6] mice. PLoS One 6: €24520.

Chang X, Yan H, Fei J, Jiang M, Zhu H, et al. (2010) Berberine reduces
methylation of the MTTP promoter and alleviates fatty liver induced by a high-
fat diet in rats. J Lipid Res 51: 2504-2515.

Kim WS, Lee YS, Cha SH, Jeong HW, Choe SS, et al. (2009) Berberine
improves lipid dysregulation in obesity by controlling central and peripheral
AMPK activity. Am J Physiol Endocrinol Metab 296: E812-819.

Brusq JM, Ancellin N, Grondin P, Guillard R, Martin S, et al. (2006) Inhibition
of lipid synthesis through activation of AMP kinase: an additional mechanism for

the hypolipidemic effects of berberine. J Lipid Res 47: 1281-1288.

. Kong W, Wei J, Abidi P, Lin M, Inaba S, et al. (2004) Berberine is a novel

cholesterol-lowering drug working through a unique mechanism distinct from
statins. Nat Med 10: 1344-1351.

Wan CW, Wong CN, Pin WK, Wong MH, Kwok CY, et al. (2012) Chlorogenic
Acid Exhibits Cholesterol Lowering and Fatty Liver Attenuating Properties by
Up-regulating the Gene Expression of PPAR-alpha in Hypercholesterolemic
Rats Induced with a High-Cholesterol Diet. Phytother Res.

Karthikesan K, Pari L, Menon VP (2010) Antihyperlipidemic effect of
chlorogenic acid and tetrahydrocurcumin in rats subjected to diabetogenic
agents. Chem Biol Interact 188: 643-650.

Cho AS, Jeon SM, Kim M]J, Yeo J, Seo KI, et al. (2010) Chlorogenic acid
exhibits anti-obesity property and improves lipid metabolism in high-fat diet-
induced-obese mice. Food Chem Toxicol 48: 937-943.

Rodriguez de Sotillo DV, Hadley M (2002) Chlorogenic acid modifies plasma
and liver concentrations of: cholesterol, triacylglycerol, and minerals in (fa/fa)
Zucker rats. J Nutr Biochem 13: 717-726.

Li SY, Chang CQ, Ma FY, Yu CL (2009) Modulating effects of chlorogenic acid
on lipids and glucose metabolism and expression of hepatic peroxisome
proliferator-activated receptor-alpha in golden hamsters fed on high fat diet.

Biomed Environ Sci 22: 122-129.

. Karthikesan K, Pari L (2008) Caffeic acid alleviates the increased lipid levels of

serum and tissues in alcohol-induced [hepatotoxicity in] rats. Fundam Clin

Pharmacol 22: 523-527.

. Park HJ (2010) Chemistry and pharmacological action of caffeoylquinic acid

derivatives and pharmaceutical utilization of chwinamul (Korean Mountainous
vegetable). Arch Pharm Res 33: 1703-1720.

Matsui T, Ebuchi S, Fujise T, Abesundara KJ, Doi S, et al. (2004) Strong
antihyperglycemic effects of water-soluble fraction of Brazilian propolis and its
bioactive constituent, 3,4,5-tri-O-caffeoylquinic acid. Biol Pharm Bull 27: 1797
1803.

Guo P, Lian ZQ), Sheng LH, Wu CM, Gao ], et al. (2012) The adenosine
derivative 2’,3°,5°-tri-O-acetyl-N6-(3-hydroxylaniline) adenosine activates
AMPK and regulates lipid metabolism in vitro and in vivo. Life Sci 90: 1-7.

. Kim E, Lee JH, Ntambi JM, Hyun CK (2011) Inhibition of stearoyl-CoA

desaturasel activates AMPK and exhibits beneficial lipid metabolic effects in
vitro. Eur J Pharmacol 672: 38-44.

Kim do Y, Yuan HD, Chung IK, Chung SH (2009) Compound K, intestinal
metabolite of ginsenoside, attenuates hepatic lipid accumulation via AMPK
activation in human hepatoma cells. J Agric Food Chem 57: 1532-1537.

Ong KW, Hsu A, Tan BK (2012) Chlorogenic acid stimulates glucose transport
in skeletal muscle via AMPK activation: a contributor to the beneficial effects of
coffee on diabetes. PLoS One 7: ¢32718.

Cao S, Li B, Yi X, Chang B, Zhu B, ct al. (2012) Effects of Exercisec on AMPK
Signaling and Downstream Components to PI3K in Rat with Type 2 Diabetes.
PLoS One 7: ¢51709.

April 2013 | Volume 8 | Issue 4 | e61922



59.

60.

61.

62.

63.

64.

Tateya S, Rizzo-De Leon N, Handa P, Cheng AM, Morgan-Stevenson V, et al.
(2013) VASP increases hepatic fatty acid oxidation by activating AMPK in mice.
Diabetes.

Horton JD, Goldstein JL, Brown MS (2002) SREBPs: activators of the complete
program of cholesterol and fatty acid synthesis in the liver. J Clin Invest 109:
1125-1131.

Tang JJ, Li JG, Qi W, Qiu WW, Li PS, et al. (2011) Inhibition of SREBP by a
small molecule, betulin, improves hyperlipidemia and insulin resistance and
reduces atherosclerotic plaques. Cell Metab 13: 44-56.

Hughes AL, Todd BL, Espenshade PJ (2005) SREBP pathway responds to
sterols and functions as an oxygen sensor in fission yeast. Cell 120: 831-842.
Obrowsky S, Chandak PG, Patankar JV, Povoden S, Schlager S, et al. (2013)
Adipose triglyceride lipase is a T'G hydrolase of the small intestine and regulates
intestinal PPARalpha signaling. J Lipid Res 54: 425-435.

Wang H, Eckel RH (2009) Lipoprotein lipase: from gene to obesity. Am ] Physiol
Endocrinol Metab 297: E271-288.

. Habegger KM, Hoffman NJ, Ridenour CM, Brozinick JT, Elmendorf JS (2012)

AMPK enhances insulin-stimulated GLUT4 regulation via lowering membrane
cholesterol. Endocrinology 153: 2130-2141.

PLOS ONE | www.plosone.org

12

66.

67.

68.

69.

70.

71.

72.

Hypolipidemic Pandanus Tectorius Fruit Extract

Zhang L, Reue K, Fong LG, Young SG, Tontonoz P (2012) Feedback
regulation of cholesterol uptake by the LXR-IDOL-LDLR axis. Arterioscler
Thromb Vasc Biol 32: 2541-2546.

Cao Y, Bei W, Hu Y, Cao L, Huang L, et al. (2012) Hypocholesterolemia of
Rhizoma Coptidis alkaloids is related to the bile acid by up-regulated CYP7A1
in hyperlipidemic rats. Phytomedicine 19: 686-692.

Zira A, Kostidis S, Theocharis S, Sigala F, Engelsen SB, et al. (2013) (1)H NMR-
based metabonomics approach in a rat model of acute liver injury and
regeneration induced by CCI(4) administration. Toxicology 303C: 115-124.
He J, Chen J, Wu L, Li G, Xie P (2012) Metabolic response to oral microcystin-
LR exposure in the rat by NMR-based metabonomic study. J Proteome Res 11:
5934-5946.

Moon YA, Liang G, Xie X, Frank-Kamenetsky M, Fitzgerald K, et al. (2012)
The Scap/SREBP pathway is essential for developing diabetic fatty liver and
carbohydrate-induced hypertriglyceridemia in animals. Cell Metab 15: 240-246.
Wu C, Feng J, Wang R, Liu H, Yang H, et al. (2012) HRS1 acts as a negative
regulator of abscisic acid signaling to promote timely germination of Arabidopsis
seeds. PLoS One 7: €35764.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

April 2013 | Volume 8 | Issue 4 | €61922



