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Potent inhibition of fatty acid synthase by parasitie loranthus [ Taxillus
chinensis (DC.) Danser] and its eonstituent avicularin
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Abstract
The medicinal herb parasitic loranthus in a screen was found to inhibit fatty acid synthase (EC 2.3.1.85, FAS) and reduce body
weight of rats in our previous study. Now we have determined the inhibitory characteristics and kinetic parameters of extracts of
parasitic loranthus [Taxillus chinensis (DC.) Denser]. The parasitic loranthus extracts (PLE) inhibits FAS reversibly and
irreversibly and with an IC^o value of 0.48 p-g/m!, appears to be the most potent inhibitor reported to date. PLE contains various
potent inhibitors and may react with different sites on FAS. The irreversible inhibition exhibits a time-dependent biphasic
process including a speedy fast-phase during the initial several minutes. TTie fast-phase inhibition seems to be caused by some
potent but low-concentration component(s) in the extracts. In addition, we have found that avicularin existing in this herb can
potently inhibit FAS. This glycosylated flavonoid and quercetin play an effective role in inhibiting FAS by parasitic loranthus.
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Introduction

Animal FAS is an important enzyme participating in
energy metabolism. This multifunctional enzyme
consists of two identical polypeptides, each carrying
seven functional domains, that are juxtaposed to
form two centers for the synthesis of palmitic acid
frotn acetyl- and malonyl-CoA in the presence of
NADPH [1-3].

Recent studies have reported that FAS is involved in
various human disorders including obesity and cancer.
Mice treated with C75, a synthetic FAS inhibitor [4],
have reduced feeding and dramatic loss in weight. This
is due to inhibition of FAS that results in accumulation
of the substrate malonyl-CoA, the latter appearing to
inhibit the expression of neuropeptide Y that promotes
ingestion [5,6]. Thus, FAS has been proposed as a
potential target for appetite and weight control [5,7]. It
has also been reported that high levels of FAS are

expressed in human cancer cells and inhibition of FAS
is cytotoxic to human cancer cells [8,9].

Based on the above studies, FAS inhibitors
obviously have positive effects on weight-loss therapy
and antineoplastic treatment. A paucity of FAS
inhibitors has been discovered so far. C75 and the
natural product cerulenin are the early reported
inhibitors which can irreversibly inhibit the ketoacyl
synthase of FAS [2,4,10,11]. Wang et al. found that
gallated catechins from green tea inhibited FAS
reversibly and irreversibly, mainly by targeting the
P-ketoacyl reductase domain [12,13]. However, their
inhibitory potency is not very great, with an IC50 value
of around 20 |.xg/ml. Another type of inhibitor are the
flavonoid compounds, the strongest among which
showed a IC50 value of around 1 ĴLg/ml [14]. Howeverj
they lack the irreversible inhibition component and
the weight-loss functions. Weak inhibitory potency has
limited the application of these FAS inhibitors.
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Recently some herbal extracts have been screened as
natural FAS inhibitors [15]. Parasitic loranthus, a
traditional herbal medicine, is commonly used in anti-
obesity prescriptions and also used to lower blood
pressure [16]. Our previous report showed that
parasitic loranthus exhibited weight-reducing effects
on rats and could strongly inhibit FAS [15], which
focussed our attention on this herb for further studies.

In this paper, we have determined the inhibitory
characteristics and kinetic parameters to explain how
FAS is potently inhibited by extracts of Taxillus
chinensis (DC.) Danser, which is the official species of
parasitic loranthus according to the Pharmacopoeia
[17]. The inhibition by PLE consists of a potent
reversible and a fast irreversible inhibition. The IC50
value is 0.48|ig/mI, so that its inhibitory ability is
higher than any of the known FAS inhibitors. PLE
contains various potent FAS inhibitors and may react
with diflferent sites on FAS. In addition, we have
discovered that avicularin, a major component in this
herbj can potently inhibit FAS.

Materials and methods

Materials

The herb parasitic loranthus was collected in Yunnan
Province of southwestern China during August and
September 2003. The herb was identified as Taxillus
chinensis (DC.) Danser (LORANTHACEAE) by
senior botanists at Kunming Institute of Botany,
Chinese Academy of Sciences. Conforming to the
pharmacopoeia [17], this plant was authenticated for
medical use. Avicularin, quercitrin, hyperoside and
isoquercitrin were purchased from Delta Information
Center for Natural Organic Compounds (Anhui,
China) and was dissolved in ethanol-DMSO solvent
(V:V =1:1). Acetyl-CoA, malonyl-CoA and NADPH
were purchased from Sigma-Aldrich Co. (St. Louis,
Mo., USA). All other chemicals and reagents were
local products of analytical grade.

Preparation of plant extracts

The stems of parasitic loranthus were ground into a
powder. The powder sample was extracted with 50%
ethanol in the ratio 1:20 (W/V) at room temperature
for 4h. Fifty percent ethanol was found as the
optimum solvent for extraction of parasitic loranthus
for provision of the most potent inhibitory ability on
FAS. The extracts were centrifuged at 4000 X g for
15 min, and the 50% ethanolic supernatant was used
in the subsequent experiments as PLE. The dry
weight of 1 ml PLE was 13.0 ± 0.42 mg.

Preparation of FAS and substrates

The preparation, storage and use of FAS from duck
liver were performed as described previously [18]. The

purified FAS was homogeneous on polyacrylamide gel
electrophoresis in the presence and absence of SDS,
The enzyme and substrate concentrations were
determined by spectrophotometry following the extinc-
tion coefficients referred to in a previous report [18].

Assay of FAS activity

Overall reaction (OA) activity of FAS was determined
with an Amersham Pharmacia Ultrospec 4300 pro
UV-Vis spectrophotometer at 37°C by detecting the
decrease in NADPH absorption at 340 nm. The assay
system contained lOOmM KH2PO4-K2HPO4 buffer
(pH 7.0), 1 mM EDTA, 1 mM dithiothreitol, 3
acetyl-CoA, 10 îM malonyl-CoA and 35
NADPH in a total volume of 2.0 ml, and the reaction
was initiated by the addition of 20 nM FAS as
previously described [18,19].

The ketoacyl reduction (KR) activity of FAS was
also determined at 37''C by measuring the change in
NADPH absorption at 340 nm. The KR reaction
mixture contained 40 mM ethyl acetoacetate, 35 ĴLM
NADPH, lmM EDTA, lmM dithiothreitol and
20nM FAS in lOOmM KH2PO4-K2HPO4 buffer
(pH7.0) [20].

Assay of reversible and irreversible inhibition

Reversible inhibition was determined by adding the
inhibitors to the reaction system before FAS initiated
the reaction. FAS activities in the presence and
absence of inhibitors were assigned as Aj and AQ
respectively. A/AQ was the relative activity (R.A.). The
final concentration of ethanol did not exceed 0.5%
(VAO in the reaction mixture and thus did not affect
the FAS activity.

Time-dependent inhibition was determined as
follows: the enzyme solution was mixed with the
inhibitor, and aliquots of the mixture were used to
measure the R.A. at predetermined time intervals.
50% ethanol was used instead of the inhibitor as the
control. To determine the irreversible inhibition,
aliquots of the mixture were loaded on a prepared
1.2 ml Sephedex G25 (coarse) column and centri-
fuged at 2000 X g for 45 s, then the fraction with the
enzyme was collected. The free inhibitors, which are
much smaller than FAS, stayed on the column. Then
the R.A. was assayed as outlined above. All
measurements except the assay for activity were
carried out at 25°C.

Results

Reversible inhibition of FAS by PLE

PLE exhibited potent reversible inhibition on FAS.
Figure 1 shows that 0.48 ± 0.07 |xg/ml of PLE
inhibited 50% of the OA activity of FAS; while
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Figure 1. Inhibitory effects of PLE on FAS activity. The inhibition
of the OA (•) and the KR (•) of FAS in the presence of various
concentrations of PLE were measured. The IC,,, values were means
of three experiments obtained from the figures.

2.85 ± 0.38 M.g/ml of PLE inhibited 50% of the KR
activity of FAS. As FAS is a multifunctional enzyme
which has seven functional domains [21], we studied
the inhibition kinetics and several kinetic parameters
of PLE to identify its possible reaction sites on FAS.
The double-reciprocal plot (See Figure 2A) illustrated
that PLE was a competitive inhibitor to acetyl-CoA
(Ki value of 0,20\i.g/m\). PLE and acetyl-CoA may
compete for the same binding site of FAS. The
inhibition with respect to the substrate malonyl-CoA
was in a mixed competitive and non-competitive
manner (See Table I). In addition, the IC50 value for
KR activity was about six-fold higher than that of OA
activity of FAS. The kinetic results showed that PLE
inhibited KR of FAS in a competitive manner with
respect to NADPH (K, value of 0.92 (xg/ml), whereas
it inhibited OA of FAS in a mixed competitive and
noncompetitive manner (See Figure 2B and Table I).

Irreversible inhibition of FAS by PLF

Our previous study revealed that PLE displayed a
time-dependent change in its effect on the initial
velocity of FAS [15], implying that PLE inactivated
the enzyme on the time scale of FAS turnover. The
assay of time-dependent inhibition might be disguised
by the initial potent reversible inhibition. In order to
avoid this interference, a centrifuge chromatography
was performed to remove the free inhibitors in the
solution when measuring the irreversible inhibition.
The irreversible inhibition of the OA activity of FAS
exhibited a time-dependently biphasic process in the
presence of 18|xg/ml of PLE. Under this concen-
tration, ethanol did not affect FAS activity (data not
shown). The semi-logarithmic plot showed two
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Figure 2. Double-reciprocal plots for inhibition of FAS by PLE.
(A) The OA of FAS was measured. Acetyl-CoA was the variable
substrate- Tlie concentrations of malonyl-CoA and NADPH were
fixed at 0.37 mM and L34mM. The concentrations of PLE were:
Oji.g/ml (•); 0.33(ig/ml (•); 0.49fi.g/ml (A); 0.8lM.g/ml ( + )
respectively. (B) The KR of FAS was measured. NADPH was the
variable substrate. The concentrations of Acetyl-CoA and malonyl-
CoA were fixed at 0.192 mM and 0.37 mM. The concentrations of
PLE were: 0 [xg/ml (•); 0.98 jLg/ml (•); 1.95 jig/ml (A); 2.93 j.Lg/mi
( + } respectively.

phases, and the apparent first-order rate constant
kobs of 0.602 min" ̂  for the fast phase (the contri-
bution of slow phase was subtracted) and k,,bs of
6.03 X 10 ^min ' for the slow phase were calculated
(See Figure 3).

We have especially studied the fast-phase inacti-
vation due to its extremely high inactivation velocity.
The R.A. at 0.37 min and 2.5 min (with and without
gel filtration) obviously declined as the concentration
of PLE increased from to 18|i.g/ml to 27 |j.g/ml (See
Figure 4A). While keeping PLE at 18|xg/ml and
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Table I. Inhibition pattern and inhibition parameters for the inhibition of FAS by PLE and avicularin with different substrates.

Substrate

Acetyl-CoA
Malonyl-CoA
NADPH (OA)
NADPH (KR)

IP

C
C + N
C + N
C

PLE

^i (Jig/ml)*

0.20
0.74
0.99
0.92

K{ (Jig/ml)*

1.87
1.90

IP

C
C + N
C + N

Avicularin

K, (|i.g/ml)*

1.28
7.29
5.68
NC*

K{ (^^ml)*

12.07
13.00
NC*

IP = inhibition pattern; C = competitive; C + N = mixed pattern of competitive with noncompetitive.
* The dissociation constant /C, was calculated from the secondary plot of slopes versus inhibitor concentration and K,' from the secondary plot
of intersection versus inhibitor concentration. ^ Not determined, because the inhibition on KR reaction of FAS was very weak. * The constant
was not calculated.

varying FAS concenlration, the R.A value showed a
correlated change (See Figure 4B). Therefore, the
degree of fast-phase irreversible inhibition was PLE
and FAS concentration-dependent.

Furthermore, we performed substrate protection
experiments and found that the irreversible inhibition
for the OA of FAS was not protected by pre-adding
any of the three substrates (data not shown), which
indicated that the reaction sites of PLE for irreversible
inhibition were not the binding sites of these
substrates.

Inhibition of FAS by some glycosylated flavonoids

According to the literature, flavonoids such as
quercetin and avicularin, are the major components

of parasitic loranthus [22]. Table II shows that
avicularin was a strong FAS inhibitor with an IC50
value of 6.15 ± 0.29|xM (2.67 ± 0.12^,g/mI) for the
OA of FAS. Through kinetic studies, its inhibition was
characterized as a competitive type with respect to
acetyl-CoA and mixed type (competitive and non-
competitive pattern) to both malonyl-CoA and
NADPH (See Table I). The inhibition of KR of FAS
by avicularin was found to be very weak with an IC50
value < 200 -̂M. It is strongly implied that the effects
of avicularin on FAS are unrelated to the inhibition of
the p-ketoacyl reductase domain. In addition, we also
measured the inhibition by some other common
quercetin-derived glycosides. Quercitrin, hyperoside
and isoquercitrin possess a rhamnose, a galactose and
a glucose at the C3 of quercetin, respectively (See
Table II). The reversible inhibition on the OA of FAS
by these quercetin-derived glycosides was less potent
than that by avicularin.
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Figure 3. Semi-logarithmic plot of time-dependent irreversible
inhibition ofFAS in the presence of PLE. PLE (18 \x.%lm\) was mixed
with FAS solution (0.15 \LM) and aliquots of the mixture were loaded
on a prepared 1.2 ml Sephedex G25 (coarse) column and centrifuged
at predetermined time intervals when the enzyme fraction was
collected to measure the R.A. of FAS. The plot represents Ln (R.A.)
versus time. TTie fast-phase (A) inhibition occurred from 0 to 5 min
(the contribution of slow phase was subtracted), and the slow-phase
(•) ranged from 5 to 80 min. The linear slopes of the two lines gave
the apparent first-order rate constants.

Discussion

Our study demonstrates that PLH is a very potent
inhibitor with reversible and time-dependent irrever-
sible inhibition of FAS in vitro. The present work
shows that the IC50 value of PLH is 0.48 ĴLg/ml,
which is about 40-fold lower than that of cerelenin
(20jjLg/ml) [10] and epigallocatechin gallate
C24(jLg/ml) [12], Due to the potential of FAS as a
drug target, FAS inhibitors show a valuable
application in the therapy of obesity and cancer.
The utility as a drug of cerelenin and epigalloca-
techin gallate has been limited due to their high IC50
values. Though as a herbal extract, PLE is the flrst
reported inhibitor with an IC50 value less than
1 jjLg/ml. This great inhibitory potential on FAS
makes PLE a favorable candidate as an anti-obesity
or anti-cancer drug.

The IC50 value of 0.48 îg/ml for extracts is
equivalent to 1.83 |xg/ml for dry herb weight, which
is the lowest among the traditional Chinese herb
extracts that we examined. We have previously
published that one species of parasitic loranthus
inhibited FAS with the IC50 value of 12p.g/ml [15].
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Figure 4. Degree of FAS inhibition by different concentration of
PLE at 0.37 min and 2.5 min. (A) FAS solutions (0.15 (iM) were
mixed with PLE at 18 (xg/ml and 27 ji.g/ml respectively. Aliquots of
the mixture with or without ge! filtration on Sephedex G25 were
taken to assay the R.A, of FAS. FAS mixed with the solvent was used
as control (white bar). The R.A. at 0.37 min (black bar) and 2.5 min
(forward slash bar) are shown respectively. FG = Gel Filtration;
NOGF = No Gel Filtration. (B) PLE (18jig/ml) was mixed with
FAS solutions of 0.15|xM and 0.82 jiM. The R.A. without gel
filtration at 0.37 min (black bar) and 2.5 min (forward slash bar) are
shown. FAS mixed with the solvent was used as control (white bar).
Each histogram was the mean of three experiments.

This difference results from the different botanical
sources of parasitic loranthus. We have found that
different species of parasitic loranthus exhibited
different inhibitory abilities on FAS and the species
from the genus Taxillus were the best inhibitors (data
not published).

We have further investigated the reversible inhi-
bition of PLE by kinetic studies. PLE is assumed to
contain multi-inhibitors that bind to different
reaction sites on FAS. To the substrate acetyl-CoA,

PLE showed competitive inhibition on the OA of
FAS. To NADPH, PLE inhibited the NADPH-
dependent KR step of FAS in a competitive manner,
whereas it inhibited OA of FAS in a mixed
competitive and noncompetitive manner. The com-
petitive component may rely on the competition with
NADPH mainly in the P-ketoacyl reductase domain,
and the noncompetitive component may result from
the infiuence of the reaction in those acetyl-CoA
binding sites. These results suggest that PLE
primarily acts on those sites where acetyl-CoA
binds; and also act on the NADPH binding site of
the 3-ketoacyl reductase domain of FAS, which is an
important but not dominant site. This conclusion is
substantiated by the fact that the Ki value of PLE to
NADPH in KR was about five-fold higher than that
for acetyl-CoA in OA. This gap in K^ value is in
accord with the gap in IC50 value between the OA
and KR of FAS. Compared with FAS inhibitors
reported previously, such as C75 [4], epigallocate-
chin gallate [12], galangal extracts [23] and black tea
preparations [24], the kinetic type of PLE is different
from that of these inhibitors.

PLE also shows irreversible inhibition on FAS
based on the observation that most of the lost FAS
activity could not be recovered after gel filtration. This
inhibition exhibits a biphasic time course. The
inactivation velocity in the fast-phase is very speedy
and the kobs'̂ [I] value at 18̂ jLg/mI of PLE is
33.4min"' mg~' ml, which is about eight-fold faster
than that of C75 [12]. Furthermore, the degree of
fast-phase inhibition is dependent on PLE and FAS
concentration. A higher concentration of PLE
increases the degree of fast-phase inhibition, while a
higher concentration of FAS decreases the degree of
fast-phase inhibition. This implies that the speedy
fast-phase inhibition results from the depletion of
some componem(s) which constitutes a small
percentage of PLE content but contribute(s) greatly
to the potent inhibition on FAS. The sites on FAS
reacting with PLE for its irreversible inhibition are
independent from that for the reversible inhibition,
which is confirmed by the substrate protection
experiments.

Parasitic loranthus has been recorded to be
abundant in flavonoids, the main of which are
quercetin and avicularin [17,25]. Avicularin shows
potent reversible inhibition on FAS, and its potency is
similar to that of quercetin [14]. Neither exhibit
irreversible inhibition of FAS. Therefore, avicularin
and quercetin are, in part, the effective constitutes in
PLE that inhibit FAS. This conclusion is also
supported by kinetic results that show that the
inhibition types of PLE to FAS are identical to that
of avicularin and similar to that of quercetin (See
Table I) [14]. However, when considering the smaller
IC^o value and the presence of irreversible inhibition
by PLE, two possibilities arise: firstly, in PLE there is
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Table II. The IC50 values of some glycosylated flavonoids on the OA and KR of FAS.

IC50 Vaiue+

Inhibitor OA KR Structure

Avicularin 6.15 ±0.29^l.M
(2.67 ±

> 2 0 0 | L M

Quercitrin 45.6 ± 1.86 H.M
(20.46 ± 0.

ND*

Hyperoside 74.6 ± 5.26 M.M
(34.63 ±

ND*

OH

HO

HO O

OH

..OH

Isoquercitrin 108.0 ± 7.
(50.06 ± 3.3M.g/ml)

ND*

OH

HO

HO O

The IC5(| values were the means ± SD for three experiments. *Not determined.

some unidentified component(s) that may have
stronger inhibitory potency than avicularin and
quercetin and can irreversibly inhibit FAS; secondly,
various components with different reaction sites
co-contribute to the inhibition of FAS.

We have examined the reversible inhibition by
several quercetin-3-o-glucosides as well. Quercetin
can inhibit FAS, but quercetin-3-o-rutinoside (rutin)
cannot [14]. Avicularin with a five-membered sugar
ring connecting to quercetin, exhibits similar inhibi-
tory ability to FAS as quercetin; whereas other
glycosylated quercetins possessing a six-membered

sugar ring show much weaker inhibitory ability. This
suggests that the 3-OH in the C ring of flavonoids is
not indispensable for inhibition against FAS and the
size of the glycoside substituent at the 3-position
seems to be crucial. The larger size of this group may
result in a steric block that consequently undermines
inhibitory ability.

In this paper, we describe the potency of PLE in
inhibiting FAS, point out the possible sites on FAS
reacting with PLE and analyze some components
responsible for the inhibitory effects. The high
inhibitory potency of PLE on FAS as well as the
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obvious weight-reducing effects [15] present a very
promising perspective on the application of parasitic
loranthus as an anti-obesity drug.
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