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Abstract
Eucommia leaves (Eucommia ulmoides Oliver) contain chlorogenic acid (a caffeic acid derivative) and geniposidic acid and asperuloside (ASP), iridoid gluco-
sides used in beverages. We used a metabolic syndrome rat model, produced by feeding a 35 % high-fat diet (HFD), to examine potential anti-obesity and
anti-metabolic syndrome effects and mechanisms of chronic administration of ASP. These effects were compared with Eucommia leaf extract (ELE), the
positive control, which exhibits anti-obesity effects. A total of six rats were studied for 3 months in five groups. ASP suppressed body weight, visceral fat
weight, food intake and circulating levels of glucose, insulin and lipids, and increased the plasma adiponectin level in rats on a HFD. These effects are
similar to those of ELE, except for the influence on the plasma glucose level. RT–PCR studies showed that ASP (like ELE with known anti-obesity effects)
diminished isocitrate dehydrogenase 3α, NADH dehydrogenase flavoprotein 1 (Comp I) mRNA and fatty acid synthase levels (white adipose tissue),
increased carnitine palmitoyltransferase 1α and acyl-CoA dehydrogenase, very-long-chain mRNA levels (liver), and increased Glut4, citrate synthase, iso-
citrate dehydrogenase 3α, succinyl CoA synthase, peroxisomal 3-ketoacyl-CoA thiolase, dihydrolipoamide succinyl transferase and succinate dehydrogenase
mRNA levels (skeletal muscle) under HFD conditions. Interestingly, ASP administration resulted in significantly increased mRNA levels of uncoupling
protein 1 (UCP1) in the brown adipose tissue of HFD-fed rats; ELE did not affect the expression of UCP1. The increased expression of UCP1 may
be negated by many ingredients other than ASP in the ELE. These findings suggest that chronic administration of ASP stimulates anti-obesity and
anti-metabolic syndrome activity in HFD-fed rats across several organs, similar to ELE administration; thus, ASP may be an important ingredient of ELE.
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Obesity, which can lead to the metabolic syndrome, has
recently gained attention as a factor that dramatically increases
the risk of arteriosclerotic disease. According to Japanese diag-
nostic criteria, obesity and the metabolic syndrome are con-
ditions requiring prevention or treatment because of the
high risk of complications, including hyperglycaemia, hyperli-
paemia and hypertension, due to the accumulation of visceral
fat. It has also been reported that accumulated visceral fat tis-
sues secrete various types of adipocytokines and cause meta-
bolic abnormalities such as insulin resistance(1). Because the
metabolic syndrome is often triggered by a high-fat diet
(HFD) or lack of exercise, the basic treatment of the metabolic
syndrome involves lifestyle improvements. There are many
dietary and, to a lesser extent, pharmacological approaches
that affect energy balance, resulting in successful body weight
loss(2). Such therapies typically affect the appetite, nutrient
absorption, or thermogenesis related to metabolism, and a
recent study indicated that chronic administration of
Eucommia leaf extract (ELE) stimulates the metabolic function
of rats across several organs under HFD conditions and con-
tributes to anti-obesity or anti-metabolic effects with an
improvement of insulin resistance or hyperlipaemia(3).
Eucommia bark, Eucommia ulmoides Oliver (Eucommiaceae), is

a herbal medicine traditionally used as an analeptic, analgesic,
sedative, antihypertensive and diuretic(4). The commercial pro-
duct, termed Tochu-cha in Japanese, is composed of roasted
Eucommia leaves and has been used in foods. Tochu-cha con-
tains the following active ingredients(5,6): the iridoid glucosides
geniposidic acid (GEA) and asperuloside (ASP) and the caffeic
acid derivative chlorogenic acid (CHA). Since the 1970s,
Eucommia leaves have been used in the Sichuan District of
China as an antihypertensive drug and health food(7,8), and
clinical studies have been conducted to evaluate their effi-
cacy(9–11). Administration of ELE and its ingredients yielded
dose-dependent anti-hypertensive effects in spontaneously
hypertensive rats(12,13). ELE has also been reported to have
potent antioxidant and anti-mutagenic effects(14) and prevents
oxidative gastric injury(15). In addition, ELE and its ingredients
may inhibit stress-induced gastric erosion(16).
Some previous studies indicated that the anti-obesity effects

of ELE are similar to those of powdered leaves(13,17). RT-PCR
analysis showed that both roasted and powdered Eucommia
leaves enhance metabolic function across several organs,
diminishing ATP production (white adipose tissue (WAT)),
accelerating β-oxidation (liver) and increasing the use of ketone
bodies/glucose (skeletal muscle). The enhanced metabolic
function is accompanied by loss of body weight and visceral
fat in rats fed a HFD(3). Conversely, some studies reported
that high-dose administration of Eucommia leaves for 35 d(18)

or low-dose administration for 10 weeks(19) did not signifi-
cantly decrease the body weight, regardless of the loss and
regain of weight in the visceral fat pad in animals. This
suggests that differences in the composition of components
in Eucommia leaves might have a significant impact on the anti-
obesity effects observed with ELE. When the anti-obesity
effects of compounds in ELE were compared – 0·63 %
GEA, 0·45 % ASP and 0·44 % CHA, the relative weights typi-
cally found in Eucommia leaves – only ASP exhibited

significantly decreased body weight, with decreased visceral
fat pad weights as well as decreased plasma levels of NEFA
in mice fed a HFD for 4 weeks(20). Administration of 0·1 %
ASP for 1 month significantly enhanced BMR and resulted
in a decreased respiratory quotient that might stimulate lipid
metabolism in rats fed a HFD.
The aim of the present study was to examine potential anti-

obesity effects and the mechanisms of these effects due to
chronic administration of ASP, an ingredient of ELE. The
effects of the administration of ASP were compared with the
effects of the administration of ELE on HFD-fed rats.
Furthermore, RT-PCR analysis was used to examine the gene
expression across several organs during ASP and ELE admin-
istration, including perirenal WAT, liver, soleus muscle (Sol. M.)
and brown adipose tissue (BAT) in HFD-fed rats.

Materials and methods

Animals and diets

Male Sprague–Dawley rats (4 weeks old; 75–80 g), purchased
from SLC, Inc., were maintained at a temperature of 23–26°C
and a relative humidity of 50–65 % for 2 weeks after arrival.
Rats were divided into five groups (HFD-Control, HFD-5
% ELE, HFD-0·03 % ASP, HFD-0·1 % ASP and
HFD-0·3 % ASP; n 6 for each) based on body weight.
Under HFD (2·6 MJ/100 g) conditions, all animals were fed
a commercial diet containing 29·7 % lard (Oriental Yeast
Co. Ltd.), water (7·7 %), protein (23·6 %), lipid (35·0 %),
ash (6·1 %), dietary fibre (2·9 %) and nitrogen-free extract
(24·7 %). Test foods were prepared by adding 5 % ELE and
0·03–0·3 % ASP or by adding 5 % casein as a control to deter-
mine the effects of high-dose administration in rats. The test
foods were provided ad libitum for 3 months to examine the
potential anti-obesity and anti-metabolic syndrome effects of
ELE and ASP. The doses given to animals fed a HFD were
determined based on the findings of Fujikawa et al.(3). After
chronic administration of ELE and ASP, body weight was
measured, and the rats were killed by decapitation without stress.
WAT (perirenal WAT and epididymal WAT), BAT and skeletal
muscle (the Sol. M. of the hind leg) were immediately removed.
The Institutional Animal Care and Use Committees at Mie

University Faculty of Medicine and the Suzuka University of
Medical Science approved the animal facilities and study pro-
tocols. All procedures were performed in accordance with the
National Institutes of Health guidelines for animal care (1996).

Preparation of Eucommia leaf extract

Eucommia leaves (Eucommia ulmoides Oliver) collected in the
Sichuan District of China were used. ELE was prepared as fol-
lows: fresh Eucommia leaves were treated with steam at 100–
110°C and then dried and roasted. A quantity of 2 tonnes
of roasted Eucommia leaves was steeped in 10 tonnes of hot
water at 90°C for 1 h, and the extract was filtered and concen-
trated. The concentrate was left standing for 1 d. The concen-
trate was then filtered and concentrated, vacuum-dried and
powdered (yield: 18 %).
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We measured each of the major components (i.e. GEA,
ASP and CHA) in each sample using HPLC with an ODS col-
umn(20). The experimentally used ELE was composed of
GEA (63·0 mg/g), ASP (45·2 mg/g) and CHA (44·0 mg/g).

Preparation of asperuloside

ASP was extracted and isolated from Eucommia leaves. Dried
leaves of Eucommia were extracted with hot water for 10 h at
60°C, vacuum-dried and powdered to obtain the ELE. The
extract was subjected to Diaion HP-20P column chromato-
graphy with a gradient of water–methanol (1:0 to 0:1) to yield
water fractions, 30 % methanol fractions, 50 % methanol
fractions, 80 % methanol fractions and 100 % methanol frac-
tions in the order of elution. The 30 % methanol fractions
were chromatographed over YMC S-15/30 120A ODS with
a gradient of water–methanol (1:1 to 6:1) and then purified
by Daisogel SP-120-40/60-ODS-B (100 × 1000 mm), eluted
with 80 % methanol, vacuum-dried and freeze-dried, and
washed with acetone to yield ASP (purity: 99·5 %).

Body weight and percentage white adipose tissue weight
and skeletal muscle weight relative to the body weight

Body weight was measured weekly throughout the experimen-
tal period. After killing, the perirenal WAT, epididymal WAT,
BAT and Sol. M. of the hind leg were removed, and the wet
weights were measured. Weights were calculated as percentage
of wet weight to body weight.

Blood components

Blood was collected immediately after the animals had been
killed by decapitation. The blood was centrifuged (3000 rpm,
30 min), and the separated plasma was stored at −80°C
until measurement. Plasma glucose and insulin were measured
as biomarkers of carbohydrate metabolism; total cholesterol,
TGA and NEFA in the plasma were measured as biomarkers
of lipid metabolism. Plasma levels of adipocytokines (adipo-
nectin and TNF-α) were also measured. Insulin levels were
measured by ELISA using an ultra-high-sensitivity rat insulin
assay kit (Morinaga Milk Industry Co. Ltd.), adiponectin levels
were measured using a mouse/rat adiponectin ELISA kit
(Otsuka Pharmaceutical Co. Ltd), and TNF-α levels were
measured using a rat TNF-α assay kit (Immuno-Biological
Laboratories Co. Ltd.). Other parameters were measured
using a Hitachi 7180 automated analyser.

Hepatic lipid metabolic enzyme activity

Frozen rat liver was thawed and homogenised on ice with six
volumes of a 0·25 M-sucrose solution containing 1 mM-EDTA
and 3 mM-Tris-HCl (pH 7·2) and centrifuged at 500 g for 10
min (4°C). The supernatant was centrifuged at 9000 g for 10
min, followed by centrifugation of the resultant supernatant at
105 000 g for 1 h. The supernatant containing the cytosol was
used for the measurement of fatty acid synthase (Fas) activity.
After spinning at 500 g, the pellet containing the mitochondria

was suspended in a small volume of a 0·25 M-sucrose solution.
After centrifugation at 9000 g for 10 min, the supernatant was
used to measure carnitine palmitoyltransferase 1α (Cpt1α)
activity. Fas activity was determined using a method with exten-
sive modification based on that described by Kelley et al.(21).
The cytosolic fraction (20–100 µl) was mixed with 500 µl of
0·2 M-potassium phosphate buffer (pH 7·0), 20 µl of 2·5
mM-acetyl-CoA, 30 µl of 10 mM-NADPH and 20 µl of 10
mM-malonyl-CoA and then measured at 340 nm (30°C) for 2–
3 min in a spectrophotometer. Cpt1α activity was determined
by a method with extensive modification based on that described
by Markwell et al.(22). The mitochondrial fraction (5–15 µl) was
mixed with 500 µl of 116 mM-Tris-HCl (pH 8·0) buffer, 2·5
mM-EDTA, 5 µM-5,5′-dithiobis-2-nitrobenzoate (DTNB), 0·2 %
Triton X-100, 2 mM-palmitoyl-CoA and 1·25 mM-L-carnitine.
The reaction was initiated by the addition of enzyme at 25°C,
and the rate of CoA release from palmitoyl-CoA was measured
at 412 nm using spectrophotometry.

RT-PCR

Total RNA was extracted using a TriPure Isolation kit (Roche),
and the RNA concentrations were determined spectrophotome-
trically at 260 nm. The quality of the RNAwas determined spec-
trophotometrically using a 260/280 nm absorbance ratio; the
values of all the samples were 1·8–2·0. After total RNA extrac-
tion, the samples were treated with a TURBO DNA-free kit
(Ambion) for 30 min at 37°C to remove any genomic DNA.
The DNase-treated RNA (0·35 µg) was utilised to synthesise
first-strand cDNA using the ReverTraAce qPCR RT kit
(Toyobo). The cDNA products (50 ng/μl) were analysed by
RT-PCR using Power SYBR Green PCR Master Mix (Applied
Biosystems) with an ABI PRISM 7300 (Applied Biosystems).
The amplification program included an initial denaturation
step at 95°C for 10 min, forty cycles of denaturation at 95°C
for 15 s and annealing/extension at 59–60°C for 1 min. The
glyceraldehyde-3-phosphate dehydrogenase mRNA level was
determined and used as an internal control. Each gene was
normalised to glyceraldehyde-3-phosphate dehydrogenase by
subtracting the cycle threshold (Ct) value of glyceraldehyde-3-
phosphate dehydrogenase from the Ct value of the gene target
(ΔCt[target]). The relative expression of the target gene was cal-
culated using SDS v1.2 with the relative quantification (respirat-
ory quotient) software (Applied Biosystems), with ΔCt[target]
compared with the ΔCt values of the reference; i.e., ΔΔCt
= ΔCt[target]− ΔCt[reference]. The degree of difference
(expressed in fold difference) between the target and the refer-
ence was calculated as 2−ΔΔCt. The melting point analysis
detected no non-specific amplification in the cDNA samples.
The slopes of the amplification curves did not differ between
groups during the mRNA analysis, and no differences in the
amplification efficiency were observed. The sequences of the
specific primers used in the Power SYBR Green PCR Master
Mix protocol are listed in Supplementary Table S1 (available
online at http://journals.cambridge.org/JNS). Each PCR pri-
mer was designed using DINASIS Pro v2.7 software (Hitachi
Software Engineering Co. Ltd), and the oligonucleotides were
purchased from Greiner Bio-One Co. Ltd.
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Statistical analysis

The values are expressed as means with their standard errors
derived from measurements of six rats (n 6). Statistical analysis
was performed using SPSS statistics 20 (IBM). The equal var-
iances were checked by Levene’s test. One-way ANOVA was
used for inter-group comparisons and for linear trend and
quadratic trend tests. When the ANOVA results revealed sig-
nificant differences, contrast tests were used to identify signifi-
cant differences from HFD-5 % ELE or HFD-Control group.
In the statistics for each contrast test, we preplanned to leave
out the cubic response but compared 5 % ELE or Control to
the average of the three ASP treatments. This is assuming that
we do not have a specific ASP treatment that we expect
to compare to 5 % ELE a priori: coefficients for linear
(−0·4597, −0·3314, −0·0321 0·8233) and quadratic
(0·5334, 0·00171, −0·8025, 0·2673) responses with Control
(0 %), 0·03 % ASP, 0·1 % ASP and 0·3 % ASP; coefficients
for Control v. 5 % ELE (1, 0, 0, 0, −1) and ASP v. 5 %
ELE (0 −1, −1, −1, 3) with Control, 0·03 % ASP, 0·1 %
ASP, 0·3 % ASP and 5 % ELE.

Results

Body weight, food intake and relative weights of white
adipose tissue, brown adipose tissue and soleus
muscle with chronic administration of Eucommia
leaf extract and asperuloside

Compared with the HFD-Control group, final body weight,
body weight gain and food intake decreased significantly in
3 months in the HFD-5 % ELE group (each P < 0·05), and
the dose-dependent decrease was observed in the
HFD-0·03–0·3 % ASP group compared with the

HFD-Control group (each P < 0·05, Table 1). No difference
in the final body weight, body weight gain and food intake
was observed between the HFD-5 % ELE and the average
of all HFD-0·1–0·3 % ASP groups (Table 1).
Compared with the HFD-Control group, the relative weight

of the perirenal WAT significantly decreased in 3 months in
the HFD-5 % ELE group (P < 0·05), and a significant and
dose dependent decrease was observed in the HFD-0·03–
0·3 % ASP group when compared with the HFD-Control
group (P < 0·05, Table 1). These changes in the ASP groups
were dose-dependent (P< 0·05, Table 1). No difference in
the relative weight of the perirenal WAT was observed
between the HFD-5 % ELE and the average of the
HFD-0·1–0·3 % ASP groups (Table 1). The relative BAT
weight increased in the HFD-5 % ELE group under chronic
administration (P < 0·05, Table 1). The ASP groups exhibited
a significant increase with linearity when compared with the
HFD-Control group (P < 0·05, Table 1). A significant differ-
ence in relative BAT weight was observed between the
HFD-5 % ELE and the average of the three HFD-ASP
groups (P< 0·05, Table 1). The relative Sol. M. weights were
not significantly different between groups (Table 1).
The control group exhibited primary signs of progressive

metabolic syndrome with plasma parameters in agreement
with a previous report(3).

Plasma levels of lipids, glucose and insulin with chronic
administration of Eucommia leaf extract and asperuloside

In comparison with the HFD-Control group, plasma NEFA
levels significantly decreased in the HFD-5 % ELE group
during 3 months of HFD feeding (P < 0·05, Table 1). The

Table 1. Effects of asperuloside (ASP) on body weight, white adipose tissue (WAT) weight, brown adipose tissue (BAT) weight, soleus muscle (Sol. M)

weight and plasma indices in high-fat diet (HFD)-fed rats

(Mean values with their standard errors)

HFD-ASP HFD-ELE

HFD-Cont. (n 6) 0·03 % (n 6) 0·1 % (n 6) 0·3 % (n 6) 5 % (n 6)

Mean SE Mean SE Mean SE Mean SE Mean SE

Initial body weight (g per rat) 71·0 1·0 71·2 1·5 72·5 0·5 71·0 0·6 71·7 0·7
Food intake (g/d per rat)*† 27·8 2·2 21·3 3·2 17·7 2·7 14·9 2·0 15·6 1·6
Final body weight (g per rat)*† 564 9 516 19 465 8 461 7 462 17

Body weight gain (g per rat)*† 493 10 445 18 393 8 3 90 7 390 17

Relative WAT weight (%)

Perirenal*† 2·7 0·3 1·5 0·2 1·4 0·1 1·3 0·1 1·5 0·1
Epididymal 2·6 0·2 2·5 0·2 2·2 0·1 2·0 0·1 2·0 0·2

Relative BAT weight (%)*†‡ 0·24 0·02 0·31 0·01 0·33 0·02 0·37 0·02 0·39 0·04
Relative Sol. M. weight (%) 0·07 0·01 0·07 0·01 0·07 0·01 0·07 0·01 0·07 0·01
Glucose (mg/l)*† 1621 71 1501 37 1394 42 1338 55 1413 63

Insulin (ng/ml)*† 7·7 0·6 5·2 1·1 3·9 0·8 3·3 0·6 3·4 0·7
TAG (mg/l)*† 2260 378 1605 301 1199 235 1071 243 1143 237

NEFA (μEq/l)*† 639·1 33·7 449·0 56·0 402·7 21·6 397·3 20·9 437·2 30·3
Total cholesterol (mg/l)*†‡ 880 34 721 25 708 24 664 26 591 28

Adiponectin (μg/l)*† 29 5 39 6 48 4 53 3 54 6

TNF-α (pg/ml)*† 198·3 18·2 136·5 13·1 98·7 9·2 70·6 8·9 68·9 10·1
ELE, Eucommia leaf extract; Cont., Control.

* Linear contrast with Control (0 %), 0·03 %, 0·1 % and 0·3 % ASP (P < 0·05).
† Contrast for Control v. 5 % ELE (P < 0·05).
‡ Contrast for the average of all ASP treatments v. 5 % ELE (P < 0·05).
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ASP groups exhibited a significant decrease with linearity when
compared with the HFD-Control group (P< 0·05, Table 1).
Administration of ASP dose dependently reduced the plasma
TAG level in rats fed a HFD when compared with the
HFD-Control rats (P< 0·05), and a significant decrease was
seen in the HFD-5 % ELE group (P < 0·05, Table 1). No
difference in the plasma level of NEFA and TAG was
observed between the HFD-5 % ELE and the average of all
HFD-0·1–0·3 % ASP groups (Table 1). A significantly
decreased total cholesterol level was observed in 5 %
ELE-administered rats under HFD conditions (P < 0·05,
Table 1). The ASP groups exhibited a significant decrease of
the plasma total cholesterol level in a dose-dependent fashion
when compared with the HFD-Control group (P < 0·05), and
a significant difference was observed between the HFD-5 %
ELE and the average of the HFD-0·1–0·3 % ASP groups
(P< 0·05, Table 1). A dose-dependently reduced plasma glu-
cose level was observed in the HFD-ASP groups compared
with the HFD-Control group after 3 months of HFD feeding
(P< 0·05); however, no difference in plasma glucose level was
observed between the HFD-5 % ELE and the average of the
three HFD-ASP groups (Table 1). Administration of 5 % ELE
yielded markedly decreased plasma insulin levels under HFD
conditions (P< 0·05), and linearly decreased plasma insulin
levels were also observed in rats administered 0·1–0·3 %
ASP contrasted with the HFD-Control rats (P < 0·05,
Table 1). No difference in the plasma insulin level was
observed between the HFD-5 % ELE and the average of
the HFD-ASP groups (Table 1).

Plasma adipocytokine levels with chronic administration of
Eucommia leaf extract and asperuloside

In the HFD-5 % ELE group, significantly increased levels of
plasma adiponectin were observed; a dose-dependent increase
was also observed in the HFD-ASP groups compared with the
HFD-Control group (each P < 0·05, Table 1). No difference in
the plasma level of adiponectin was observed between the
HFD-5 % ELE and the average of the three HFD-ASP
groups (Table 1).
In contrast, administration of 5 % ELE yielded a consider-

ably decreased plasma TNF-α level under HFD conditions; a
dose-dependently decreased TNF-α level was also observed in
the ASP-administered rats under HFD conditions compared
with the HFD-Control rats (each P < 0·05, Table 1). No
difference in the plasma level of TNF-α was observed between
the HFD-5 % ELE and the average of the HFD-0·1–0·3 %
ASP groups (Table 1).

Gene expression related to glucose metabolism
with chronic administration of Eucommia leaf extract
and asperuloside

UnderHFD conditions, chronic administration of 5 %ELE sig-
nificantly induced the expression of glucokinase, citrate synthase
(Cs), dihydrolipoamide succinyl transferase (Ogdh), NADH
dehydrogenase flavoprotein 1 (Comp I) and cytochrome c oxi-
dase, subunit 4a (Comp IV) in the rat liver (each P< 0·05,
Table 2). The ASP groups exhibited a significant and dose-
dependent increase of glucokinase, Cs, Ogdh, Comp I and

Table 2. Gene expression analysis by real-time PCR in liver after administration of asperuloside (ASP) under high-fat diet (HFD) conditions

(Mean values with their standard errors)

HFD-ASP (fold of Cont.)

HFD-ELE

(fold of Cont.)

HFD-Cont. (n 6) 0·03 % (n 6) 0·1 % (n 6) 0·3 % (n 6) 5 % (n 6)

Gene name Mean SE Mean SE Mean SE Mean SE Mean SE

Glycolytic system

Gck*† 1·00 0·11 1·47 0·11 1·82 0·15 2·19 0·25 2·60 0·42
TCA cycle

Cs*†‡ 1·00 0·11 0·96 0·04 1·90 0·07 1·97 0·08 2·15 0·08
Ogdh*†‡ 1·00 0·12 0·98 0·08 1·49 0·14 1·78 0·08 2·89 0·05

Electron transfer system

Comp I*†‡ 1·00 0·10 0·96 0·06 1·42 0·10 2·06 0·10 2·39 0·08
Comp IV*†‡ 1·00 0·12 1·05 0·06 0·84 0·11 0·61 0·08 0·62 0·07

Fatty acid synthesis

Fas*† 1·00 0·10 1·24 0·13 1·67 0·17 1·76 0·03 2·05 0·22
Fatty acid transporter

Fatp*† 1·00 0·10 1·24 0·13 1·67 0·17 1·76 0·03 2·05 0·22
Fatty acid β-oxidation
Cptlα*† 1·00 0·10 1·23 0·15 1·57 0·10 1·76 0·16 2·35 0·07
Acadvi*†‡ 1·00 0·10 1·22 0·05 1·37 0·06 2·05 0·12 1·84 0·13

Fatty acid β-oxidation (catalytic)

Hadh II*†‡ 1·00 0·15 1·35 0·07 1·77 0·17 2·32 0·20 2·27 0·16
Hadh SC*†‡ 1·00 0·12 0·95 0·07` 1·49 0·12 1·80 0·10 1·72 0·09

Cont., Control; ELE, Eucommia leaf extract; Gck, glucokinase; Cs, citrate synthase; Ogdh, dihydrolipoamide succinyl transferase; Comp I, NADH dehydrogenase flavoprotein 1;

Comp IV, cytochrome c oxidase, subunit 4a; Fas, fatty acid synthase; Fatp, fatty acid transport protein; Cpt1α, carnitine palmitoyltransferase 1α; Acadvl, acyl-CoA dehydrogenase,

very long chain; Hadh II, hydroxyacyl-CoA dehydrogenase type II; Hadh SC, L-3-hydroxyacyl-CoA dehydrogenase, short chain.

* Linear contrast with Control (0 %), 0·03 %, 0·1% and 0·3 % ASP (P < 0·05).
† Contrast for Control v. 5 % ELE (P < 0·05).
‡ Contrast for the average of all ASP treatments v. 5 % ELE (P < 0·05).
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Comp IVmRNAwhen compared with the HFD-Control group
(P< 0·05), and the significantly increased mRNA level of Cs,
Ogdh, Comp I and Comp IV in the average of all the
HFD-0·03–0·3 % ASP groups was lower than that of the
HFD-5 % ELE group (P< 0·05, Table 2). A significant differ-
ence in glucokinase mRNA level was not observed between the
HFD-5 % ELE and the average of the HFD-0·03–0·3 % ASP
groups (Table 2). In the perirenal WAT of rats fed a HFD, the
levels of isocitrate dehydrogenase 3α (Idh3α) and Comp I
mRNA were markedly decreased by chronic administration of
5 % ELE (each P< 0·05, Table 3). The ASP groups exhibited
a significant decrease of Glut4, Idh3α and Comp I mRNA
with linearity when compared with the HFD-Control group
(each P< 0·05, Table 3). No difference was observed between
the HFD-5 % ELE and the average of the three HFD-ASP
groups (Table 3). In the Sol. M. of rats under HFD conditions,
the 5 % ELE group had significantly increased levels of Glut4,
Cs, Idh3α, Ogdh, succinate dehydrogenase complex, subunit A,
flavoprotein, Comp I, Comp IV and ATP synthase, H+ trans-
porting, mitochondrial F1 complex, delta subunit (Comp V)
mRNA (each P< 0·05, Table 4). Similarly, the ASP groups
had a markedly increased mRNA level of these genes with
linearity when compared with the HFD-Control group (each

P< 0·05, Table 4). A difference except for Idh3α mRNA was
observed between the HFD-5 % ELE and the average of the
HFD-ASP groups (each P< 0·05, Table 4).

Gene expression related to lipid metabolism with chronic
administration of Eucommia leaf extract and asperuloside

In the rat liver under HFD conditions, chronic administration
of 5 % ELE significantly decreased the level of expression of
Fas mRNA and a marked increased the mRNA levels of FA
transport protein, Cpt1α, acyl-CoA dehydrogenase, very long
chain (Acadvl), hydroxyacyl-CoA dehydrogenase type II and
L-3-hydroxyacyl-CoA dehydrogenase, short chain (each
P < 0·05, Table 2). The HFD-ASP groups also exhibited a sig-
nificant decrease in Fas mRNA and markedly increase in these
mRNA in the liver in a dose-dependent fashion when com-
pared with the HFD-Control group (each P < 0·05, Table 2).
Significant differences in Acadvl, hydroxyacyl-CoA dehydro-
genase type II and L-3-hydroxyacyl-CoA dehydrogenase,
short chain mRNA levels were observed between the
HFD-5 % ELE and the average of all the HFD-0·03–0·3 %
ASP groups (P < 0·05), but not in Fas, FA transport protein
and Cpt1α mRNA levels (Table 2). The HFD-5 % ELE

Table 3. Gene expression analysis by real-time PCR in perirenal white adipose tissue after administration of asperuloside (ASP) under high-fat diet (HFD)

conditions

(Mean values with their standard errors)

HFD-ASP (fold of Cont.)

HFD-ELE

(fold of Cont.)

HFD-Cont. (n 6) 0·03 % (n 6) 0·1 % (n 6) 0·3 % (n 6) 5 % (n 6)

Gene name Mean SE Mean SE Mean SE Mean SE Mean SE

GLUT

Glut4* 1·00 0·08 0·80 0·07 0·66 0·04 0·57 0·09 0·79 0·10
Glycolytic system

Hk2 1·00 0·07 0·95 0·18 0·78 0·06 0·66 0·04 1·06 0·20
TCA cycle

Cs 1·00 0·04 1·10 0·14 0·81 0·05 0·67 0·04 0·98 0·14
Idh3α*† 1·00 0·06 1·02 0·14 0·89 0·09 0·57 0·09 0·60 0·07
Ogdh 1·00 0·12 1·11 0·18 0·69 0·04 0·93 0·33 0·93 0·25

Electron transfer system

Comp I*† 1·00 0·05 1·03 0·11 0·66 0·02 0·58 0·03 0·64 0·07
Comp IV 1·00 0·08 1·13 0·09 1·00 0·06 0·64 0·27 0·99 0·26

Lipolysis

Hsl* 1·00 0·17 1·73 0·43 2·09 0·48 2·73 0·21 1·76 0·49
Fatty acid synthesis

Fas*†‡ 1·00 0·05 0·67 0·03 0·48 0·04 0·42 0·04 0·69 0·05
Fatty acid transporter

Fatp 1·00 0·06 0·88 0·05 0·85 0·05 0·52 0·05 0·63 0·06
Fatty acid ß-oxidation

Cpt2 1·00 0·11 1·25 0·19 1·44 0·13 1·71 0·32 1·61 0·18
Acadvl*† 1·00 0·10 1·43 0·07 1·77 0·26 2·70 0·28 1·93 0·09

Fatty acid receptor and Adipocytokine

PPARγ*† 1·00 0·09 1·18 0·02 1·80 0·12 2·11 0·08 1·98 0·12
Adiponectin*† 1·00 0·11 1·01 0·02 2·38 0·22 3·03 0·14 2·47 0·11
Resistin*† 1·00 0·05 0·97 0·07 0·86 0·04 0·66 0·05 0·68 0·08

Cont., Control; ELE, Eucommia leaf extract; Hk2, hexokinase 2; Cs, citrate synthase; Idh3α, isocitrate dehydrogenase 3α; Ogdh, dihydrolipoamide succinyl transferase; Comp I,

NADH dehydrogenase flavoprotein 1; Comp IV, cytochrome c oxidase, subunit 4a; Hsl, hormone-sensitive lipase; Fas, fatty acid synthase; Fatp, fatty acid transporter protein;

Cpt2, carnitine palmitoyltransferase 2; Acadvl, acyl-CoA dehydrogenase, very long chain.

* Linear contrast with Control (0 %), 0·03 %, 0·1 % and 0·3 % ASP (P < 0·05).
† Contrast for Control v. 5 % ELE (P < 0.05).

‡ Contrast for the average of all ASP treatments v. 5 % ELE (P < 0.05).
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condition did not affect the hormone-sensitive lipase mRNA
level in perirenal WAT (Table 3). Although the HFD-ASP
groups had a clearly increased hormone-sensitive lipase
mRNA level with linearity when compared with the
HFD-Control group (P < 0·05), no difference was observed
between the HFD-5 % ELE and the average of the
HFD-0·03–0·3 % ASP groups (Table 3). The HFD-5 %
ELE group exhibited marked suppression of mRNA
expression of Fas in perirenal WAT (P< 0·05, Table 3). The
HFD-ASP groups exhibited significantly decreased levels of
Fas mRNA with linearity when compared with the
HFD-Control group (P< 0·05) and these significant down-
regulations in the average of the HFD-0·03–0·3 % ASP
groups were clearly lower than that of the HFD-5 % ELE
group (P < 0·05, Table 3). The 5 % ELE group had signifi-
cantly increased perirenal WAT Acadvl mRNA levels
under HFD conditions (P< 0·05, Table 3). Although the
HFD-ASP groups exhibited significantly increased levels of
Acadvl mRNA with linearity when compared with the
HFD-Control group (P < 0·05), no difference was also
observed between the HFD-5 % ELE and the average of
the three HFD-ASP groups (P < 0·05, Table 3). There were
no significant differences among any of the groups in the

level of mRNA expression of Fas or FA transport protein
in the Sol. M. of rats fed a HFD (Table 4).

Gene expression related to ketone body metabolism with
chronic administration of Eucommia leaf extract and
asperuloside

Chronic administration of 5 % ELE led to significantly
increased mRNA levels of succinyl CoA synthase, peroxisomal
3-ketoacyl-CoA thiolase, Ogdh and succinate dehydrogenase
complex, subunit A, flavoprotein in the Sol. M. of rats
under a HFD (each P< 0·05, Table 4). The HFD-ASP groups
exhibited a significant up-regulation of these genes with linear-
ity when compared with the HFD-Control group (each P <
0·05, Table 4). No difference was not observed between the
HFD-5 % ELE and the average of all the HFD-0·03–0·3 %
ASP groups (Table 4).

PPARγ, adiponectin and resistin gene expression with chronic
administration of Eucommia leaf extract and asperuloside

In the perirenal WAT of rats fed a HFD, chronic adminis-
tration of 5 % ELE led to a significant increase in PPARγ

Table 4. Gene expression analysis by real-time PCR in soleus muscle after administration of asperuloside (ASP) under high-fat diet (HFD) conditions

(Mean values with their standard errors)

HFD-ASP (fold of Cont.)

HFD-ELE

(fold of Cont.)

HFD-Cont. (n 6) 0·03% (n 6) 0·1% (n 6) 0·3% (n 6) 5% (n 6)

Gene name Mean SE Mean SE Mean SE Mean SE Mean SE

GLUT

Glut4*†‡ 1·00 0·19 1·29 0·06 1·91 0·21 2·20 0·21 2·29 0·20
Glycolytic system

Hk2 1·00 0·07 0·91 0·08 1·01 0·14 0·95 0·09 0·83 0·08
TCA cycle

Cs*†‡ 1·00 0·05 1·16 0·07 1·32 0·12 2·09 0·08 1·90 0·05
Idh3α*† 1·00 0·09 1·14 0·07 1·29 0·08 1·71 0·09 1·57 0·10
Ogdh*†‡ 1·00 0·10 1·01 0·07 1·71 0·09 2·23 0·12 2·42 0·16
Sdha (Comp II)*†‡ 1·00 0·12 1·42 0·07 2·13 0·19 2·54 0·13 2·64 0·16

Electron transfer system

Comp I*†‡ 1·00 0·17 1·55 0·29 2·11 0·16 2·18 0·18 2·56 0·20
Comp IV*†‡ 1·00 0·10 1·04 0·02 1·44 0·10 1·58 0·05 1·52 0·02
Comp IV*†‡ 1·00 0·09 1·10 0·02 1·23 0·03 1·89 0·11 1·07 0·04

Fatty acid synthesis

Fas 1·00 0·16 0·69 0·07 0·81 0·08 0·79 0·15 0·73 0·09
Fatty acid transporter

Fas 1·00 0·14 1·37 0·17 1·15 0·12 1·01 0·12 1·04 0·08
Ketone bodies utilisation

Scos*† 1·00 0·08 1·23 0·04 2·13 0·09 2·27 0·09 1·97 0·14
P3kcot*† 1·00 0·12 1·09 0·12 2·50 0·12 2·61 0·15 2·27 0·17

Ketone body’s utilisation

(acetoacetic acid → acetyl CoA)

Ogdh*†‡ 1·00 0·10 1·01 0·07 1 ·71 0·09 2·23 0·12 2·42 0·16
Sdha (Comp II)*†‡ 1·00 0·12 1·42 0·07 2·13 0·19 2·54 0·13 2·64 0·16

Cont., Control; ELE, Eucommia leaf extract; Hk2, hexokinase 2; Cs, citrate synthase; Idh3α, isocitrate dehydrogenase 3α; Ogdh, dihydrolipoamide succinyl transferase; Sdha

(Comp II), succinate dehydrogenase complex, subunit A, flavoprotein; Comp I, NADH dehydrogenase flavoprotein 1; Comp IV, cytochrome c oxidase, subunit 4a; Comp V,

ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit; Fas, fatty acid synthase; Fatp, fatty acid transporter protein; Scos, succinyl CoA synthase; P3kcot, per-

oxisomal 3-ketoacyl-CoA thiolase.

* Linear contrast with Control (0 %), 0·03 %, 0·1 % and 0·3 % ASP (P < 0·05).
† Contrast for Control v. 5 % ELE (P < 0.05).

‡ Contrast for the average of all ASP treatments v. 5 % ELE (P < 0.05).
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and adiponectin mRNA levels (each P < 0·05, Table 3).
The ASP groups exhibited dose-dependent increases in
the expression of both genes when compared with the
HFD-Control rats (P< 0·05, Table 3). No difference in the
increased PPARγ and adiponectin mRNA levels was observed
between the HFD-5 % ELE and the average of all HFD-ASP
groups (Table 3). While 5 % ELE yielded significantly
decreased resistin mRNA levels (P < 0·05, Table 3), no differ-
ence in the mRNA level was observed between the HFD-5 %
ELE and the HFD-ASP groups (Table 3). The HFD-ASP
groups exhibited significant down-regulation of the gene in a
dose-dependent fashion when compared with the
HFD-Control group (P < 0·05, Table 3).

Uncoupling protein gene expression with chronic
administration of Eucommia leaf extract and asperuloside

In the BAT of HFD-fed rats, chronic administration of 5 %
ELE led to significantly increased uncoupling protein 2
(UCP2) mRNA levels (P < 0·05), but the 5 % ELE adminis-
tration did not affect the expression of other UCP mRNA
(Table 5). Chronic 0·03–0·3 % ASP administration clearly
increased the mRNA levels of UCP1 and UCP2 in a dose-
dependent fashion when compared with the HFD-Control
group (each P< 0·05, Table 5). No difference in the increased
UCP1 and UCP2 mRNA levels was observed between the
HFD-5 % ELE and the average of the three HFD-ASP
groups (Table 5).

Hepatic lipid metabolic enzyme activity with chronic
administration of Eucommia leaf extract and asperuloside

In rats under HFD conditions, chronic administration of 5 %
ELE led to a significant increase in mitochondrial Cpt1α
activity in the liver compared with the HFD-Control group
(P< 0·05, Fig. 1(a)). Moreover, chronic administration of
ASP dose-dependently increased the mitochondrial Cpt1α
activity in the liver of rats under HFD conditions when com-
pared with the HFD-Control rats (P < 0·05, Fig. 1(a)). In con-
trast, significant changes in cytosolic Fas activity could not be
observed during RT-PCR analysis in ELE and ASP groups
(Fig. 1(b)).

Discussion

Similarly to our previous study(3), 3-month administration of
ASP controlled the body weight gain, food intake and relative
WAT weight and increased the relative BAT weight with pro-
minently decreased plasma levels of TAG, NEFA and total
cholesterol in HFD rats. The administration of ASP at a
dose of 0·1 % exhibited effects comparable to those observed
with the administration of ELE at a dose of 5 %. The effects
were maintained at a dose of 0·3 %. Moreover, the results
agreed with previous findings that showed that ASP but not
GEA and CHA decreases the body weight and WAT weight

Table 5. Gene expression analysis by real-time PCR in brown adipose tissue after administration of asperuloside (ASP) under high-fat diet (HFD) conditions

(Mean values with their standard errors)

HFD-ASP (fold of Cont.)

HFD-ELE

(fold of Cont.)

HFD-Cont. (n 6) 0·03 % (n 6) 0·1 % (n 6) 0·3 % (n 6) 5 % (n 6)

Gene name Mean SE Mean SE Mean SE Mean SE Mean SE

Uncoupling ATP synthesis from

oxidative metabolism

UCP1* 1·00 0·07 0·98 0·04 1·38 0·10 1·98 0·07 1·01 0·05
UCP2*† 1·00 0·08 1·10 0·07 1·42 0·13 1·64 0·07 2·26 0·14
UCP3 1·00 0·07 0·96 0·06 0·92 0·06 0·89 0·04 1·09 0·02

Cont., Control; ELE, Eucommia leaf extract; UCP, uncoupling protein.

* Linear contrast with Control (0 %), 0·03 %, 0·1 % and 0·3 % ASP (P < 0·05).
† Contrast for Control v. 5 % ELE (P < 0.05).

Fig. 1. Effect of asperuloside (ASP) on the activity of hepatic carnitine

palmitoyltransferase 1α (Cpt1α) (a) and hepatic fatty acid synthase (fas) (b)

in high-fat diet (HFD)-fed rats. Values are means (n 6) with standard errors

represented by vertical bars. ELE, Eucommia leaf extract. * Quadratic contrast

with Control (0 %), 0·03, 0·1 and 0·3 % ASP (P < 0·05). † Contrast for Control

v. 5 % ELE (P < 0·05).
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via significantly reduced circulating NEFA levels in HFD-fed
mice(20).
For carbohydrate metabolism, no difference in plasma glu-

cose level was observed in rats administered ELE under
HFD conditions(3). On the other hand, some studies reported
that ELE controls the plasma glucose level in type 1 diabetes
model rats and type 2 diabetes model mice (C57BL/KsJ-db/
db mice)(23,24). The HFD model animals, which were
employed in this study, showed a characteristic increase in
plasma insulin levels, and the magnitude of this increase
was considerably decreased by ELE administration over
3 months(3). Our study showed that 5 % ELE administration
decreased the plasma level of insulin under HFD conditions,
and a significant and dose-dependent decrease was observed
in rats fed 0·03–0·3 % ASP, resulting in a significant decrease
in plasma glucose level in a dose-dependent fashion. This
suggests that ASP may improve insulin resistance in rat models
of HFD-induced obesity. RT-PCR analysis showed that
chronic administration of ASP to rats under a HFD signifi-
cantly increased the mRNA levels of Cs, Idh3α, Ogdh,
Sdha, Comp I, Comp IV and Comp V in skeletal muscles.
Therefore, there is a possible increase in the abundance of
enzymes in these pathways that could increase the capacity
of the glycolytic system, tricarboxylic acid cycle and electron
transport system in skeletal muscles, increasing the mRNA
levels of glucokinase, Cs, Ogdh, Comp I and Comp IV in
the liver and markedly decreasing the mRNA levels of
Idh3α and Comp I in the WAT. GLUT4 mRNA expression
was increased in skeletal muscle and decreased in WAT
under the same dietary conditions. In the HFD model rats,
the effect of ASP on carbohydrate metabolism resembled
that of ELE, supporting the results of a previous study(3).
Thus, ASP may be an important component of ELE respon-
sible for the control of carbohydrate metabolism. Similar to
ELE-fed rats, the ASP-fed animals might no longer be able
to maintain the shape of the adipose cells that store TAG
because of the dose-dependently decreased ATP production
in the WAT under HFD conditions. A diminished perirenal
WAT cell size was observed in rats fed ELE and ASP under
HFD conditions (preliminary histological results of perirenal
WAT cells showed that the range of most adipose cell areas
(μm2) and the occupancy (%) in the cells within view (n 4)
are as follows: HFD-Control, 2001–42 000 µm2/94·6 %;
HFD-5 % ELE, 2001–24 000 µm2/92·2 %; HFD-0·3 %
ASP, 1–8000 µm2/91·5 %). The ASP (ELE, P < 0·05) groups
might increase the use of glucose in skeletal muscles, decreas-
ing the circulating glucose level under HFD conditions.
One study showed that increases in plasma levels of TAG,

NEFA and total cholesterol are directly related to higher inci-
dences of obesity and other lipid-associated diseases(25). In a
recent study, 3-month administration of 9 % ELE suppressed
plasma TAG levels in rats under HFD conditions(3). A hypo-
lipidaemic effect of ELE has been reported(17) in which ELE
significantly attenuates the increased TAG level in plasma fol-
lowing a single administration of lipids. Eucommia leaves stimu-
lated liver lipid metabolism and decreased the plasma level of
TAG and total cholesterol in hamsters(23). In addition, a recent
study showed that ELE might affect the control of absorption

of TAG derived from foods into the bloodstream as well as
the activation of lipid metabolism in the liver, in particular
fatty acid (FA) β-oxidation(3). In this study, chronic adminis-
tration of 5 % ELE led to pronounced decreases in plasma
levels of NEFA, TAG and total cholesterol under HFD con-
ditions, and significant and dose-dependent decreases were
observed in rats administered ASP, suggesting that chronic
administration of ELE and ASP may improve hyperlipidaemia
in rats with HFD-induced obesity. Furthermore, RT-PCR
analysis showed that chronic administration of ASP dose-
dependently increased the level of FA transport protein,
Cpt1α and Acadvl mRNA and suppressed the level of Fas
mRNA in the liver of rats on a HFD, as well as ELE groups.
The results show that there is a possible increase in the abun-
dance of enzymes in pathways that could increase the capacity
for FA β-oxidation. In HFD-fed rats, uptake of FA into the
liver was increased by the administration of either ASP or
ELE. The uptake was followed by an increased FA
β-oxidation and ATP production, which decreased plasma
NEFA levels. In contrast, the lipid metabolic enzyme activity
assay revealed that the administration of ASP or ELE stimu-
lated mitochondrial Cpt1α activity in the liver but not Fas
activity in the cytosol. Although we cannot conclude that
ASP and ELE directly promote FA β-oxidation, the FA trans-
port system, which reaches the mitochondrion before
β-oxidation, is activated. These results, in addition to the
results of the RT-PCR analysis and the determination of
lipid plasma levels, show that ASP and ELE have lipid
metabolic-stimulating effects that may be influenced by the
activation of FA β-oxidation. Concomitantly, significant acti-
vation of lipolysis was observed in the WAT of rats sup-
plemented with ASP; however, a similar effect was not
observed in animals fed HFD-5 % ELE. Similar to chronic
administration of ELE (in this study and a previous
study)(3), chronic administration of ASP significantly induced
mRNA expression of PPARγ and adiponectin, which may
depend on the accumulation of visceral fat to improve insulin
resistance or hyperlipaemia. The increased expression of these
mRNA may activate FA β-oxidation in the WAT of rats under
HFD conditions. In this study, chronic administration of ASP
and ELE was found to significantly decrease the plasma levels
of NEFA and TNF-α and significantly increase the plasma
level of adiponectin. One study reported that ELE suppressed
hepatic activities of Fas and 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase and increased hepatic β-oxidation
activity in HFD-fed hamsters(23), resulting in decreased plasma
levels of FA and cholesterol as well as hepatic levels of choles-
terol. Moreover, our results showed that chronic adminis-
tration of any tested dose of ASP or ELE caused
simultaneous activation of ketone bodies use in skeletal muscle
and hepatic FA β-oxidation in rats under HFD conditions.
UCP(26), of which at least three closely related homologues

have been cloned, are FA anion transporters in addition to pro-
ton transporters(27). UCP1 (thermogenin) mediates non-
shivering thermogenesis in the BAT, uncoupling the respiratory
chain and allowing fast substrate oxidation with a low rate of
ATP generation(28). Interestingly, chronic administration of
ASP at a dose from 0·03 to 0·3 % increased the BAT UCP1
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mRNA level in a dose-dependent fashion under HFD con-
ditions; in contrast, such an effect was not observed when
administering 5 % ELE. Thus, based on the RT-PCR analysis
of gene expression, the up-regulation of UCP1 mRNA
expression by ASP was attenuated by other ingredients in the
ELE. Chronic administration of ASP and ELE increased the
UCP2 mRNA level in the BAT of rats under HFD conditions.
One study showed that the skeletal muscle UCP3 mRNA level
was unchanged, but the UCP3 protein level was significantly
increased in conjugated linoleic acid-fed mice(29). Therefore,
UCP protein expression may be translationally or post-
translationally regulated. Our recent results showed that admin-
istration of 0·1 % ASP for 1 month significantly enhanced the
BMR and decreased the respiratory quotient, which might
stimulate lipid metabolisms in rats fed a HFD(20).
In conclusion, chronic administration of ASP systemically

stimulated metabolic function in rats across several organs.
ASP administration resulted in decreased ATP production in
the WAT, accelerated FA β-oxidation in the liver and increased
use of ketone bodies and glucose in skeletal muscle and may
have increased non-shivering thermogenesis due to UCP1
expression in the BAT. Thus, ASP exerted anti-obesity and
anti-metabolic syndrome effects. This study showed that
ASP may act as a major ingredient in ELE, relating nearly
every metabolic function across several organs, except for
the activation of the BAT UCP1-induced thermogenesis.
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