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Lipoprotein Lipase Activator NO-1886 (ibrolipim) Accelerates the mRNA
Expression of Fatty Acid Oxidation–Related Enzymes in Rat Liver

Masako Doi, Yasunori Kondo, and Kazuhiko Tsutsumi

he lipoprotein lipase (LPL) activator NO-1886 (ibrolipim) has been shown to have potential benefits for the treatment of

besity in rats. However, the anti-obesity mechanism of NO-1886 has not been clearly understood. To address this, we

tudied the effects of NO-1886 on the mRNA expression of fatty acid oxidation–related enzymes in rats. The respiratory

uotient (RQ) in rats administered a single oral dose of NO-1886 was significantly lower than control rats under both fed and

asted conditions. NO-1886 orally administered to rats for 7 days caused 1.54-fold increase in carnitine palmitoyl transferase

I (CPTII) mRNA in the carnitine palmitoyl transferase system. Furthermore, NO-1886 caused a 1.47-fold increase in long-chain

cyl-CoA dehydrogenase (LCAD) mRNA, a 1.49-fold increase in acetyl-CoA acyltransferase 2 (ACAA2) mRNA, and a 1.24-fold

ncrease in enoyl-CoA hydratase (ECH) mRNA in rats, all which are liver �-oxidation enzymes. NO-1886 also increased

ncoupling protein-2 (UCP2) mRNA levels in liver by 1.42-fold when compared to the control group. These results suggest that

he LPL activator NO-1886 may accelerate the expression of fatty acid oxidation–related enzymes, resulting in a reduction of
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HE SYNTHESIZED compound NO-1886 (ibrolipim) is
lipoprotein lipase (LPL) activator.1-4 Kusunoki et al hav

eported that NO-1886 prevented fat accumulation in high
ed rats by increasing fat oxidation.5 However, the mechanis
or this prevention of fat accumulation remained unclear.
886 is known to cause a reduction of respiratory quotient (

n carbohydrate-induced hyperlipidemic rats and high-fat-
nduced obese rats.5,6 RQ is the steady-state ratio of carb
ioxide production to oxygen consumption by whole b
etabolism. Therefore, in general, a decrease in RQ mea

ncrease in fat oxidation.6

We hypothesized that NO-1886 may activate the fatty
xidation–related enzymes in rats resulting in a decrease in

n this study we examined whether NO-1886 accelerated
xpression of mRNA of fatty acid oxidation–related enzy
nd uncoupling protein-2 (UCP2) in rat liver.

MATERIALS AND METHODS

aterials

Agent NO-1886 (ibrolipim), 4-diethoxyphosphorylmethyl-N-
romo-2-cyanophenyl) benzamide, was synthesized in the New
esearch Laboratory at Otsuka Pharmaceutical Factory, Tokus
apan. The chemical structure is shown in Fig 1. All other chem
sed were high-grade commercially available products.

nimals

Twenty-four male Sprague-Dawley rats from Charles River Ja
nc (Yokohama, Japan), weighing 80 to 100 g, were maintained u
onstant humidity and temperature (22� 2°C) and a 12-hour light-da
ycle (light from 7AM to 7 PM). They were fed a standard diet, CRF
Oriental Yeast, Tokyo, Japan), and water ad libitum.

easurement of Respiratory Quotient

After 3 weeks, 12 rats at 7 weeks of age, weighing 320 to 360 g,
tratified by body weight and divided into 4 groups of 3 rats e
O-1886 suspended in 5.0% arabic gum solution was orally adm

ered at a dose of 100 mg/kg to 2 groups (NO-1886–treated fas
ed group). A 5.0% arabic gum solution was administrated to the
groups (control fasted or fed group). The RQ in the rats was mea
hours after NO-1886 administration.
Oxygen consumption and carbon dioxide production were mea
sing a 6-chamber Oxycongamma (Fukuda Denshi, Tokyo, Japan)
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n

.

,

r

emperature was maintained at 22� 2°C, and lights were on from
m to 7 pm. System settings included a flow rate of 1.6 L/min, a
easurement period of 60 seconds. The RQ of rats was meas
ours after NO-1886 administration from 10 am to 2 pm. Rats
laced in separate calorimetry chambers, each with a volume of 1
ix rats (control fasted group and NO-1886–treated fasted group
ccess only to water, and the other 6 rats (control fed group
O-1886–treated fed group) had ad libitum access to chow and w

NA Preparation

The remaining 12 rats were stratified by body weight and div
nto 2 groups of 6 rats each. NO-1886 suspended in 5.0% arabic
olution was orally administered at a dose of 100 mg/kg/d to one g
or 7 days (NO-1886–treated group). A 5.0% arabic gum solution
dministered to the other group for 7 days (control group). At 2PM, 4
ours after the last administration, the control and NO-1886–tr
ats were anesthetized with sodium pentobarbital. The liver tis
ere then excised and immediately frozen in liquid nitrogen and s
t �80°C until use.
Total RNA was extracted from a 30-mg tissue sample of each

y the QIAGEN RNeasy mini kit (QIAGEN, Tokyo, Japan) accord
o the manufacturer’s instructions. The extracted total RNAs
issolved in 100�L of RNase-free water and stored at�80°C until use

eal-Time Quantitative Reverse-Transcriptase Polymerase
hain Reaction

Real-time quantitative reverse-transcriptase polymerase chain
ion (RT-PCR) was performed to determine the relative expre
evels of the rat fatty acid oxidation enzymes in liver.

The TaqMan probe consisted of an oligonucleotide with a 5�-reporter
ye and a downstream 3�-quencher dye. The fluorescent reporter d
AM (6-carboxy-fluorescein) or VIC, was covalently linked to
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5�-end of the oligonucleotide. This reporter dye was quenched by
TAMRA (6-carboxy-tetramethyl-rhodamine) typically located at the
3�-end. Fluorescence quenching depended on the spatial proximity of
the reporter and quencher dyes.

Oligonucleotide primers and TaqMan probes (shown in Table 1)
were designed using Primer Express software version 1.0 (Applied
Biosystems, Tokyo, Japan), except for TaqMan 18S ribosomal RNA
Control Reagents kit (Applied Biosystems).

The RT-PCR reaction was performed in a 30-�L volume reaction
using TaqMan One-step RT-PCR Master Mix Reagents kit (Applied
Biosystems) in 96-well plates for the rat fatty acid oxidation enzymes
and the endogenous control 18S ribosomal RNA. TaqMan assay reac-
tion buffer contained 1� Master Mix reagents, 1� MultiScribe and
RNase Inhibitor Mix (TaqMan One-step RT-PCR Master Mix Re-
agents), 300 nmol/L forward primer, 900 nmol/L reverse primer, 200
nmol/L TaqMan probe, and 50 ng total RNA. However, 18S ribosomal
RNA reaction buffer contained all the above, except for the following

differences: 50 nmol/L forward primer, 50 nmol/L reverse primer, and
50 nmol/L TaqMan probe.

RT reaction conditions were 48°C for 30 minutes, and 95°C for 10
minutes for 1 cycle; PCR conditions were 95°C for 15 seconds, and
60°C for 1 minute for 40 cycles on an ABI PRISM 7700 Sequence
Detector System (Applied Biosystems). Linearity of the standard curve
for the rat �-oxidation enzymes mRNA was obtained for 0.16 to 100 ng
total RNA range using a standard sample prepared from liver of control
rats.

The results for the expression of mRNA were presented relative to
the expression of the control gene, 18S ribosomal RNA.

Statistical Analysis

Comparisons of 2 groups were made by paired Student’ s t test.
Statistical significance is defined as P � .05. Values are mean � SD.

RESULTS

Effects of NO-1886 on RQ

The RQ of NO-1886–treated rats was significantly lower
than that of control rats both under fed (5.59% decrease) and
fasted (4.03% decrease) conditions (Table 2).

Effects of NO-1886 on mRNA Levels of Fatty Acid Oxidation
Enzymes in Rat Liver

In liver, NO-1886 administration caused no significant
changes in the mRNA levels of fatty acid translocase (CD36/

Fig 1. Chemical structure of NO-1886 (ibrolipim).

Table 1. Oligonucleotide Sequences of Gene-Specific Primers and Probe in Rat Liver

mRNA
Genbank

Accession No. TaqMan Probe and Primers

CD36/FAT Fatty acid translocase AF111268 Probe:5�-FAM- CTCTTCCACATTTCCTACATGCAAGTCCTG-TAMRA-3�

Forward: 5�- TGTGCTGGACATTGGCAA-3�

Reverse: 5�- AAGCCTTCGATAGGTTCTGAGAC-3�

LC-ACS Long-chain acyl-CoA synthetase D90109 Probe: 5�-FAM-AGAGTGAACAGAACGAAACCCAAGCCTCC-TAMRA-3�

Forward: 5�-GCCTAAAAGCTCTGGAGGATCTT-3�

Reverse: 5�-GGTTGCCTGTAGTTCCACTTGTG-3�

CPTI Carnitine palmitoyl transferase I NM_031559 Probe: 5�-FAM-AGGCAGAACTTGCCCATGTCCTTGTAATG-TAMRA-3�

Forward: 5�-CCATAGTGCAGGAGCGTACAGT-3�

Reverse: 5�-CGAGTCCCGATGCCTTCAT-3�

CPTII Carnitine palmitoyl transferase II J05470 Probe: 5�-FAM-TGGTGTCGAACTTCTCCTTGGCAGC-TAMRA-3�

Forward: 5�-GCTCTCAAGGCTGGCATCAC-3�

Reverse: 5�-TGGAACTGAATGGAGTCAATGCT-3�

LCAD
Long-chain acyl-CoA

dehydrogenase J05029 Probe: 5�-FAM-CGTCACCAATCGTGAAGCTCGATCG-TAMRA-3�

Forward: 5�-GGCTGGTTAAGTGATCTCGTGAT-3�

Reverse: 5�-TCTCCACCAAAAAGAGGCTAATG-3�

ECH Enoyl-CoA hydratase X15958 Probe: 5�-FAM-TGACCGAATTTCAGCACAGGATGCC-TAMRA-3�

Forward: 5�-AGCAATGGAGATGGTCCTCACT-3�

Reverse: 5�-CACATTGGATGGCCTCTTCA-3�

HAD
3-Hydroxyacyl CoA

dehydrogenase AF095449 Probe: 5�-FAM-TGAACCGTCTCTTGGTGCCATACCTCATAG-TAMRA-3�

Forward: 5�-GAAGCATCCTGTTTCCTGCAA-3�

Reverse: 5�-GCGGTGTCGATGTCTTCCTTA-3�

ACAA2
Acetyl-CoA acyltransferase 2

(3-oxoacyl CoA thiolase) NM_130433 Probe: 5�-FAM-ATCCAGAATCACCGCACACCTGGTTC-TAMRA-3�

Forward: 5�-AACGTGAGTGGAGGTGCCATA-3�

Reverse: 5�-CAAGCTGATCCCACTGCGTAT-3�

UCP2 Uncoupling protein 2 NM_019354 Probe: 5�-FAM-TTTCCCTCTAGACACCGCCAAAGTCC-TAMRA-3�

Forward: 5�-GCAGCCTGTATTGCAGATCTCA-3�

Reverse: 5�-TGACTCTCTCCTTGGATCTGCAG-3�
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FAT), mitochondrial long-chain acyl-coenzyme A (CoA) syn-
thetase (LC-ACS), and carnitine palmitoyl transferase I (CPTI).
However, NO-1886 administration did cause a 1.54-fold induc-
tion (P � .01) in carnitine palmitoyl transferase II (CPTII)
mRNA levels compared to the control group. Expression of
long chain acyl-CoA dehydrogenase (LCAD) mRNA was also
significantly increased 1.47-fold. The level of enoyl-CoA hy-
dratase (ECH) mRNA was significantly increased 1.24-fold,
whereas the level of 3-hydroxyacyl-CoA dehydrogenase
(HAD) mRNA was not changed. Regarding acetyl-CoA acyl-
transferase 2 (ACAA2), the enzyme responsible for the final
step of fatty acid oxidation in mitochondria, its mRNA was
significantly increased 1.49-fold in liver (Fig 2).

Effects of NO-1886 on mRNA of Rat UCP2 in Liver

In liver, NO-1886 administration caused 1.42-fold induction
(P � .01) in UCP2 mRNA levels in liver compared to the
control group.

DISCUSSION

NO-1886, an LPL activator, is known to increase LPL
mRNA and LPL activity in adipose tissue and skeletal mus-
cle.1-4 Kusunoki et al have reported that NO-1886 prevents fat
accumulation in both visceral and subcutaneous adipose tissue

in high-fat-fed–induced obese rats without affecting food in-
take.5 Furthermore, Hara et al have reported that NO-1886
decreases plasma triglycerides level but does not affect tissue
triglycerides accumulation in fructose-fed rats.6 They have also
reported that long-term administration of NO-1886 causes a
reduction in RQ in diabetic and obese rats.5,6 Based on this
information, we hypothesized that NO-1886 may activate fatty
acid oxidation in rats. In this study, we determined that admin-
istration of NO-1886 caused a reduction in RQ in normal rats.
Furthermore, NO-1886 increased the mRNA expression of
liver �-oxidation enzymes LCAD, ECH, and ACAA2. In gen-
eral, a decrease in RQ means an increase in fat oxidation.
Therefore, these results indicate that NO-1886 may cause a
reduction in RQ by accelerating liver �-oxidation.

NO-1886 also increased the mRNA expression of CPTII, an
enzyme in the carnitine palmitoyl transferase (CPT) system.
The CPT system plays a role in the entrance of acyl moieties
into mitochondria, with CPTI located on the outer mitochon-
drial membrane and CPTII located on the inner mitochondrial
membrane.7 These results may mean that NO-1886 accelerates
the transfer of free fatty acids (FFA) into mitochondria.

UCP is considered to be a mitochondrial carrier that stimu-
lates heat production by dissipating the proton gradient gener-
ated across the inner mitochondrial membrane during respira-
tion and therefore uncouples respiration from adenosine
triphophate (ATP) synthesis.8 The UCP1 gene is expressed in
brown adipose tissue, the UCP2 gene is expressed in almost all
tissues, and the UCP3 gene is expressed in skeletal muscle.9 In
this study, NO-1886 increased the mRNA expression of UCP2
by about 42% in rat liver. These results may indicate that
NO-1886 accelerates the CPT system resulting in an increase in
fatty acid transfer into mitochondria, and an acceleration of
�-oxidation and FFA process through UCP2 resulting in a
reduction of RQ.

Ferraro et al have reported that RQ is inversely correlated

Fig 2. Effects of NO-1886 on rat fatty acid oxidation–related enzyme mRNA in liver. Rats were administered either control solution (5.0%

arabic gum) or NO-1886 suspended in 5.0% arabic gum solution (100 mg/kg/d, orally) for 7 days. Total RNA was isolated from liver. Rat fatty

acid oxidation–related enzyme mRNA levels were determined by real-time quantitative RT-PCR using 18S ribosomal RNA as an internal

standard. Data are expressed as means � SD (n � 6). Significantly different from the value in the respective control group: **P < .01.

Table 2. Effects of NO-1886 on Respiratory Quotient in Rats

Control Group NO-1886 Group

Fasting 0.795 � 0.004 0.763 � 0.014*
Feeding 0.948 � 0.032 0.895 � 0.003*

NOTE. RQ was measured 4 hours after NO-1886 administration in
rats under fed and fasted conditions. Data are expressed as
means � SD.

Significantly different from the value in the respective control
group: *P � .05.

1549NO-1886 ACCELERATES FATTY ACID OXIDATION



with LPL activity in skeletal muscle in Pima Indians.10 Jensen
et al have reported that overexpression of human LPL in
skeletal muscle prevents diet-induced obesity in transgenic
mice.11 Furthermore, Tsutsumi et al recently reported that RQ
and tissue LPL activity showed circadian rhythms in rats and
that RQ was inversely correlated with skeletal muscle LPL
activity.12 These reports indicate that the reduction of RQ is
caused by the elevation of skeletal muscle LPL activity. NO-
1886 is an LPL activator that increases skeletal muscle LPL
activity.2 In this study, we found that NO-1886 accelerated
fatty acid oxidation. Therefore, these results may indicate that
elevation of skeletal muscle LPL activity induces the expres-
sion of fatty acid oxidation mRNAs resulting in the reduction
of RQ. More detailed studies are needed to show the relation
between LPL activity in skeletal muscle and fatty acid oxida-
tion in liver.

We did not determine the effects of NO-1886 on glucose
metabolism and on peroxisome proliferatior–activated receptor
(PPAR) in this study. Recently, Yong-Xu et al have reported
that PPAR delta, and not only PPAR alpha and gamma, regu-
lates fatty acid metabolism. PPAR delta stimulates fatty acid
oxidation and prevents obesity.14 In our earlier studies on gene

transactivation, NO-1886 did not show agonistic effects against
PPAR alpha, delta, gamma, and retinoid X receptor (RXR)
alpha (data not shown). These results suggested that activating
effect of NO-1886 on fatty acid oxidation did not involve
PPARs.

In this study, NO-1886 increased the mRNA expression of
UCP2 in liver. Weigle et al reported that elevation of circulat-
ing FFA levels in animals given an Intralipid plus heparin
infusion caused significant increases in UCP3/actin mRNA
ratio in skeletal muscle and concluded that FFAs were potential
mediators for the increase in muscle UCP3 expression.13 NO-
1886 is an LPL activator that does not affect FFA in circulation,
but may increase FFA concentration in tissue. Recently, we
found that NO-1886 reduced fat weight in ovariectomized
obese rats, and increased UCP3 expression in skeletal muscle
by 1.6-fold compared with control rats (unpublished data).
Therefore, NO-1886 increases not only liver UCP2, but also
muscle UCP3. NO-1886 may reduce fat weight in obese rats by
increasing liver UCP2 and muscle UCP3.

In summary, we determined that NO-1886 accelerates the
expression of fatty acid oxidation–related enzymes, resulting in
a reduction of RQ.
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