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Abstract. Hypertriglyceridemia is an independent risk factor
of cardiovascular diseases. It is caused by the imbalance
between hepatic triglyceride production and peripheral
removal. Lipoprotein lipase (LPL) plays a central role in the
removal of plasma triglyceride. During the screening of
possible anti-dyslipidemic drugs, we observed that scopoletin
(6-methoxy-7-hydroxycoumarin) significantly increased LPL
activity in adipocytes. Scopoletin increased LPL activity in
culture medium of 3T3-L1 adipocytes in dose- and time-
dependent manners. It did not release LPL from the adipocyte
membrane and, instead, increased the LPL mRNA level,
suggesting transcriptional control. Scopoletin also partially
reversed tumor necrosis factor-a-induced suppression of LPL
activity. These results suggest the possible action of scopoletin
as a facilitator of plasma triglyceride clearance.

Introduction

Evidence suggests that elevated serum triglyceride (TG) levels
likely contribute independently to the increased risk of
cardiovascular disease (1). Hypertriglyceridemia frequently
coexists with other conditions that affect the cardiovascular
disease risk, such as depressed high-density lipoprotein,
obesity, metabolic syndrome, proinflammatory and pro-
thrombotic biomarkers, and type 2 diabetes (2). Furthermore,
severe hypertriglyceridemia is associated with an increased
risk of acute pancreatitis, irrespective of its effect on the risk
of cardiovascular disease (3). Therefore, a treatment that
lowers plasma triglyceride levels would be of great value in
protection against hypertriglyceridemia-associated metabolic
abnormalities.
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Lipoprotein lipase (LPL, EC 3.1.1.34) is an enzyme that
hydrolyses TG of chylomicron and very low-density lipo-
protein into fatty acids and glycerol. The released fatty acids
are taken up mainly by the heart, skeletal muscle and adipose
tissue, and used for metabolic fuel or substrate for re-
esterification into TG. Thus, LPL is an important enzyme for
the regulation of serum TG concentration, and also for the
metabolic homeostasis between fat-utilizing and fat-storing
tissues (4).

Physiologically, LPL is synthesized and secreted by
adipocytes and myocytes. After being synthesized, LPL
becomes glycosylated, dimerized and then transported to the
luminal surface of the vascular endothelial cells (5-7). The
LPL attached on the heparin sulfate of endothelial cells can
be released into plasma by heparin (8). The control of LPL in
adipose tissue is very complex, involving several hormones
(9,10). In general, cortisol and insulin appear to promote
lipid accumulation by increasing the activity of LPL, while
growth hormone and estrogen appear to exert opposite
effects (11). Insulin treatment of 3T3-L1 adipocytes has been
shown to increase the level of cellular and heparin-releasable
LPL activity through posttranscriptional and posttranslational
mechanisms (12). The expression of LPL is also regulated
during a number of pathological conditions, such as athero-
sclerosis, diabetes, cachexia and infection (9,10).

Scopoletin (6-methoxy-7-hydroxycoumarin) is a phenolic
coumarin and has previously been reported to have hepato-
protective (13), antioxidant (14), spasmolytic (15) activities,
and an inhibitory effect on nitric oxide synthesis (16).
Recently, we reported that scopoletin induced apoptosis in
promyelocytic leukemic cells through activation of NFkB
and caspase-3 (17). In this study, we observed that scopoletin
greatly increased LPL activity in 3T3-L1 adipocytes at the
transcriptional level. It did not affect the LPL release from
adipocytes and partially reversed LPL suppression by tumor
necrosis factor-a. The beneficial effects of synthetic LPL
activator, NO-1886, has already been reported in hypertri-
glyceridemia (18) and cachexia (19). Scopoletin may also act
as a facilitator of plasma triglyceride clearance.

Materials and methods

Cell culture. 3T3-L1 cells obtained from American Type
Culture Collection (ATCC CCL 92.1) were grown to


https://www.spandidos-publications.com/10.3892/ijmm.20.4.527
https://www.spandidos-publications.com/10.3892/ijmm.20.4.527

528

8 1 * %

LPL Activity (nmole FA/min/well)

0 é 1‘0 1;’: 2'0
Concentration (ug/mi)

Figure 1. Dose-dependent increase of LPL activity by scopoletin. 3T3-L1
adipocytes were incubated with various concentrations of scopoletin for 6 h,
and LPL activities were determined from culture medium. Data were
expressed as the mean + SE of three separate experiments. “P<0.01.

confluence in 24-well culture plates with standard medium
(Dulbecco's modified Eagle's medium containing 10% fetal
bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin,
and 0.25 pg/ml amphotericin B) as described previously (20).
Confluent cells were stimulated to differentiate into
adipocytes by supplementing the standard medium with 1 M
dexamethasone, 10 yg/ml insulin, and 0.5 mM isobutyl-
methylxanthine for 2 days. The medium was then replaced
with standard medium containing 5 pg/ml insulin and was
changed every 2 days. The cultured cells were used for
experiments within 5-6 days after confluence.

Assay of LPL activity. At the end of the experiment, medium
was harvested, and the secreted LPL activity was determined
as described previously (21). A stock triacylglycerol emulsion
containing 5 mCi of tri[9,10(n)-*H]oleoylglycerol (Amersham,
Buckinghamshire, UK), 1.13 mmole of trioleoylglycerol,
60 mg of 1-a-phosphatidylcholine (bovine liver) and 9 ml of
glycerol was prepared according to the method of Nilsson-
Ehle and Schotz (22). Before assay, 1 vol of the stock
emulsion, 19 vol of 3% bovine serum albumin in 0.2 M Tris-
HCI buffer (pH 8.1) and 5 vol of heat-inactivated fasted rat
serum (heated at 60°C for 30 min) were mixed and incubated
for 30 min. For assay, 100 ul of this activated substrate
mixture was added to the same amount of enzyme solution
and incubated at 37°C for 60 min. Released fatty acids were
extracted and its radioactivity was measured.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total cellular RNA was prepared using Trizol solution
(Gibco-BRL, Paisley, UK) according to the manufacturer's
instructions. After the preparation of cDNA with oligo(dT)16
as a reverse transcriptase primer from the extracted RNA,
amplification with PCR was performed using the GeneAmp
kit (Perkin Elmer, Waltham, MA) according to the
manufacturer's manual. The oligonucleotide primers used for
PCR are as follows: LPL upstream, 5'-TCT TGA TTT ACA
CGG AGG TG-3"; downstream, 5'-TCT TGT TTG TTT GTC
CAG TG-3'; actin upstream, 5-ACC GTG AAA AGA TGA
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Figure 2. Time-dependent increase of LPL activity by scopoletin or heparin.
3T3-L1 adipocytes were incubated with 3 pg/ml heparin or 10 pg/ml of
scopoletin for the indicated times, and LPL activities were determined from
culture medium. Data were expressed as the mean + SE of three separate
experiments. “P<0.05 and *"P<0.01 vs. control.

CCC AG-3'; and downstream, 5'-TAC GGA TGT CAA CGT
CAC AC-3'. Each cDNA amplification used the product of
~1 ug of total RNA. The reaction was cycled 26 times
through 30 sec at 94°C, 45 sec at 60°C, and 45 sec at 72°C.
Fifty percent of reaction mixture was analyzed by electro-
phoresis on 1.5% agarose gels and stained by ethidium
bromide. To check the reproducibility of the results, each
experiment was carried out more than three times.

Statistical analysis. Statistical analysis of the data was
performed by ANOVA and Duncan's test, and differences of
P<0.05 were considered statistically significant.

Results

3T3-L1 adipocytes were cultured for 6 h in the medium
containing 0-20 pg/ml scopoletin, and LPL activity was
measured in the medium. Treatment of cells with scopoletin
caused a dose-dependent increase in LPL activity, and
reached to a near peak level at a concentration of 10 yxg/ml
scopoletin (Fig. 1). Scopoletin did not affect the LPL activity
assay itself (data not shown).

The accumulated LPL activity in the culture medium of
cells treated with scopoletin increased with time and was
much higher compared to that of the control (Fig. 2). Cellular
LPL activity corresponds to the sum of LPL activity in the
intracellular and cell-surface compartments. The LPL present
at the cell-surface compartment was released by heparin, and
the level of activity remaining in the cells after heparin treat-
ment corresponded to that of the intracellular compartment.
As LPL activity of scopoletin-containing medium was
greatly increased, the possibility of heparin-like LPL release
was investigated. To prevent the cellular synthesis and
transport of LPL protein to the plasma membrane, cells were
incubated at 4°C. In the presence of heparin, the release of
LPL into the medium was increased 8-fold within 30 min,
whereas the level of the released LPL activity of scopoletin-
treated cells was negligible, almost the same as that of the
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Figure 3. Release of cell-bound LPL by heparin and scopoletin. 3T3-L1
adipocytes were incubated in the presence or absence of 3 yg/ml heparin or
10 pg/ml of scopoletin for 30 min at 4°C, and LPL activities were
determined from culture medium. Data were expressed as the mean + SE of
three separate experiments. ““P<0.01 vs. control.
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Figure 4. Time-dependent increase of LPL mRNA by scopoletin. 3T3-L1
adipocytes were incubated with scopoletin, and mRNA of LPL was
visualized by RT-PCR. Lanes 1-6 represent the treatment of 10 yg/ml of
scopoletin for 0, 1, 3, 6, 12, and 24 h, respectively. The result represents the
typical one from three separate experiments with similar outcomes.

control (Fig. 3). When cells were incubated with heparin at
37°C, medium LPL activity was rapidly increased until 2 h
and began to decline and reached the control level at 6 h
(Fig. 2). This might have been due to the initial release of LPL
by heparin following inactivation of released LPL in the
medium. In the case of scopoletin treatment, the initial increase
in LPL within 30 min was absent and the increase in LPL
activity was much slower than that of heparin-treated cells.
Also, no late decline in medium LPL activity was observed
(Fig. 2); rather it increased until 12 h.

As LPL plays a critical role in body energy metabolism,
its activity is tightly regulated at various levels including the
transcriptional, translational and post-translational (9). To
assess the change in mRNA, the cellular level of LPL mRNA
was visualized by RT-PCR after treatment of cells with 10 pg/
ml of scopoletin for various times. As presented in Fig. 4,
LPL mRNA was significantly increased by treatment with
scopoletin in a time-dependent manner, indicating that the
effect of scopoletin on the increase in LPL activity occurs at
the transcriptional level.

The acute decrease in LPL activity in sepsis is caused by
the action of several cytokines. Among the various cytokines,
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Figure 5. Effect of scopoletin on TNF-induced suppression of LPL activity.
3T3-L1 adipocytes were incubated with 10 ng/ml of TNF for 12 h in the
presence or absence of 10 yg/ml of scopoletin during the final 6 h of
incubation. LPL activity accumulated in the medium during the final 6 h of
incubation was determined. Data were expressed as the mean + SE of three
separate experiments. “P<0.01.

tumor necrosis factor-a (TNF) has been known as one of the
key suppressors of adipose tissue LPL in vivo as well as in
cultured adipocytes (23). When cells were treated with TNF
for 12 h, LPL activity, accumulated in the medium during the
final 6 h, was reduced to 36+14% compared with values from
the control (Fig. 5). In the presence of scopoletin during the
final 6 h of the 12-h TNF treatment, LPL activity was signifi-
cantly increased by 14-fold, but the magnitude of the increase
was smaller than the response with scopoletin without TNF.

Discussion

Extrahepatic parenchymal cells including adipocytes and
myocytes synthesize and secrete LPL, and secreted LPL is
transferred to the luminal surface of capillaries where it acts
(9). LPL is attached to capillary endothelium by heparan
sulfate proteoglycan and can be released into the blood stream
by injection of heparin (8). LPL synthesized by adipocytes is
also attached to the adipocyte membrane via heparin sulfate
before secretion into medium (9).

The present study showed that scopoletin produced time-
and dose-dependent increases in LPL secretion in cultured
adipocytes, accompanied by an increase in LPL mRNA. The
source of this LPL may be newly synthesized LPL, as the
biosynthetic half-time for LPL in 3T3-L1 adipocytes has
been reported to be 1 h (24). A peak in LPL release was
demonstrated within 30 min after heparin treatment of the
3T3-L1 cells, and this maximal activity returned to near basal
levels within 6 h. The slower time course of LPL release by
scopoletin and sustained high LPL activity in the medium
even after 6 h suggests that scopoletin induces release of LPL
from a cellular compartment, not from a heparin-releasable
membrane compartment. Since it has been shown that there
is a large intracellular pool of inactive, probable monomeric
LPL, it is possible that this inactive pool of LPL is readily
activated and released into the medium (24). However, as
shown in Figs. 2 and 4, scopoletin induced a time-dependent
increase in LPL mRNA in the 3T3-L1 adipocytes and
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enzyme activity in the medium, which suggests that
transcriptional activation of LPL leads to increased LPL
activity in the medium.

One of the major and early responses of host metabolism
to infection is an increase in circulating triglyceride
concentration. Hypertriglyceridemia in infection is due to
both an increase in hepatic secretion of very low-density
lipoprotein (25) and alterations in the rate of clearance of
triglyceride, which is brought about by a cytokine-mediated
reduction in LPL activity in nearly all tissues (23). Cytokines,
in particular TNF, interferon, leukemia inhibitory factor, and
interleukin (IL)-1, IL-6, and IL-11, are believed to be involved
in the suppression of LPL that occurs in sepsis and
endotoxemia (9). In vivo administration of TNF to rats
decreased adipose tissue LPL activity within 6 h (26). TNF
also led to a decline in LPL activity and mRNA levels in rat
adipose tissue and 3T3-L1 adipocytes (27). As the beneficial
effects of synthetic LPL activator on cachexia (19) have
already been reported, we tried to investigate the effect of
scopoletin on TNF-induced suppression of LPL activity in
adipocytes. TNF-induced suppression of LPL activity was
completely abolished by cotreatment with scopoletin, but
LPL activity did not reach a similar level as that reached with
scopoletin treatment without TNF.

Among the medications used for hypertriglyceridemia,
niacin acts mainly through the inhibition of hepatic LDL
secretion, and fibric acid derivatives are well known to act
through the increase of LPL activity (28). Among the several
lipid-lowering drugs under development, NO-1886 is reported
to act through LPL activation (29) and is effective in hyper-
triglyceridemia (18,30), atherosclerosis (31) and cachexia
(19). However, LPL is involved in whole body triglyceride
partitioning according to the energy balance (32), and
macrophage-derived LPL plays a pro-atherogenic role,
whereas the enzyme expressed by the muscle and adipose
tissue acts in an anti-atherogenic manner by improving the
circulating lipoprotein profile (33). Therapeutic approaches
should therefore seek a tissue-specific regulation of LPL.

In the present study, we proved that scopoletin increases
LPL activity at the transcriptional level and partially reverses
the TNF-induced suppression of LPL activity in 3T3-L1
adipocytes. Even though further studies are needed for
elucidating the mechanism of action in adipocytes and in vivo
studies, we believe that scopoletin has potential benefit for
the treatment of hypertriglyceridemia and related disorders.
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