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Release of Lipoprotein Lipase Induced by L-Arginine in Mouse
Mammary Tumor FM3A Cells

Tetsuo Morita,∗ Maki Takada, Sachie Morinaga, Chiemi Kinoshita, and Rie Kerakawati

Department of Biochemistry, Faculty of Pharmaceutical Sciences, Fukuyama University, 985 Higashimura, Fukuyama, Hiroshima
729–0292, Japan

(Received September 19, 2008; Accepted October 14, 2008; Published online October 15, 2008)

The nitric oxide (NO)/cyclic guanosine 5′-
monophosphate (GMP) pathway remains undefined
regarding the regulation of lipoprotein lipase (LPL)
release. Here, we investigated whether L-arginine
(Arg) stimulates the release of LPL from mouse
mammary tumor FM3A cells in a time- and dose-
dependent manner. L-Arg-stimulated release of
LPL activity was inhibited by NG-monomethyl-L-Arg
monoacetate, which is an endothelial NO synthase
(NOS) inhibitor. Furthermore, release of enzyme ac-
tivity was also suppressed by various inhibitors of
guanylate cyclase and adenylate cyclase, as well as
cyclic GMP- and cyclic adenosine 5′-monophosphate
(AMP)-dependent protein kinases (PKG and PKA).
L-Arg also increased intracellular cyclic GMP con-
tents as well as intracellular cyclic AMP contents. In
addition, the increase in the cyclic AMP contents was
reduced by inhibitors of guanylate cyclase and PKG.
These results suggest that the stimulatory release of
LPL from tumor cells by L-Arg is partly due to ac-
tivation of cyclic AMP production and PKA activity
caused by elevated cyclic GMP production and PKG
activity.
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INTRODUCTION

L-arginine (L-Arg) is considered to be a
semiessential amino acid. L-Arg induces produc-
tion of nitric oxide (NO), which is a multifunc-
tional messenger, by NO synthase (NOS), and it has
been reported that NO is an endothelium-derived
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relaxing factor that can increase cyclic guanosine
5′-monophosphate (GMP) content in smooth mus-
cle cells by stimulating guanylate cyclase.1–3) It has
also been reported that NO participates in physio-
logical actions, such as the promotion of the lipid
metabolism and the secretion of growth hormones
in the living body. The growth of tumor cells is
affected by NO formation; however, the details re-
main under investigation.

Lipoprotein lipase (LPL) is responsible for the
hydrolysis of triacylglycerides in chylomicrons and
very low density lipoproteins, and is secreted from
various extrahepatic tissues.4, 5) Changes in LPL ac-
tivity are closely correlated with changes in the
rate of triacylglyceride uptake of lipids by tissue.6)

It has been observed that increases in LPL activ-
ity in Ehrlich ascites tumor cells facilitate the up-
take of lipids into tumor cells.7) However, the role
of LPL, including its secretion, in the lipoprotein
metabolism of tumor cells is largely unknown.8, 9)

In this study, we show that the release of LPL
from mouse mammary tumor FM3A cells is stim-
ulated via a process involving the activation of NO
synthesis by L-Arg.

MATERIALS AND METHODS

Materials —— The cyclic GMP enzymeim-
munoassay system (RPN226) and cyclic adenosine
5′-monophosphate (AMP) enzymeimmunoassay
system (RPN2251) were obtained from Amersham
(Tokyo, Japan). L-Arg, N-monomethyl-L-Arg (L-
NMMA), N-(1-iminoethyl)-L-ornithine (L-NIO),
2′,5′-dideoxyadenosine and methylene blue were
purchased from Wako Pure Chemical Industries
(Osaka, Japan). KT-5720 and KT-5823 were ob-
tained from Sigma (St. Louis, MO, U.S.A.). H-89
was from Seikagaku Industries (Tokyo, Japan).
LY-83583 was obtained from Funakoshi Co., Ltd.
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(Tokyo, Japan). Intralipos, an emulsion composed
of 1.2 % yolk lecithin, 2.5 % glycerol and 10 %
soybean oil, was from Otsuka Pharmaceutical Co.,
Ltd. (Tokyo, Japan). All other chemicals used were
of analytical grade.
Preparation and Incubation of FM3A Cells ——
Mouse mammary tumor FM3A cells were grown in
suspension in a plastic dish (1× 104 cells) in Essen-
tial (ES) medium (Nissui Pharmaceutical Co., Ltd.,
Tokyo, Japan) containing 10 % fetal bovine serum
under an atmosphere of 5 % CO2 in air for 7 days at
37◦C. After removing the medium by centrifugation
at 50× g for 3 min at 4◦C and aspiration, cells in the
dish were further incubated for 0–60 min in a plastic
dish (1× 107 cells) in Hank’s medium containing L-
Arg. FM3A cells were then centrifuged at 500× g
for 5 min at 4◦C. The obtained supernatant served
as the preparation for released LPL activity.
Determination of LPL Activity —— LPL activity
was determined by a method using Intralipos as a
substrate. Selective measurement of LPL was based
on incubation of LPL with 1 M NaCl.10) LPL activ-
ity was expressed as nmol of free fatty acids (FFA)
produced/hr per 106 cells.10, 11)

Determination of Cyclic GMP and Cyclic AMP
Contents —— Cyclic GMP was determined in in-
cubated FM3A cells, FM3A cells (1× 107 cells)
were homogenized in ice-cold 5 % trichloroacetic
acid (TCA). Supernatants (10000× g) were ex-
tracted 5 times with 5 volumes of H2O-saturated di-
ethyl ether and were subjected to quantitative anal-
ysis for the cyclic GMP and cyclic AMP.

RESULTS

Release of LPL from FM3A cells into the
medium was observed after the addition of 0.2 mM
L-Arg over a 60-min period. L-Arg linearly stimu-
lated the release of LPL activity in a time-dependent
manner (Fig. 1a). Next, FM3A cells were incubated
with L-Arg at various concentrations for 60 min.
The release of LPL activity was increased in a dose-
dependent manner up to 0.2 mM L-Arg (Fig. 1b).
When LPL release was stimulated in FM3A cells by
L-Arg addition, enzyme activity in the FM3A cells
decreased (data not shown).

The possibility of NOS stimulation being
involved in the action of L-Arg was then exam-
ined. FM3A cells were incubated with L-Arg
in the presence of L-NMMA,12) which is an
L-Arg analog and inhibitor of NOS. An apprecia-

Fig. 1. Stimulatory Effects of L-Arg on Release of LPL from
FM3A Cells

a) FM3A cells were incubated for 0–60 min with (•) or with out
(©) 0.2 mM L-Arg. LPL in the medium was measured as described
in MATERIALS AND METHODS. b) FM3A cells were incubated for
30 min with various concentrations of L-Arg.

Fig. 2. Effects of L-NMMA and L-NIO on Release of LPL by
L-Arg

FM3A cells were incubated for 30 min with (�) or without (�)
0.2 mM L-Arg addition in the L-NMMA and L-NIO at concentrations
of 50 M.

ble decrease in the L-Arg-stimulated release of
LPL was observed with L-NMMA at concentra-
tions of 50 µM. However, the stimulatory action
of L-Arg was not suppressed by L-NIO,13) which
is a different type of NOS inhibitor (Fig. 2). The
L-Arg-stimulated release of enzyme activity was
also suppressed by inhibitors for guanylate cyclase
and cyclic GMP-dependent protein kinase (PKG),
which were methylene blue14, 15) and KT-5823,16, 17)

respectively. Furthermore, the action of L-Arg was
suppressed by inhibitors of adenylate cyclase and
cyclic AMP-dependent protein kinase (PKA),
which were 2′,5′-dideoxyadenosine18, 19) and
H-89,20) respectively (Fig. 3).

We then investigated whether the L-Arg-
stimulated release of LPL is involved in cyclic GMP
and cyclic AMP contents in FM3A cells. Intracel-
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Table 1. Effects of Inhibitors of Guanylate Cyclase and PKG
on Increase in Cyclic AMP Contents in FM3A Cells

Chemicals Relative cyclicAMP contents
(%)

Methylene Blue (1 µM) 38.4±2.0
LY-83583 (1 µM) 11.9±1.2
KT-5823 (0.5 µM) 0.8±0.1

FM3A cells were incubated for 12 min with or without 0.2 mM
L-Arg addition in the presence of methylene blue, LY-83583 or
KT-5823. The net contents of cAMP after incubation with L-Arg
(0.2 mM) were 0.91 nmol/106 cells. Percent values were calculated
from net contents.

lular cyclic GMP contents and cyclic AMP contents
in FM3A cells after addition of 0.2 mM L-Arg were
observed over a 5-min and 16-min period. Time-
dependent changes in cyclic GMP were seen, and
the maximal transient increase was observed after
3 min. Time-dependent changes in cyclic AMP con-
tents were also observed; however, the maximal
transient increase was noted after 12 min (Fig. 4).
The maximal levels of cyclic GMP and cyclic AMP
were two-fold higher than basal levels. A signif-
icant increase in the cyclic GMP and cyclic AMP
contents of FM3A cells incubated without L-Arg
was not observed under these experimental condi-
tions. FM3A cells were also incubated with L-Arg
in the presence of inhibitors of guanylate cyclase
and PKG (methylene blue, LY-83583 and KT-5823).
A marked decrease in cyclic AMP contents was ob-
served (Table 1).

DISCUSSION

LPL was released from FM3A cells after stim-
ulation by L-Arg (Fig. 1a and 1b). The stimulatory
effects of L-Arg were suppressed by NMMA, but
were preserved in the presence of NIO (Fig. 2). The
L-Arg-stimulated release of LPL activity was sup-
pressed by various inhibitors of guanylate cyclase,
PKG, adenylate cyclase and PKA (Fig. 3). More-
over, Fig. 4 shows that cyclic GMP contents and
PKG activity were primarily increased by L-Arg,
and these increases apparently caused an elevation
of cyclic AMP contents and PKA activity in FM3A
cells. In other words, the stimulatory release of LPL
activity from FM3A cells by L-Arg is due to a pro-
cess involving the rise of cyclic GMP contents and
PKG caused by an elevation in NO production, thus
leading to increases in cyclic AMP contents and
PKA activity in FM3A cells.

Fig. 3. Effects of Various Inhibitors on the Release of LPL by
L-Arg

FM3A cells were incubated for 30 min with L-Arg in presence of
methylene blue, 2′,5′-dideoxyadenosine (didAdo), KT-5823 and H-89.

Fig. 4. Increases in Cyclic GMP and Cyclic AMP Contents in
FM3A Cells Incubated with L-Arg

FM3A cells were incubated for 0–16 min with (•, �) or without
(©, �) 0.2 mM L-Arg addition. Cyclic GMP and cyclic AMP contents
were measured as described in the Materials and Methods.

In macrophages, Renier and Lambert provided
evidence of a link between L-Arg metabolism
and LPL, which is constitutively expressed by
macrophages and synthesized by parenchymal
cells.21) According to their report, L-Arg-dependent
NO production may be induced by treatment with
LPL and interferon-gamma. However, no release
of LPL from macrophages and/or parenchymal cells
by the addition of L-Arg to medium was shown. NO
is known to produce various biological reactions,
such as the elevation of cyclic GMP production,
ADP-ribosylation and deamination from purine and
pyrimidine nucleic acids.1)

In this study, the obtained results suggest that
the release of LPL from FM3A cells after the addi-
tion of L-Arg is due to the activation of PKG and
PKA. In addition, NOS reportedly possesses var-
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ious isoforms,22) which have recently been found
in cancer cells, including mammary tumor cells.23)

Under our experimental conditions, NOS, which is
involved in the release of LPL from mouse mam-
mary tumor FM3A cells, was sensitive to NMMA.
Thus, it may have been a constitutive type of NOS.

In conclusion, we showed that the release of
LPL activity from FM3A cells is stimulated by L-
Arg, and that it may be caused by a process sensitive
to elevated NO production and increases in intracel-
lular cyclic GMP and cyclic AMP contents.
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