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Abstract

Objectives We have investigated the effect of lutein on phospholipase A, (PLA))
isozymes.

Methods We measured arachidonic acid release in [*H]arachidonic acid-labelled Raw
264.7 cells and PLA, activity using 1-palmitoyl-2-["*CJarachidonyl phosphatidylcholine
(["*C]JAA-PC) and 10-pyrene phosphatidylcholine in vitro.

Key findings Lutein suppressed the release of arachidonic acid and inhibited Raw 264.7
cell-derived cytosolic Ca**-dependent PLA, (cPLA,)-induced hydrolysis of [“C]AA-PC in a
dose- and time-dependent manner. In contrast, lutein did not affect secretory Ca**-dependent
PLA; (sPLA,)-induced hydrolysis of ["*C]JAA-PC. A Dixon plot showed that the inhibition
by lutein on cPLA, appeared to be competitive with an inhibition constant, K;, of 13.6 um.
Conclusions We suggest that lutein acted as a competitive inhibitor of cPLA, but did not
affect SPLA.,.
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Introduction

Phospholipase A, (PLA,) cleaves the sn-2 ester bond of cellular phospholipids, producing
arachidonic acid and lysophospholipid. Arachidonic acid is the biosynthetic precursor for
the eicosanoid family of potent inflammatory mediators, such as prostaglandins, thrombox-
anes, leukotrienes and lipoxins. Eicosanoids play a role in a wide range of physiological and
pathological processes such as immune responses, inflammation and pain perception.!'? The
PLA, superfamily is composed of three main types of lipolytic enzymes including secretory
PLA, (sPLA,), cytosolic Ca*-dependent PLA, (cPLA,) and Ca’*-independent PLA,
(iPLA,).®! sPLA, has a low molecular mass (~18 kDa) and can be activated at millimolar
concentrations of Ca. It is secreted by inflammatory cells upon their activation and by
damaged tissues in inflammation-related diseases.™ cPLA, is located in the cytosol, has a
high molecular mass (~85 kDa), and can be activated by micromolar concentrations of
intracellular Ca*. iPLA, is found in both the cytosol and membrane fractions, has a
molecular mass ranging from 29 to 85 kDa, and does not require Ca** for activation.

Lutein is abundantly present in dark, leafy green vegetables, such as spinach and kale."
Humans cannot synthesize carotenoids de novo, and thus their presence in human blood and
tissues is due to the intake of food. The chemical structures of lutein and its stereo isomer,
zeaxanthin, are characterized by the presence of a hydroxyl group attached to each side of
the molecule; these xanthophylls are more hydrophilic than other carotenoids found in blood
and tissues.'*” In plants lutein has antioxidant activity and offers protection against photo-
induced free radical damage.®™ In humans lutein is highly concentrated in the macula, a small
area of the retina that is responsible for central vision.”! Serum levels of lutein have an
inverse relationship with the risk for ocular diseases, including age-related macular degen-
eration and cataracts."*'"! Also, lutein may be important for skin and heart health as well as
eye health as it helps maintain heart health by reducing the risk of atherosclerosis and skin
health by reducing UV-induced damage.!"*"!

Recently, lutein was shown to inhibit nuclear factor kappa B (NF-«B)-dependent expres-
sion of genes, such as nitric oxide synthase and cyclooxygenase-2, through redox-based
regulation of the phosphatidylinositol 3-kinase/PTEN/Akt and NF-xB-inducing kinase path-
ways."Y These data suggested that lutein has anti-inflammatory activity. Therefore, the aim
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of this study was to investigate the effect of lutein on PLA,
isozymes, which are very important enzymes in the produc-
tion of a variety of inflammatory mediators.

Materials and Methods

Chemicals

Pure lutein isolated from Tagetes erecta was supplied by
Arlico Pharm Co (Seoul, Korea). PLA, from honey bee
venom, melittin, bromoenol lactone and arachidonyl trifluo-
romethyl ketone (AACOCF;) were purchased from Sigma
Chemical Co. (St Louis, MO, USA). Dulbecco’s modified
Eagle minimum essential medium (DMEM) and fetal bovine
serum were purchased from Invitrogen Co. (Grand Island,
NY, USA). 10-Pyrene phosphatidylcholine (10-pyrene PC)
was purchased from Molecular Probes (Leiden, Netherlands).
[*H]Arachidonic acid was obtained from NEN (Boston, MA,
USA). 1-Palmitoyl-2-["*C]arachidonyl phosphatidylcholine
([**C]AA-PC) was obtained from Perkin Elmer (Boston, MA,
USA). 1-Palmitoyl-2-arachidonyl phosphatidylcholine was
obtained from Avanti Polar Lipid (Alabaster, AL, USA).

Cell culture

Raw 264.7 cells (mouse macrophage) were obtained from the
Korean Cell Line Bank (Seoul, Korea). Cells were cultured in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum and antibiotic—antimycotic (100 IU/ml benzyl penicil-
lin, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B)
at 37°C with 5% CO,.

Measurement of [*H]arachidonic acid release

Raw 264.7 cells were harvested with Krebs buffer (in mm:
137 NaCl, 2.7 KCl, 0.4 Na,HPO,, 0.5 MgCl, 1.8 CaCl,,
5 glucose, and 10 HEPES (4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid); pH 7.4)) and labelled with [*H]arachi-
donic acid (0.4 uCi/ml) at 37°C for 2 h. The cells were
washed with Krebs buffer containing 0.5 mg/ml bovine serum
albumin to trap the liberated [*H]arachidonic acid. Labelled
cells were pre-incubated with indicated concentrations of
lutein. Arachidonic acid release was induced by stimulating
cells with 0.5 um melittin for 30 min. After centrifugation, the
supernatant and pellet were transferred to a liquid scintillation
vial and scintillation fluid was added. Radioactivity was mea-
sured by liquid scintillation counter." The percent release
of [*H]arachidonic acid was equal to [supernatant/
(supernatant + pellet)] x 100.

Preparation of the Raw 264.7 cell-derived
PLA; isozyme

Raw 264.7 cells were washed in 10 mm HEPES buffer (pH
7.5) containing 1 mM EDTA and 340 mm sucrose and then
lysed by sonication. Cell lysates were centrifuged at 10 000g
for 30 min at 4°C and the supernatant was used as the source
of iPLA,.

To prepare the source of sPLA, and cPLA,, Raw 264.7
cells were washed and sonicated in 10 mm Tris-HCI buffer
(pH 7.4) containing 100 mm NaCl, 2 mm EGTA (ethylene
glycol tetra-acetic acid), 100 um leupeptin, 150 um aprotinin,
and 1 mm Na;VO,. The lysate was centrifuged at 10 000g for
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30 min at 4°C and the supernatants were stored at —70°C until
used to supply sPLA, and cPLA,."%!

cPLA,, sPLA; and iPLA, assay

PLA, activity was assayed by measuring ["“Clarachidonic
acid hydrolysed from [“C]JAA-PC. For the measurement of
inhibition of cPLA, activity, the cellular enzyme source and
lutein were incubated for 30 min at room temperature in 100
mM Tris-HCI buffer (pH 8.5) containing 10 um bromoenol
lactone (as an iPLA; inhibitor), 5 mm CaCl, and 1 mwm dithio-
threitol (as an sPLA, inhibitor).!'"”'® The reaction mixture was
incubated for a given time with 0.025 uCi [“C]AA-PC as a
substrate. For the measurement of sPLA, activity, 10 um
arachidonyl trifluoromethyl ketone (AACOCF;), a cPLA,
inhibitor, was added instead of dithiothreitol."”! For the mea-
surement of iPLA, activity, dithiothreitol and 0.4 mm Triton
X-100 were added to 100 mm HEPES buffer (pH 7.5), as was
5 mm EDTA to inhibit cPLA,, while bromoenol lactone and
CaCl, were omitted.

Each reaction mixture was incubated at 37°C for the indi-
cated time and stopped by adding 560 ul modified Doles
reagent (n-heptane /isopropyl alcohol/1Im H,SO4 400/
390/ 10).*"" After centrifugation, 150 ul of the upper phase
was transferred to a new tube, to which 800 ul n-heptane and
silica gel (10 mg) were added. The mixtures were mixed and
centrifuged again for 2 min, after which 800 ul supernatant
was moved into 1.0 ml scintillation solution and counted for
radioactivity in a Packard Tri-carb liquid scintillation counter.
The specific activity in picomoles per minute per milligram of
protein (pmol/min/mg) was obtained by dividing the activity
by the amount of enzyme protein. To calculate the specific
activity, protein was analysed with a BCA (bicinchoninic
acid) protein assay kit.

The hydrolysis ratio of [“CJAA-PC was applied to
compose a Dixon plot. This is a graphical method for deter-
mination of the type of enzyme inhibition and the inhibition
constant (Kj;) for an enzyme—inhibitor complex. For the Dixon
plot, the concentration of the substrate was increased by
adding 1-palmitoyl-2-arachidonyl phosphatidylcholine.

sPLA, assay with 10-pyrene phosphatidylcholine

PLA, activity was measured with a fluorospectrophotometer
using pyrene-labelled phosphatidylcholine (10-pyrene PC) in
the presence of serum albumin.?"! PLA, purified from honey
bee venom was used as sPLA,.*? sPLA, and lutein were
vortex-mixed and incubated for 10 min at room temperature.
This enzyme mixture was incubated with a reaction mixture
(1 ml; containing 50 mm Tris-HCI (pH 7.5), 100 mm NaCl,
1 mm EDTA, 10 u1 0.2 mMm 10-pyrene PC (2 um, final concen-
tration), 10 ul 10% bovine serum albumin solution, and 6 ul
1 M CaCly) for 20 min. The fluorescence was measured using
excitation and emission wavelengths of 345 and 398 nm,
respectively, with a spectrophotometer (FL600, Microplate
Fluorescence Reader, Bio-Tek Winooski, VT, USA).

Statistical analysis

Results are represented as means = SD and were analysed
statistically with analysis of variance, and differences
between groups were determined with the Newman—Keul’s
test. The level of significance was set at less than 5%.



Lutein as a competitive inhibitor of cPLA,

Table 1 Dose-response of melittin to [*H]arachidonic acid release in
Raw 264.7 cells

Concn (uUm) % release
Control 0 47+0.9
Melittin 0.05 6.6 +1.3
0.1 23.7 £ 4.7%
0.5 56.9 + 3.7*
AACOCEF; (10 um) + melittin 0.5 36.8 = 1.97
Dithiothreitol (I mm) + melittin 0.5 559 +25

Melittin dose-dependently induced [3H]arachidonic acid release in Raw
264.7 cells. Melittin-induced [*H]arachidonic acid release was signifi-
cantly inhibited by 10 um arachidonyl trifluoromethyl ketone
(AACOCF;), but not by 1 mm dithiothreitol. Results are means = SD
from four separate experiments. *P <0.05, compared with control.
P < 0.05 compared with melittin 0.5 um.
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Figure 1 Effect of lutein on [*H]arachidonic acid release in Raw 264.7
cells stimulated by melittin. The cells were incubated with lutein for
10 min and [*H]arachidonic acid release was induced by melittin 0.5 um.
Results shown are means = SD from four separate experiments.
*P < 0.05 compared with melittin alone.

Results

Effect of lutein on melittin-induced arachidonic
acid release in [*H]arachidonic acid-labelled
Raw 264.7 cells

To investigate the effect of lutein on PLA, activity in a cellular
system, we measured melittin-induced arachidonic acid
release in [*H]arachidonic acid-labelled Raw 264.7 cells.
Melittin increased arachidonic acid release in Raw 264.7 cells
in a dose-dependent manner (Table 1), causing an increase in
arachidonic acid release by 56.9% at a concentration of
0.5 um. Melittin-induced [*H]arachidonic acid release was
significantly inhibited by 10 um AACOCF;, but not by 1 mm
dithiothreitol. Lutein significantly decreased the release of
[*H]arachidonic acid induced by 0.5 um melittin from
56.9 = 3.7t042.2 = 1.8%,26.2 £ 1.6%, and 13.0 = 1.6% at
concentrations of 10, 30, and 100 um, respectively (Figure 1).

Raw cell-derived PLA, activity

We measured sPLA,, cPLA, and iPLA, activity using
[*C]AA-PC with the assay conditions as described in the
Materials and Methods. The activity of Raw 264.7 cell-derived
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Figure 2 Raw 264.7 cell-derived PLA, activity in the presence of 5 mm
CaCl,. Raw 264.7 cell-derived PLA, (25 ug protein) was incubated with
1-palmitoyl-2-['*CJarachidonyl phosphatidylcholine in the presence of
10 um arachidonyl trifluoromethyl ketone (AACOCF;; cPLA, inhibitor)
or 1 mm dithiothreitol (sPLA, inhibitor) and in the absence of CaCl,.
Results are means = SD from four separate experiments. *P < 0.05 com-
pared with control.

Table 2 PLA, activity using 10-pyrene phosphatidylcholine

Protein (ug) Fluorescence value

None 0 1813 £ 98
Raw cell-derived PLA, 2.5 1779 £ 175
25 1765 = 68
250 1760 = 80
Bee venom sPLA, 0.25 1430 = 120%*
0.5 1155 + 104*
1 678 £ 110*
AACOCEF; (10 um) + bee 1 736 £ 88
venom sPLA,
Dithiothreitol (100 mm) + bee 1 1305 = 827

venom sPLA,

Bee venom sPLA, and Raw 264.7 cell-derived PLA, activity using
10-pyrene phosphatidylcholine (10-pyrene PC), an sPLA,-specific sub-
strate. Bee venom sPLA, dose-dependently hydrolysed 10-pyrene PC and
was significantly inhibited by 100 mM dithiothreitol, but not by 10 um
arachidonyl trifluoromethyl ketone (AACOCEF;). Raw 264.7 cell-derived
PLA, did not show any PLA, activity. Results are means = SD from four
separate experiments. *P < 0.05 compared with nne. "P < 0.05 compared
with 1 ug bee venom sPLA,.

PLA, was significantly inhibited in the presence of 10 um
AACOCEF; by 95.4%, but was not influenced by 1 mm dithio-
threitol. In the absence of Ca*, the specific activity of
Raw 264.7 cell-derived iPLA, was 20-fold lower than that of
cPLA,, so that the activity of iPLA, was too low to detect
any inhibitory effect of lutein on iPLA, (Figure 2). In the assay
using a SPLA,-specific substrate, 10-pyrene PC, sPLA,
obtained from honey bee venom dose-dependently hydrolysed
10-pyrene PC and was significantly inhibited by 100 mm
dithiothreitol, but not by 10 um AACOCF;.*! On the other
hand, Raw 264.7 cell-derived PLA, did not show any
PLA, activity with this substrate (Table 2). These data
suggested that the Raw 264.7 cell-derived PLA, contained
mainly cPLA,.
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Figure 3 Dose- and time-dependent effects of lutein on Raw 264.7
cell-derived cPLA,. Raw 264.7 cell-derived PLA, (25 ug protein) was
incubated with 1-palmitoyl-2-['*CJarachidonyl phosphatidylcholine in
the presence of lutein for a given time. Results indicate means = SD from
four separate experiments. *P < 0.05 compared with control (without
lutein) at the same time. P < 0.05 compared with the value of 10 min at
the same concentration.
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Figure 4 Determination of the inhibitory pattern of lutein on cPLA,
using a Dixon plot. Raw 264.7 cell-derived PLA, (25 ug protein) was
incubated with 2.5 or 12.5 mol 1-palmitoyl-2-arachidonyl phosphatidyl-
choline in the presence or absence of lutein for 30 min at 37°C. Results
shown are means = SD from four separate experiments. A Dixon plot is
a graphical method for determination of the type of enzyme inhibition and
the inhibition constant (K;) for an enzyme—inhibitor complex.

Inhibitory effect of lutein on cytosolic PLA,
activity using ["“CJAA-PC

Lutein showed significant inhibition of cPLA, in a dose- and
time-dependent manner (Figure 3). Lutein inhibited cPLA,
activity by 18.7 and 55.2% at concentrations of 10 and
100 um, respectively. To determine the pattern of inhi-
bition of cPLA, by lutein, Dixon plots were constructed
from the hydrolysis rates for the substrate (['*C]JAA-PC at
2.5 and 12.5 nm), induced by cPLA,, at various concentra-
tions of lutein. Figure 4 illustrates that the apparent K; value
of lutein on cPLA, was 13.6 um. Such an inhibitory pattern
suggested that lutein acted as a competitive inhibitor
against cPLA,.
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Figure 5 Effect of lutein on bee venom sPLA-induced 1-palmitoyl-
2-[“C]Jarachidonyl phosphatidylcholine hydrolysis. (a) sPLA, dose-
dependently hydrolysed 1-palmitoyl-2-['*CJarachidonyl phosphatidyl-
choline (['*CJAA-PC). (b) Lutein did not affect sSPLA, (25 ng)-induced
["*CJAA-PC hydrolysis. Results shown are means * SD from four sepa-
rate experiments.

Effect of lutein on sPLA, using [*C]JAA-PC and
10-pyrene phosphatidylcholine

To investigate the inhibitory effect of lutein on sPLA,, we
used purified sPLA, from honey bee venom. Using
[“CJAA-PC as substrate under the specific conditions
described in the Materials and Methods section, purified
SPLA, from honey bee venom hydrolysed [“*C]AA-PC in a
dose-dependent manner (Figure 5a). Lutein did not affect
purified SPLA, when using the [“C]JAA-PC substrate
(Figure 5b). To confirm that lutein had no effect on sPLA,, we
measured PLA, activity using 10-pyrene PC as a sPLA, sub-
strate and purified sSPLA,.** As shown in Figure 6, sPLA, was
not affected by lutein, further indicating that lutein did not
have any influence on Ca**-dependent sPLA, but selectively
inhibited cytosolic Ca**-dependent PLA,.

Discussion

In this study, lutein decreased melittin-induced [*H]arachi-
donic acid release in Raw 264.7 cells in a dose-dependent
manner. Melittin has been used as an endogenous PLA, acti-
vator by increasing intracellular Ca** concentration via
receptor-operated calcium channels.” The observed inhibi-
tory effect of lutein may have been related to the inhibition
of PLA,. However, arachidonic acid release is an indirect
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Figure 6 Effect of lutein on bee venom sPLAj-induced 10-pyrene
phosphatidylcholine hydrolysis. sPLA, (1 ug) significantly hydrolysed
10-pyrene phosphatidylcholine (an sPLA, substrate), but was not
affected by lutein. Results shown are means = SD from four separate
experiments.

measure of PLA, activity because there are other enzymes,
such as arachidonyl-CoA synthetase, CoA-dependent
acyltransferase, and CoA-independent transacylase that are
involved in free arachidonic acid production.”' To circumvent
this problem, we measured the direct effect of lutein on PLA,
isozymes using [“*C]AA-PC, a substrate specific to PLA,.

Since we did not prepare each PLA, isozyme individually,
the lysates prepared from Raw 264.7 cells were used as the
source of a mixture of PLA, isozymes. We found that Raw
264.7 cell-derived PLA, was completely inhibited by
AACOCF; (a cPLA, inhibitor) but not by dithiothreitol (a
SPLA, inhibitor) or bromoenol lactone (an iPLA, inhibitor).
Since sPLA, contains several disulfide bonds, it was inacti-
vated upon exposure to the reducing agent dithiothreitol.”®!
On the other hand, Raw 264.7 cell-derived PLA, showed only
a low level of activity in the absence of Ca*". These observa-
tions suggested that Raw 264.7 cell-derived PLA, contained
mainly cPLA, rather than SPLA, or iPLA,. In Raw 264.7 cells,
iPLA, activity was found to be increased by exposure to
100 um H,0,."% In this experiment, iPLA, activity isolated
from 100 um H,O--treated Raw 264.7 cells, despite being
elevated, was still too low to investigate the potentially inhibi-
tory effect of lutein on iPLA,. To further investigate the effect
of lutein on sPLA,, we used sPLA, purified from honey bee
venom. This source of sPLA, dose-dependently hydrolysed
[“C]AA-PC, but lutein did not appear to affect SPLA,-
mediated hydrolysis of this substrate. Furthermore, a similar
result was found using a different sPLA, substrate, 10-pyrene
PC. These data suggested that lutein inhibited cPLA, but not
sPLA,, while the effect of lutein on iPLA, remains to be
determined.

It has been reported that lutein modified dipalmitoylphos-
phatidylcholine membrane via interaction with sn-2- palmitic
acid.”” In this experiment, we used a specific PLA; substrate,
1-palmitoyl-2-arachidonyl phosphatidylcholine. Palmitic acid
as a saturated fatty acid shows a linear form, but arachidonic
acid as an unsaturated fatty acid includes four double bonds,
forming bending structures. The structural difference between
the two fatty acids could be affected differently by lutein.
However, we could not rule out the possibility that the inhibi-
tory effect of lutein on PLA, was related to the modification of
PLA, substrate.

Ho Sun Song et al. 1715

We next established the inhibitory pattern of lutein on
cPLA, with Dixon plots. Lutein inhibited cPLA,-induced
hydrolysis of [“C]JAA-PC in a dose- and time-dependent
manner. The Dixon plot constructed showed that the inhibi-
tion by lutein appeared to be competitive with a K; value of
13.6 um. It has been reported that cPLA, was inhibited
by a trifluoromethyl ketone analogue of arachidonic acid
(AACOCF;), which presumably bound directly to the active
site of cPLA,."*%%! The K; values for cPLA, by lutein and
AACOCF; were 13.6 and 0.65 um, respectively, suggesting
that the inhibitory potency of lutein on cPLA, was lower than
that of AACOCF;." Considering this data, we suggest that
lutein was a competitive inhibitor of cPLA; with a K; value of
13.6 um, but that it did not affect sPLA,. PLA, activation
resulted in the production of eicosanoid complex, which plays
an important role in inflammatory responses. Therefore, PLA,
inhibition by lutein may have caused the attenuation of the
inflammatory response.

Conclusions

Lutein decreased melittin-induced [*H]arachidonic acid
release in Raw 264.7 cells and inhibited Raw 264.7 cell-
derived cPLA-induced hydrolysis of ["*C]JAA-PC in a dose-
and time-dependent manner, but did not affect SPLA,-induced
hydrolysis. A Dixon plot showed that the inhibition of cPLA,
by lutein appeared to be competitive with a K; value of
13.6 um. We suggest that lutein acted as a competitive inhibi-
tor of cPLA, but did not affect sPLA,.
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