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Abstract

We examined the mechanisms of norathyriol on the serotonin-induced increased permeability of rat heart endothelial cell monolayers.
The present study showed that the activation of rat heart endothelial cell protein kinase C by phorbol myristate acetate led to the

Ž .dose-dependent increase in endothelial permeability to albumin, an effect that was inhibited by staurosporine a protein kinase inhibitor .
Staurosporine also attenuated the serotonin-induced increase in permeability. Norathyriol abolished both serotonin- and phorbol myristate
acetate-induced permeability. We investigated whether norathyriol, by inhibiting protein kinase C activation, attenuated the serotonin-
induced permeability. Immunofluorescence studies demonstrated that norathyriol prevented the redistribution of protein kinase C
isozymes following stimulation with serotonin. Western blot analysis showed that norathyriol significantly inhibited the serotonin-induced
translocation of the a protein kinase C isozyme from the cytosolic to the particulate fraction. In conclusion, norathyriol attenuates the
serotonin-induced permeability of rat heart endothelial cells to macromolecules in association with inhibition of protein kinase C
activation. This decrease in endothelial cell permeability may be one of the mechanisms for the protective effects of norathyriol against
edema formation in response to inflammatory agonists in vivo. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vascular endothelial cells separate circulating blood
from the surrounding vessel wall and tissue. One of the
functions of these cells is to control the influx of macro-
molecules into tissues. The intercellular junction may be-
come permeable to macromolecules as a result of a change
in endothelial cell shape in response to humoral mediators

Žof inflammation Garcia et al., 1986; DeFouw et al., 1993;
.Hirata et al., 1995; Ding et al., 1996 . This opening of the

intercellular junction to macromolecules is thought to re-
Ž .sult in edema formation Majno and Palade, 1961 .

Evidence indicates that early signals converge on the
Ž .family of protein kinase C PKC isozymes, which are

critical in mediating the increase in transendothelial perme-

) Corresponding author. Fax: q886-4-2058436.

Žability Lynch et al., 1990; Lum et al., 1993; Nagpala et
. Ž .al., 1996 . Addition of phorbol myristate acetate PMA ,

which activates PKC, to endothelial cell cultures disrupted
Žintercellular junctions Ben-Ze’ev, 1986; Mullin and

.O’Brien, 1986 and increased endothelial permeability to
Ž .solutes Ojakian, 1981; Lynch et al., 1990 . Studies have

demonstrated that inflammatory mediators which increase
endothelial permeability, such as bradykinin, a-thrombin,

Žand H O , also activate PKC Lynch et al., 1990; Si-2 2
.flinger-Birnboim et al., 1992; Aschner et al., 1993 . PKC

inhibitors, such as H-7 or calphostin C, reduce vasoactive
Žagent-induced increases in endothelial permeability Lynch

et al., 1990; Garcia et al., 1991; Siflinger-Birnboim et al.,
.1992 .

Ž .Norathyriol 1,3,6,7-tetrahydroxyxanthone , an aglycon
of a xanthone glycoside, mangiferin, isolated from the

Ž .aerial parts of Tripterospermum lanceolatum Hayata Hara
Ž . Ž .ex Satake Gentianaceae Lin et al., 1982 , was found to
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Ž .inhibit platelet aggregation Teng et al., 1991 , relax the rat
Ž .thoracic aorta Ko et al., 1991 , inhibit cutaneous plasma
Ž . 2qextravasation Wang et al., 1994a,b , and induce Ca

release from sarcoplasmic reticulum of skeletal muscle
Ž . Ž .Kang et al., 1996 . Recently, Wang et al. 1997 sug-
gested that norathyriol inhibited the PMA-induced neu-
trophil respiratory burst and aggregation, and that these
effects can be attributed to the suppression of PKC activity
through blockade of the catalytic region. We have previ-
ously shown that PKC-mediated events are important cel-
lular mechanisms leading to serotonin-induced permeabil-

Ž .ity in rat heart endothelial cells Lee, 1997 . In this
experiment, rat heart endothelial cell cultures were used to
investigate the effect of norathyriol on edema formation.
We demonstrated that the activation of endothelial PKC by
serotonin resulted in significant changes in the localization
and translocation of PKC isozymes. We also attempted to
examine whether norathyriol attenuated the loss of barrier
function in rat heart endothelial cell monolayers chal-
lenged with serotonin by inhibiting PKC activation.

2. Materials and methods

2.1. Materials

Norathyriol was isolated and purified as previously
Ž .described Lin et al., 1982 . All culture media and fetal

Ž . Žbovine serum FBS were obtained from Gibco Grand
. Ž .Island, NY . Bovine serum albumin BSA , endothelial

cell growth supplement, serotonin, staurosporine, phorbol
Ž . Ž .myristate acetate PMA , forskolin, Evans blue EB , 3-

Ž .isobutyl-1-methyl xanthine IBMX , antipain, leupeptin,
pepstatin, phenylmethylsulfonyl fluoride, ethylenedi-

Ž . Žaminetetraacetic acid EDTA , ethyleneglycol-bis- b-
. X X Ž .aminoethyl ether -N, N, N , N -tetraacetic acid EGTA , tris

Ž . Ž .hydroxymethyl aminomethane Tris , dithiothreitol, and
Ž .fluorescein isothiocyanate FITC -conjugated goat anti-
Ž .mouse immunoglobulin G IgG were purchased from

Ž . ŽSigma St. Louis, MO ; Transwells diameter 0.65 cm;
. Žpore size 3 mm were from Corning Costar Cambrige,

.MA ; anti-Von Willebrand factor, human fibronectin, and
Ž .lactate dehydrogenase LDH Detection Kit were from
Ž .Boehringer Mannheim Germany ; Immobilon-P Transfer

Ž .Membrane was from Millipore Bedford, MA ; the mono-
clonal antibodies against specific PKC isozymes-a , -b, -d,
-´, -m, -u, -z and -l used for immunocytochemistry were

Ž .purchased from Transduction Laboratory Lexington, KY ;
anti-g PKC antibody was from Gibco; anti-mouse IgG
peroxidase-conjugated secondary antibody, enhanced

Ž .chemiluminescent ECL detection reagents and cyclic nu-
cleotides enzyme immunoassay kit were purchased from

Ž .Amersham Buckinghamshire ; sodium nitroprusside was
Ž .from Merck Taiwan . Serotonin was dissolved in Hanks’

Ž .Balanced Salt Solution HBSS and other substances were
Ž .dissolved in less than 0.5% dimethylsulfoxide DMSO .

2.2. Rat heart endothelial cell culture preparation

Rat heart endothelial cells were isolated as described
Ž .previously Lee, 1997 . Ventricles of 3 hearts were re-

moved from 4-day-old donor rats. The tissue was then
subjected to four successive trypsinization steps, with stir-
ring, in a 50-ml trypsinization flask. After each trypsiniza-
tion, free cells were removed and 2 ml of endothelial cell
culture medium consisting of Dulbecco’s modified essen-

Ž . Ž .tial medium DMEM and 20% fetal bovine serum FBS
was added. The cells were recovered by centrifugation at
1000=g, resuspended in endothelial cell culture medium,
and allowed to adhere to the bottom of fibronectin-coated

Ž .wells in a 24-well tissue culture cluster plate Falcon for
90 min. The culture medium was then removed and the
culture wells were washed twice with HBSS to remove
non-adherent cells. Thereafter, culture medium supple-
mented with 150 mg of endothelial cell growth supplement
and 1000 U penicillin-1000 mg streptomycin per milliliter
as well as 20% FBS was added to the adherent cells. All
cultures had a typical contact-inhibited cobblestone appear-
ance. Factor VIII-related antigen was confirmed by indi-
rect immunofluorescence with human factor VIII anti-
serum and FITC-conjugated goat anti-mouse IgG as previ-

Ž .ously described Jaffe et al., 1973 . All experimental data
were obtained from rat heart endothelial cells in their 2nd
and 3rd passage.

2.3. Measurement of the barrier function of rat heart
endothelial cell monolayers

Rat heart endothelial cells cultured on filters were used
Ž 5 .3 days after seeding 1=10 cellsrwell . Exchange of

macromolecules through the endothelial cell monolayers
Žwas investigated by assaying the transfer of EB–BSA 4%

.final concentration . Passage of EB–BSA through endothe-
lial cell monolayers was performed as described previously
Ž .Lee, 1997 . Briefly, endothelial cell monolayers were
cultured on 48 Transwell polycarbonate membrane assem-
blies. The membrane assemblies were then placed in 0.6
ml of DMEM containing 20% FBS in 24-well plates and
the cells were allowed to grow to form a tight monolayer.
For experimentation, membrane assemblies with attached
cells were washed twice by immersion in HBSS and
transferred to 24-well plates. Thereafter, 600 ml of the
HBSS was placed in each of the wells, which formed the
lower chamber, and 100 ml of HBSS was placed above the
endothelial monolayers. These volumes were chosen so as
to avoid creating a hydrostatic gradient across the mono-
layers. Drugs were then added to the top and bottom
chambers and the lower chamber was stirred for rapid
mixing. The entire system was kept at 378C by a thermo-
statically regulated water bath. At the end of the experi-
ment, a 200-ml aliquot was removed from each of the
lower chambers and transfer of EB–BSA across the mono-
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layers was quantified by measuring optical density at 600
nm.

2.4. Immunolocalization of PKC isozymes

Cells grown on fibronectin-coated coverslips were
Ž .washed three times with phosphate-buffered saline PBS

and then treated with various reagents. After treatment,
cells were washed once with PBS, fixed for 5 min in a 1:1
mixture of acetone–methanol at y208C, and subsequently
washed twice with PBS. Cells were then incubated at room
temperature for 1 h with 1% bovine serum albumin in PBS
containing 0.1% Triton X-100 in order to minimize non-
specific binding. Cells were then incubated overnight at
48C with the PKC isozyme-specific antibodies diluted 1:20
in PBS containing 0.1% Triton X-100 and 2% bovine
serum albumin. Cells were washed three times with PBS
containing 0.1% Triton X-100 and incubated for 2 h with
fluorescein-conjugated anti-mouse IgG antibody diluted
1:100 in PBS containing 0.1% Triton X-100. After three
washes with PBS, slides were mounted by using glycerin.
A Zeiss Axioskop microscope was used to record images
on Kodak ISO 400 film with an exposure time of 60 s.

2.5. Western blot analysis

After treatment, endothelial cells were washed twice
with HBSS and scraped, on ice, into ice-cold lysis buffer
containing 20 mM Tris Cl, pH 8.0, 0.5 mM EDTA, 0.5
mM EGTA, 25 mgrml leupeptin, 10 mgrml antipain, 10
mgrml pepstatin, 1 mM dithiothreitol, and 2.5 mM
phenylmethylsulfonyl fluoride. The cells were collected
and sonicated for 10 pulses. The sonicated samples were
centrifuged at 100 000=g for 30 min at 48C and the
resulting supernatant was collected as the ‘cytosolic’ frac-
tion. The pellet was resuspended in lysis buffer plus 0.5%
Triton X-100, sonicated, and centrifuged as before. The
supernatant was collected as the ‘particulate’ fraction.

Ž .Equal amounts of protein 30 mgrlane were separated by
7.5% sodium dodecyl sulfate–polyacrylamide gel elec-

Ž .trophoresis SDS–PAGE . The SDS-separated proteins
Žwere equilibrated in transfer buffer 50 mM Tris, pH

.9.0–9.4, 40 mM glycine, 0.375% SDS, 20% methanol
and electrotransferred to Immobilon-P Transfer Mem-
branes. The blot was blocked with a solution containing

Ž5% non-fat dry milk in Tris-buffered saline 10 mM Tris,
. Ž .150 mM NaCl with 0.05% Tween 20 TBST for 1 h,

washed, and incubated with the PKC isozyme-specific
antibodies in TBST with 0.5% non-fat dry milk for 1 h.
The blot was washed and incubated with an anti-mouse
IgG peroxidase-conjugated second antibody. The enhanced

Ž .chemiluminescent ECL detection system was used for
immunoblot protein detection.

2.6. Measurement of cyclic nucleotides

Cyclic nucleotides were measured by enzyme im-
Ž .munoassay as previously described Lee, 1997 . Cells were

plated onto 24-well Falcon plates at 2=105 cellsrwell
and grown to confluence in DMEM with 20% FBS for 3
days prior to cyclic nucleotide determination. Before cyclic
nucleotides were measured, the cells were washed twice in
HBSS and incubated in HBSS alone or in HBSS contain-
ing the agents at 378C in a 5% CO -humidified atmo-2

sphere. After incubation for the indicated time, the medium
was removed completely and the cells were washed twice
with HBSS containing 0.5 mM IBMX to inhibit phospho-
diesterase and to prevent subsequent breakdown of the
cyclic nucleotide during cell solubilization, sample collec-
tion, and processing. The HBSS containing IBMX was
decanted and the cells were immediately solubilized in 250
ml of ice-cold 0.1 M HCl, and the plates were stored at
y708C. Extracts were removed from the plates and cen-
trifuged at 1000=g for 10 min. A 200-ml aliquot of the
supernatant was acetylated, and the amount of cyclic nu-
cleotide was determined by enzyme immunoassay.

( )2.7. Assay of lactate dehydrogenase LDH release

LDH release from rat heart endothelial cell monolayers
was determined. Endothelial cells grown on plastic tissue
culture plates were exposed to various concentrations of
reagents in DMSO in HBSS with 0.1% BSA for 30 min.
The supernatant was removed and centrifuged at 1000=g
for 10 min. LDH activity in the supernatant was deter-
mined using a commercial LDH Detection Kit.

2.8. Data analysis

Results were analyzed for statistical significance by
analysis of variance with repeated measures and a New-
man–Keuls test. A P-value of less than 0.05 was consid-
ered significant for all tests.

3. Results

3.1. Effects of norathyriol and staurosporine on the sero-
tonin-induced passage of macromolecules across the rat
heart endothelial cell monolayers

To investigate the inhibitory effect of norathyriol on
edema formation, a vasoactive agent, serotonin, was added
to rat heart endothelial cell cultures. Serotonin induced
dose- and time-dependent increases in the passage of

ŽEB–BSA across endothelial cell monolayers data not
.shown . The serotonin-induced increase in the amount of

EB–BSA was significant at 1 mM serotonin and after a
30-min incubation. Therefore, 1 mM serotonin and a 30-
min incubation period were chosen for further experi-
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Ž . Ž .Fig. 1. Effects of staurosporine STAU and norathyriol NORA on
serotonin-induced dysfunction of the rat heart endothelial cell barrier.

Ž y9Endothelial cell monolayers were pretreated with staurosporine 3=10
. Ž y8 y7 y6 y5 .M or norathyriol 10 , 10 , 10 , 10 M for 10 min and then

challenged for an additional 30 min with 1 mM serotonin. The results are
Ž . ††expressed as the mean percentage of control"S.E.M. ns20–25 . P

-0.01 compared to the control values. )) P -0.01 compared to the
values for serotonin-treated monolayers.

ments. In this study, the effect of norathyriol on the
serotonin-mediated increase in the passage of EB–BSA
across endothelial cell monolayers grown on porous filters

Ž y5 .was examined. Norathyriol 10 M alone did not in-
crease the passage of EB–BSA across the monolayers in

Ž . Ž .30 min data not shown ; however, serotonin 1 mM
caused about a 3-fold increase. This response was antago-
nized by a 10-min pretreatment of the endothelial cell

Ž y8 y7 y6 y5 .monolayers with norathyriol 10 , 10 , 10 , 10 M
Ž .Fig. 1 . To further substantiate the role of PKC in sero-
tonin-induced barrier dysfunction, endothelial cell mono-

Ž .layers were pretreated 10 min with the PKC inhibitor
Ž y9 .staurosporine 3=10 M prior to challenge with sero-

tonin. Staurosporine pretreatment abolished the serotonin-
Ž .induced barrier dysfunction Fig. 1 .

3.2. Effects of norathyriol and staurosporine on PMA-in-
duced barrier dysfunction in rat heart endothelial cell
monolayers

To examine whether norathyriol promotes the barrier
function of rat heart endothelial cell monolayers by inhibit-
ing PKC activation, the PMA-induced passage of EB–BSA
across the endothelial cell monolayer was investigated.
PMA is a potent stimulant of PKC activation. Treatment of
endothelial cell monolayers with PMA resulted in signifi-
cant dose-dependent increases in EB–BSA permeability
Ž .Fig. 2 . These results suggest that activation of the con-
tractile apparatus, as demonstrated by alteration in en-
dothelial monolayer permeability, may be dependent upon

Fig. 2. Effects of PMA on the passage of EB–BSA through rat heart
Žendothelial cell monolayers. Cells were incubated with vehicle DMSO in

.HBSS alone and with indicated PMA concentrations. EB–BSA transfer
was measured at 30 and 60 min, respectively. Time course of effect of

y7 Ž . y6 Ž . y5 Ž .10 M B , 10 M ' , 10 M % PMA on the passage of
EB–BSA. v, control incubations. Values are means"S.E.M. for 15
independent experiments.

the activation of PKC. Endothelial cell monolayers were
pretreated with the protein kinase inhibitor staurosporine
Ž y9 . Ž y53=10 M, 10 min prior to challenge with PMA 10

.M, 30 min . Staurosporine abolished the PMA-mediated
Ž .barrier dysfunction Fig. 3 . To determine whether no-

rathyriol affects the PMA-mediated permeability of rat

Ž . Ž .Fig. 3. Effects of staurosporine STAU and norathyriol NORA on
PMA-induced dysfunction of the rat heart endothelial cell barrier. En-

Ž .dothelial cell monolayers were pretreated with vehicle DMSO in HBSS ,
Ž y9 . Ž y8 y7 y6 y5staurosporine 3=10 M , and norathyriol 10 , 10 , 10 , 10

. y5M after 10 min, and the monolayers were challenged with 10 M PMA
for 30 min. Each value represents the mean percentage of control"S.E.M.
for 15 independent experiments. ††P -0.01 compared to the control
values. ) P -0.05 compared to the values for PMA-treated monolayers.
)) P -0.01 compared to the values for PMA-treated monolayers.
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Fig. 4. Immunofluorescence localization of a PKC in rat heart endothelial cells. Cells were fixed and stained with isozyme-specific antibodies as described
Ž . Ž . Ž . Žin Section 2. A Control cells DMSO in HBSS, 10 min; then HBSS, 10 min ; B serotonin-treated cells DMSO in HBSS, 10 min; then 1 mM serotonin,

. Ž . Ž y6 .10 min ; C norathyriol- and serotonin-treated cells 10 M norathyriol, 10 min; then 1 mM serotonin, 10 min . Results are representative of three
independent experiments. Scale bar, 25 mm.

Fig. 5. Immunofluorescence localization of d, ´, and u PKC in rat heart endothelial cells. Cells were fixed and stained with isozyme-specific antibodies as
Ž . Ž . Ž . Ždescribed in Section 2. A, D and G Control cells DMSO in HBSS, 10 min; then HBSS, 10 min ; B, E and H serotonin-treated cells DMSO in HBSS,

. Ž . Ž y6 .10 min; then 1 mM serotonin, 10 min ; C, F and I norathyriol- and serotonin-treated cells 10 M norathyriol, 10 min; then 1 mM serotonin, 10 min .
Results are representative of three independent experiments. Scale bar, 25 mm.
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heart endothelial cell monolayers to macromolecules,
Ž y8monolayers were preincubated with norathyriol 10 ,

y7 y6 y5 . Ž y510 , 10 , 10 M for 10 min followed by PMA 10
.M for 30 min. Norathyriol had a significant effect on the

PMA-mediated passage of EB–BSA across the monolay-
Ž .ers Fig. 3 . These results indicated that the norathyriol-in-

duced enhancement of endothelial barrier function was
correlated with decreased activation of PKC.

3.3. Effects of norathyriol on the localization of serotonin-
stimulated PKC isozymes in rat heart endothelial cells

Since PKC consists of a large family of proteins with
multiple isozymes, we characterized the effect of no-
rathyriol on the localization of the various PKC isozymes
in rat heart endothelial cells after stimulation with sero-
tonin. To determine the localization of PKC isozymes in
rat heart endothelial cells, we performed immunofluo-
rescence studies with isozyme-specific antibodies. Non-
stimulated endothelial cells did not stain when the anti-b,

Žanti-g and anti-m PKC antibodies were used data not
.shown . These findings confirm the Western blot data in

which b, g and m PKC immunoreactivity was not de-
tected.

The immunoreactivity of a PKC appeared as diffuse
Ž .staining throughout control cells Fig. 4A . Incubation of

endothelial cells with 1 mM serotonin for 10 min caused
Ž .intense staining in the cytoplasm Fig. 4B . As shown in

Fig. 4C, 10y6 M norathyriol attenuated the serotonin-
induced changes in a PKC immunoreactivity.

The d PKC immunostaining was fibrillar throughout
Ž .control cells Fig. 5A . After treatment with serotonin, this

pattern of staining was replaced by intense perinuclear
Ž .staining Fig. 5B . Monolayers pretreated with norathyriol

and then challenged with serotonin showed staining similar
Ž .to that seen in control cells Fig. 5C . In the ´ PKC

staining studies, the immunostaining patterns were similar
to those obtained with anti-´ PKC antibody in either

Ž . Ž .nonstimulated Fig. 5D or stimulated cells Fig. 5E,F .
Studies with the anti-u PKC antibody showed that the

Žimmunolocalization of u PKC was primarily fibrillar Fig.
.5G . Serotonin-mediated u PKC immunolocalization was

more intense than that found in untreated and norathyriol-
Ž .pretreated cells Fig. 5H,I .

When endothelial cells were treated with anti-z PKC
antibody, the immunostaining of control cells and no-
rathyriol-pretreated cells was identical, showing a dotted

Ž .staining pattern Fig. 6A,C . However, after stimulation
with serotonin the dotted staining of z PKC was most

Ž .intense in the cytoplasm Fig. 6B . With anti-l PKC
antibody the dotted staining was observed in control cells

Ž .and norathyriol-pretreated cells Fig. 6D,F . After treat-
ment with serotonin, the filamentous staining in the cyto-

Ž .plasm was increased Fig. 6E .

3.4. Effects of norathyriol and staurosporine on the ex-
pression and translocation of serotonin-stimulated PKC
isozymes in rat heart endothelial cells

In this experiment, we examined the effect of no-
rathyriol on the serotonin-induced translocation of the

Fig. 6. Immunofluorescence localization of z and l PKC in rat heart endothelial cells. Cells were fixed and stained with isozyme-specific antibodies as
Ž . Ž . Ž . Ždescribed in Section 2. A and D Control cells DMSO in HBSS, 10 min; then HBSS, 10 min ; B and E serotonin-treated cells DMSO in HBSS, 10

. Ž . Ž y6 .min; then 1 mM serotonin, 10 min ; C and F norathyriol- and serotonin-treated cells 10 M norathyriol, 10 min; then 1 mM serotonin, 10 min . Results
are representative of three independent experiments. Scale bar, 25 mm.
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various PKC isozymes from the cytosolic to the particulate
fraction as another indicator of PKC activation. The ex-
pression of PKC isozymes in rat heart endothelial cells
was examined by Western blot analysis using isozyme-
specific anti-PKC antibodies. b, g, and m PKC isozymes
were not found in rat heart endothelial cell extracts even
when various dilutions of primary and secondary antibod-

Ž .ies were used data not shown . In contrast to these three
isozymes, immunoreactive bands of four PKC isozymes,
a , d, ´ and z, were clearly detected in the cytosolic and
particulate fractions, whereas very faint immunoreactive

Ž .bands of u and l PKC were observed Fig. 7A . Isozymes
d, ´ and u, were mainly detected in the particulate protein
fraction, whereas z PKC was detected in the cytosolic
fraction. Isozymes a , d, ´, z, u and l had apparent
molecular masses of 82, 78, 90, 72, 79 and 74 kDa,
respectively. When endothelial cell were treated with 1
mM serotonin for 10 min, cells exhibited extensive translo-

Žcation of cytosolic a PKC to the particulate fraction Fig.
.7A . As illustrated in Fig. 7B, a PKC isozyme translo-

cated to the particulate fraction, where levels increased
1.5- to 2-fold, as quantified by densitometric analysis. In
addition, no significant changes in the content of other
PKC isozymes were noted in either the cytosolic or the

Ž .particulate fraction after serotonin stimulation Fig. 7A .
ŽMonolayers were preincubated with staurosporine 3=

y9 .10 M for 10 min followed by 1 mM serotonin for 10
min. Staurosporine had no significant effect on the sero-

Ž .tonin-mediated PKC translocation Fig. 7A . However,
after pretreatment of endothelial cell monolayers with 10y6

M norathyriol for 10 min, the serotonin-induced transloca-
tion of a PKC from the cytosolic to the particulate

Ž .fraction was significantly inhibited Fig. 7A,B . We also
demonstrated the translocation of PKC isozymes in en-
dothelial cells stimulated with 10y5 M PMA for 10 min. a

PKC was largely found in the cytosolic fraction in unstim-
ulated cells and was found almost entirely in the particu-
late fraction after treatment with PMA; d, ´ and u PKC
were always found in the particulate fraction whereas z

PKC was found in both cytosolic and particulate fractions
Žin the unstimulated cells and was unaffected by PMA Fig.

.8 .

3.5. Effects of norathyriol on cAMP and cGMP concentra-
tions in rat heart endothelial cell monolayers

To further investigate whether the enhancement of en-
dothelial barrier function by norathyriol could be linked to

Ž .Fig. 7. A Western blot showing the effects of norathyriol and stau-
rosporine on serotonin-induced PKC isozyme translocation in rat heart
endothelial cells. Cytosolic and particulate fractions were analyzed by
7.5% SDS–PAGE and probed with antibodies against peptides specific
for PKC isozymes. Western blot analysis with a mAb to detect PKC
isozymes was performed as described in Section 2. Lanes 1 and 5, control

Ž .cells DMSO in HBSS, 10 min; then HBSS, 10 min ; lanes 2 and 6,
Žserotonin-treated cells DMSO in HBSS, 10 min; then 1 mM serotonin,

. Ž y910 min ; lanes 3 and 7, staurosporine- and serotonin-treated cells 3=10
.M staurosporine, 10 min; then 1 mM serotonin, 10 min ; lanes 4 and 8,

Ž y6norathyriol- and serotonin-treated cells 10 M norathyriol, 10 min;
.then 1 mM serotonin, 10 min . Results are representative of three

Ž .independent experiments. B Densitometric analysis of a PKC was
carried out on autoradiographs. Data are plotted as percentages of control
Ž .absence of serotonin . Results are representative of three independent
experiments.
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Fig. 8. Western blot showing the effects of 1 mM serotonin and 10y5 M
PMA on PKC isozyme translocation in rat heart endothelial cells. Cytoso-
lic and particulate fractions were analyzed by 7.5% SDS–PAGE and
probed with antibodies against peptides specific for PKC isozymes.
Western blot analysis with a mAb to detect PKC isozymes was performed

Žas described in Section 2. Lanes 1 and 4, control cells DMSO in HBSS,
.10 min; then HBSS, 10 min ; lanes 2 and 5, serotonin-treated cells

Ž .DMSO in HBSS, 10 min; then 1 mM serotonin, 10 min ; lanes 3 and 6,
Ž y5PMA-treated cells DMSO in HBSS, 10 min; then 10 M PMA, 10

.min . Results are representative of three independent experiments.

Table 2
LDH release from rat heart endothelial cells

aŽ .Reagents LDH release % of control

Control 100
y3Ž .Serotonin 2=10 M 99.9"0.1

y5Ž .Norathyriol 10 M 99.5"0.1
y6Ž .Staurosporine 10 M 99.7"0.1

y5Ž .PMA 10 M 99.8"0.1
y5Ž .IBMX 10 M 100.0"0.1

y5Ž .Forskolin 10 M 100.0"0.1

a Endothelial cells were cultured in 24-well plates and then incubated with
various concentrations of reagent in HBSS with 0.1% BSA for 30 min.
LDH activity in the supernatant was determined by using an LDH
Detection Kit. The results are expressed as the mean percentage of

Ž .control"S.E.M. ns20 .

stimulation of endothelial cAMP, we tested the effect of
norathyriol on the intracellular cAMP concentration. Con-
fluent monolayers of endothelial cells were stimulated with

Ž y6forskolin, an adenylate cyclase activator 10 M, 10
. Ž y8 y6 y5 y4min , and norathyriol 10 , 10 , 10 , 10 M, 10
.min . In the presence of IBMX, a phosphodiesterase in-

hibitor, forskolin induced an increase in the cellular cAMP
concentration. Norathyriol had no effect on the endothelial

Ž .cAMP concentration Table 1 . The effect of norathyriol
on the intracellular cGMP concentration in endothelial cell
monolayers was also investigated on the assumption that
the cGMP concentration is related to endothelial cell per-
meability. Confluent monolayers of endothelial cells were
incubated with sodium nitroprusside, a guanylate cyclase

Ž y6 . Ž y8 y6activator 10 M, 10 min , and norathyriol 10 , 10 ,
y5 y4 .10 , 10 M, 10 min . In the presence of IBMX, sodium

nitroprusside induced an increase in the cellular cGMP
concentration. However, norathyriol had no effect on the

Ž .endothelial cGMP concentration Table 1 .

3.6. Cytotoxicity assay

Treatment of rat heart endothelial cells with various
Ž .agents for 30 min did not increase LDH release Table 2 .

This finding indicates that the increase in endothelial

Table 1
Effects of norathyriol on intracellular cAMP and cGMP levels in rat heart endothelial cells

a aŽ . Ž .Reagents cAMP concentration % of control cGMP concentration % of control

Control 100 100
y6 b cŽ .Forskolin 10 M 293"25 y

y6 c bŽ .Sodium nitroprusside 10 M y 233"25
y8Ž .Norathyriol 10 M 89"10 102"10
y6Ž .Norathyriol 10 M 87"11 101"11
y5Ž .Norathyriol 10 M 95"9 106"8
y4Ž .Norathyriol 10 M 84"12 103"7

a Ž .Endothelial cells were cultured to confluence in 24-well plates. After a 10-min incubation, the intracellular cAMP and cGMP levels ns8 were assayed
by using an enzyme immunoassay as described under Section 2. The results are expressed as the mean percentage of the relative control"S.E.M.
bP-0.01, compared to the corresponding control.
c Not determined.
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permeability was not due to a cytolytic effect of these
agents.

4. Discussion

Vascular endothelial cells separate circulating blood
from the surrounding vessel wall and tissues. The endothe-
lium functions as a critical and selective barrier to macro-
molecules, protects the underlying tissues from edema, and
preserves organ function. Endothelial cell contraction plays
a pivotal role in the increased extravasation of fluid and
macromolecules during vascular leakage. Many investiga-
tors suggest that PKC activation is an important signal
transduction pathway by which extracellular mediators in-

Žcrease endothelial macromolecule transport Lynch et al.,
1990; Stasek et al., 1992; Krizbai et al., 1995; Nagpala et

.al., 1996 . The activation of protein kinase C, which can
occur as a result of the generation of 1,2-diacylglycerol
Ž .Nishizuka, 1984 , is associated with the phosphorylation
of specific cytoskeletal proteins and decreased cell–cell

Ž .contact Stasek et al., 1992 . The relationship between the
activation of second messenger pathways and the increase
in endothelial permeability remains unclear. The present
study showed that the activation of rat heart endothelial
cell PKC by PMA led to a dose-dependent increase in
endothelial permeability to albumin, an effect which was

Ž .inhibited by staurosporine a protein kinase inhibitor . The
result is in agreement with other studies, thereby establish-
ing the importance of PKC activation in mediating the

Žincrease in endothelial permeability to albumin Noel et
al., 1995; Patterson et al., 1995; Rabiet et al., 1996;

.Siflinger-Birnboim and Malik, 1996 . Staurosporine also
attenuated the serotonin-induced increase in permeability,
indicating that PKC-mediated events are important cellular
mechanisms leading to serotonin-induced permeability.
Norathyriol attenuated both serotonin- and PMA-induced
permeability. It appeared that norathyriol directly affected
the activation of PKC by serotonin.

ŽPKC constitutes a family a , b, g, d, ´, z, u, i, l and
. Ž .m of related isozymes Nishizuka, 1988, 1989 . They

consist of a single polypeptide with an amino-terminal
regulatory domain and a carboxy-terminal catalytic domain
Ž .Kikkawa et al., 1987; Ono et al., 1988 . Differences in
tissue distribution, subcellular localization, and transloca-
tion following activation have also been demonstrated
Ž .Mochly-Rosen et al., 1990; Disatnik et al., 1994 . The
localization of PKC has been determined in a number of

Žendothelial cell types Rosales et al., 1992; Zhou et al.,
.1996 . As previously suggested, it is likely that differen-

tially localized isozymes phosphorylate nearby substrates
Ž .Mochly-Rosen, 1995 . The variety in the expression of
PKC isozymes in endothelial cells of different types may
reflect differences in functional responsiveness to environ-
mental stimuli. The present study showed that rat heart
endothelial cells contain various amount of PKC isozymes

a , d, ´, z, u and l but not b, g and m. It is also possible
that other PKC isozymes which were not studied are
present. The immunofluorescence studies demonstrated that
the localization of the PKC isozymes following stimulation
with serotonin differed from that of untreated cells, with
the exception of ´ PKC isozyme. This is consistent with
the notion that not all PKC isozymes in endothelial cells
and other cell types such as platelets are translocated after
stimulation with an agonist. The explanation for the differ-
ence among the various PKC isozymes is not clear but
could be multiple, ranging from differences in time of
activation and degradation to different efficiencies of the
various antibodies. Further studies to identify isozyme-
unique substrates at each of these isozyme sites are under-
way. The serotonin-induced change in PKC localization
was prevented by norathyriol. In our studies, the expres-
sion of PKC isozymes in endothelial cells was also exam-
ined by Western blot analysis with isozyme-specific anti-
PKC antibody. PKC is primarily a cytosolic enzyme in

Žquiescent cells Nishizuka, 1984; Wolfson et al., 1985;
.Lynch et al., 1990 . Upon activation PKC covalently binds

Žto cell membranes, where it exerts its effects Nishizuka,
.1984 . Endothelial PKC activation was demonstrated as a

characteristic shift in PKC from the cytosol to the cell
membrane. In the present study, serotonin caused the
translocation of a PKC from the cytosol to the membrane
of rat heart endothelial cells. No significant changes in the
distribution of other PKC isozymes in either the cytosolic
or particulate fraction was seen after serotonin stimulation.
The difference in the expression of PKC isozymes between
the immunofluorescence studies and the Western blot anal-
ysis remains unclear. However, it is interesting to note that
the serotonin-induced translocation of the a PKC isozyme
from the cytosolic to the particulate fraction was found to
be significantly inhibited by norathyriol. From these data,
we demonstrated that norathyriol inhibited the activation
of the PKC isozymes following stimulation with serotonin.

Finally, the study investigated whether norathyriol, by
changing the concentrations of cyclic nucleotides, attenu-
ated the serotonin-induced permeability to macro-
molecules. Recent studies have demonstrated that elevation
of the intracellular concentrations of cyclic nucleotides can

Žimprove endothelial barrier function Stelzner et al., 1989;
Loffon et al., 1990; Langeler and Van Hinsbergh, 1991;

.Westendrop et al., 1994 . In this study, norathyriol had no
effect on the intracellular cAMP and cGMP concentra-
tions. These results appear to suggest that the regulation of
endothelial permeability by norathyriol is not mediated by
increases in the levels of intracellular cyclic nucleotides.

In conclusion, this study showed that the translocation
of a PKC from the cytosolic to the particulate fraction
may be responsible for the increase in endothelial perme-
ability in response to serotonin stimulation. Norathyriol
attenuated the serotonin-induced permeability of endothe-
lial cells to macromolecules in association with inhibition
of PKC activation. The results support the hypothesis that
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norathyriol has an enhancing effect on endothelial barrier
function and prevents the disruption of endothelial barrier
function by inflammatory agonists such as serotonin. These
findings suggest a possible mechanism by which no-
rathyriol protects endothelial cell function and preserves
the microvasculature from pharmacologic injury caused by
injurious agents.

Acknowledgements

The authors thank Hsu, S.L. PhD for the generous
support throughout these studies. This work was supported
by China Medical College of the Republic of China.

References

Aschner, J., Lum, H., Fletcher, P.W., Malik, A.B., 1993. The differential
Ž . Ž .effects of protein kinase C PKC on bradykinin BK - and thrombin

Ž . Ž .T -mediated phospholipase C PLC activation. FASEB J. 7, A719,
Ž .Abstract .

Ben-Ze’ev, A., 1986. Tumor promoter-induced disruption of junctional
complexes in cultured epithelial cells is followed by the inhibition of
cytokeratin and desmoplakin synthesis. Exp. Cell Res. 164, 335–352.

DeFouw, D.O., Brown, K.L., Feinberg, R.N., 1993. Canine jugular vein
endothelial cell monolayers in vitro: vasomediator-activated diffusive
albumin pathway. J. Vasc. Res. 30, 154–160.

Ding, Z., Li, S., Wu, Z., 1996. Inhibitory effects of isoproterenol on
PAF-induced endothelial cell permeability and morphological changes.
Sci. China C. Life Sci. 39, 80–86.

Disatnik, M.H., Buraggi, G., Mochly-Rosen, D., 1994. Localization of
protein kinase C isozymes in cardiac myocytes. Exp. Cell Res. 210,
287–297.

Garcia, J.G.N., Siflinger-Birnboim, A., Bizios, R., Del Vecchio, P.J.,
Fenton, J.W., Malik, A.B., 1986. Thrombin-induced increases in
albumin permeability across the endothelium. J. Cell. Physiol. 128,
96–104.

Garcia, J.G.N., Aschner, J., Malik, A.B., 1991. Regulation of thrombin-
induced endothelial prostaglandin synthesis and barrier function. In:

Ž .Berliner, L.J. Ed. , Thrombin: Structure and Function. Plenum, New
York, pp. 397–430.

Hirata, A., Baluk, P., Fujiwara, T., McDonald, D.M., 1995. Location of
focal silver staining at endothelial gaps in inflamed venules examined
by scanning electron microscopy. Am. J. Physiol. 269, L403–418.

Jaffe, E.A., Nachman, R.L., Becker, C.G., Minick, C.R., 1973. Culture of
human endothelial cells derived from umbilical veins. Identification
by morphologic and immunologic criteria. J. Clin. Invest. 52, 2745–
2756.

Kang, J.J., Cheng, Y.W., Ko, F.N., Kuo, M.L., Lin, C.N., Teng, C.M.,
1996. Induction of calcium release from sarcoplasmic reticulum of
skeletal muscle by xanthone and norathyriol. Br. J. Pharmacol. 118,
1736–1742.

Kikkawa, U., Ogita, K., Ono, Y., Asaoka, Y., Shearman, M.S., Fujii, T.,
Ase, K., Sekiguchi, K., Igarash, K., Nishizuka, Y., 1987. The com-
mon structure and activities of four subspecies of rat brain protein
kinase C family. FEBS Lett. 223, 212–216.

Ko, F.N., Lin, C.N., Liou, S.S., Huang, T.F., Teng, C.M., 1991. Vasore-
laxation of rat thoracic aorta caused by norathyriol isolated from
Gentianaceae. Eur. J. Pharmacol. 192, 133–139.

Krizbai, I., Szabo, G., Deli, M., Maderspach, K., Lehel, C., Olah, Z.,
Wolff, J.R., Joo, F., 1995. Expression of protein kinase C family
members in the cerebral endothelial cells. J. Neurochem. 65, 459–462.

Langeler, E.G., Van Hinsbergh, V.W.M., 1991. Norepinephrine and
iloprost improve barrier function of human endothelial cell monolay-
ers: role of cAMP. Am. J. Physiol. 260, C1052–1059.

Lee, H.Z., 1997. Inhibitory effect of 2-phenyl-4-quinolone on serotonin-
mediated changes in the morphology and permeability of endothelial
monolayers. Eur. J. Pharmacol. 335, 245–254.

Lin, C.N., Chang, C.H., Arisawa, M., Shimizu, M., Morita, N., 1982.
Two new xanthone glycosides from T. lanceolatum. Phytochemistry
21, 205–208.

Loffon, C.E., Newman, W.H., Currie, M.G., 1990. Atrial natriuretic
peptide regulation of endothelial permeability is mediated by cGMP.
Biochem. Biophys. Res. Commun. 172, 793–799.

Lum, H., Andersen, T.T., Siflinger-Birboim, A., Tiruppathi, C., Golig-
orsky, M.S., Fenton, J.W. II, Malik, A.B., 1993. Thrombin receptor
peptide inhibits thrombin-induced increases in endothelial permeabil-
ity by receptor desensitization. J. Cell Biol. 120, 1491–1499.

Lynch, J.J., Ferro, T.J., Blumenstock, F.A., Brochenaur, A.B., Malik,
A.B., 1990. Increases endothelial albumin permeability mediated by
protein kinase C activation. J. Clin. Invest. 85, 1991–1998.

Majno, G., Palade, G.E., 1961. Studies on inflammation. The effect of
histamine and serotonin on vascular permeability: an electron micro-
scopic study. J. Biophys. Biochem. Cytol. 11, 571–577.

Mochly-Rosen, D., 1995. Localization of protein kinases by anchoring
proteins: a theme in signal transduction. Science 268, 247–251.

Mochly-Rosen, D., Henrich, C.J., Cheever, L., Khaner, H., Simpson,
P.C., 1990. A protein kinase C isozyme is translocated to cytoskeletal
elements on activation. Cell Regul. 1, 693–706.

Mullin, J.M., O’Brien, T.G., 1986. Effects of tumor promoters on LLC-
PK renal epithelial tight junctions and transepithelial fluxes. Am. J.1

Physiol. 251, C597–602.
Nagpala, P.G., Malik, A.B., Vuong, P.T., Lum, H., 1996. Protein kinase

C b overexpression augments phorbol ester-induced increase in1

endothelial permeability. J. Cell. Physiol. 166, 249–255.
Nishizuka, Y., 1984. The role of protein kinase C in cell surface signal

transduction and tumour-promotion. Nature 308, 693–698.
Nishizuka, Y., 1988. The molecular heterogeneity of protein kinase C and

its implications for cellular regulation. Nature 334, 661–665.
Nishizuka, Y., 1989. Studies and prospective of the protein kinase C

family for cellular regulation. Cancer 63, 1892–1903.
Noel, P.E., Fletcher, J.R., Thompson, W.J., 1995. Rolipram and isoprote-

renol reverse platelet activating factor-induced increases in pulmonary
microvascular permeability and vascular resistance. J. Surg. Res. 59,
159–164.

Ojakian, G.K., 1981. Tumor promoter-induced changes in the permeabil-
ity of epithelial cell tight junctions. Cell 23, 95–103.

Ono, Y., Fujii, T., Ogita, K., Kikkawa, U., Igarashi, K., Nishizuka, Y.,
1988. The structure, expression, and properties of additional members
of the protein kinase C family. J. Biol. Chem. 263, 6927–6932.

Patterson, C.E., Stasek, J.E., Schaphorst, K.L., Davis, H.W., Garcia,
J.G.N., 1995. Mechanism of pertussis toxin-induced barrier dysfunc-
tion in bovine pulmonary artery endothelial cell monolayers. Am. J.
Physiol. 268, L926–934.

Rabiet, M.J., Plantier, J.L., Rival, Y., Genoux, Y., Lampugnani, M.G.,
Dejana, E., 1996. Thrombin-induced increase in endothelial perme-
ability is associated with changes in cell-to-cell junction organization.
Arterioscler. Thromb. Vasc. Biol. 16, 488–496.

Rosales, O.R., Isales, C., Nathanson, M., Sumpio, B.E., 1992. Immunocy-
tochemical expression and localization of protein kinase C in bovine
aortic endothelial cells. Biochem. Biophys. Res. Commun. 189, 40–46.

Siflinger-Birnboim, A., Malik, A.B., 1996. Regulation of endothelial
permeability by second messengers. New Horiz. 4, 87–98.

Siflinger-Birnboim, A., Goligorsky, M.S., Del Vecchio, P.J., Malik, A.B.,
1992. Activation of protein kinase C pathway contributes to hydrogen
peroxide-induced increase in endothelial permeability. Lab. Invest.
67, 24–30.

Stasek, J.E., Patterson, C.E., Garcia, J.G.N., 1992. Protein kinase C
phosphorylates caldesmon and vimentin and enhances albumin77



( )H.-Z. Lee et al.rEuropean Journal of Pharmacology 353 1998 303–313 313

permeability across cultured bovine pulmonary artery endothelial cell
monolayers. J. Cell. Physiol. 153, 62–75.

Stelzner, T.J., Weil, J.V., O’Brien, R.F., 1989. Role of cyclic adenosine
monophosphate in the induction of endothelial barrier properties. J.
Cell. Physiol. 139, 157–166.

Teng, C.M., Ko, F.N., Wang, J.P., Lin, C.N., Wu, T.S., Chen, C.C.,
Huang, T.F., 1991. Antihaemostatic and antithrombotic effect of some
antiplatelet agents isolated from Chinese herbs. J. Pharm. Pharmacol.
43, 667–669.

Wang, J.P., Ho, T.F., Lin, C.N., Teng, C.M., 1994a. Effect of norathyriol,
isolated from T. lanceolatum, on A23187-induced pleurisy and anal-
gesia in mice. Naunyn-Schmiedebergs Arch Pharmacol. 350, 90–95.

Wang, J.P., Raung, S.L., Lin, C.N., Teng, C.M., 1994b. Effect of
norathyriol, a xanthone from T. lanceolatum, on cutaneous plasma
extravasation. Eur. J. Pharmacol. 251, 35–42.

Wang, J.P., Raung, S.L., Tsao, L.T., Lin, C.N., 1997. Evidence for the

involvement of protein kinase C inhibition by norathyriol in the
reduction of phorbol ester-induced neutrophil superoxide anion gener-
ation and aggregation. Eur. J. Pharmacol. 336, 81–88.

Westendrop, R.G.J., Draijer, R., Meinders, A.E., Van Hinsbergh, V.W.M.,
1994. Cyclic-GMP-mediated decrease in permeability of human um-
bilical and pulmonary artery endothelial cell monolayers. J. Vasc.
Res. 31, 42–51.

Wolfson, M., McPhail, L.C., Nasrallah, V.N., Snyderman, R., 1985.
Phorbol myristate acetate mediates redistribution of protein kinase C
in human neutrophils: potential role in the activation of the respiratory
burst enzyme. J. Immunol. 135, 2057–5062.

Zhou, L.Y., Disatnik, M., Herron, G.S., Mochly-Rosen, D., Karasek,
M.A., 1996. Differential activation of protein kinase C isozymes by
phorbol ester and collagen in human skin microvascular endothelial
cells. J. Invest. Dermatol. 107, 248–252.


