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Abstract

Ž . Ž .We investigated the effects of serotonin 5-hydroxytryptamine; 5-HT on nitric oxide NO synthesis in vascular smooth muscle cells.
We measured the production of nitrite, a stable metabolite of NO, and the expression of inducible NO synthase protein in cultured rat

Ž .vascular smooth muscle cells. Incubation of the cultures with interleukin-1b 10 ngrml caused a significant increase in nitrite
production. 5-HT inhibited nitrite production by interleukin-1b-stimulated vascular smooth muscle cells in a concentration-dependent

Ž y8 y5 .manner 10 –10 M . 5-HT-induced inhibition of nitrite production was accompanied by decreased inducible NO synthase protein
accumulation in vascular smooth muscle cells. Addition of the 5-HT receptor antagonist ketanserin, but not the 5-HT receptor2 1A

antagonist spiroxatrine, inhibited the effect of 5-HT. On the other hand, the 5-HT receptor agonist a-methyl-5-HT, but not the 5-HT2 1A
Ž . Ž .receptor agonist " -8-hydroxy-2- di-n-propylamino tetralin, decreased interleukin-1b-induced nitrite production by vascular smooth

muscle cells. 5-HT significantly increased protein kinase C activity in vascular smooth muscle cells, and the protein kinase C inhibitor
calphostin C dose-dependently abolished the effect of 5-HT on nitrite production. After protein kinase C activity was functionally
depleted by treatment of cells with phorbol 12-myristate 13-acetate for 24 h, the effect of 5-HT was abolished. These results indicate that
5-HT acts on 5-HT receptors and inhibits NO synthesis in interleukin-1b-stimulated vascular smooth muscle cells at least partially2

through a protein kinase C-dependent pathway. q 1997 Elsevier Science B.V.
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1. Introduction

Ž .Nitric oxide NO , an extensively characterized en-
dothelium-derived relaxing factor, is a short-lived free
radical which plays an important role as an intercellular
messenger, participating in vascular homeostasis, neuro-
transmission, and antimicrobial defense. NO is synthesized
from the amino acid L-arginine in a reaction catalyzed by
two enzymes, Ca2q- and calmodulin-dependent constitu-

Ž . 2qtive NO synthase cNOS and Ca - and calmodulin-inde-
Ž .pendent inducible NO synthase iNOS, or type II NOS .

Two isoforms of constitutive NO synthase have been
Ž .identified in endothelial cells ecNOS, or type III NOS

Ž .and brain nNOS, or type I NOS . Inducible NO synthase
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has been identified in endotoxin- and cytokine-treated
neutrophils, hepatocytes, endothelial cells and myocardium
ŽMoncada et al., 1991; Nathan and Xie, 1994; Ikeda et al.,

.1996 . Its activity is also induced in aortic rings and
cultured vascular smooth muscle cells by cytokines and

Ž .endotoxin Dinerman et al., 1993 . NO inhibits platelet
Ž .aggregation Radomski et al., 1987a , proliferation of vas-

Ž .cular smooth muscle cells Grag and Hassid, 1989 , and
Ž .leukocyte adhesion to endothelial cells Niu et al., 1994 .

Therefore, inducible NO synthase induction in vascular
smooth muscle cells may play a role in local vascular
injury associated with atherosclerosis.

Ž .Serotonin 5-hydroxytryptamine; 5-HT , a decarboxyla-
tion derivative of the amino acid tryptophan, is a naturally
occurring vasoactive substance, and is a major secretory
product of activated platelets. The wide variety of behav-
ioral and physiological functions mediated by 5-HT is

Žreflected in the numerous receptor subtypes Hoyer et al.,
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.1994 . These receptors have been classified depending on
their signal transduction mechanism: 5-HT and 5-HT1 5

subtypes as adenylyl cyclase inhibitors, 5-HT as a phos-2

pholipase C stimulator, and 5-HT , 5-HT , and 5-HT as4 6 7

adenylyl cyclase activators, are all members of the G
protein-coupled receptors. The 5-HT subtype is a 5-HT3

gated channel. In the cardiovascular system, multiple ef-
fects of 5-HT are mainly reflected by 5-HT and 5-HT1 2

Ž .receptors Frishman et al., 1995 . 5-HT is known to en-
Žhance vascular smooth muscle cell proliferation Nemecek

.et al., 1986; Vankova and Grunmald, 1987 and contractil-
Ž .ity Roth et al., 1984; Nakaki et al., 1985 , and platelet

Ž .aggregation Vanhoutte and Luscher, 1986 . Recently, it¨
has been shown that 5-HT also stimulates the expression
of thrombin receptors in vascular smooth muscle cells
Ž .Schini-Kerth et al., 1996 . Therefore, 5-HT may also play
important roles in the progression of local vascular injury
associated with atherosclerosis. However, there have been
no reports concerning the effects of 5-HT on the synthesis
of NO, another modulator of vascular contraction and
proliferation, in vascular smooth muscle cells. In the pre-
sent study, we investigated the effects of 5-HT on NO
synthesis in cultured rat vascular smooth muscle cells.

2. Materials and methods

2.1. Materials

Ž .5-HT was purchased from Wako Osaka, Japan . Hu-
Žman recombinant interleukin-1b specific activity approx.

7 .2=10 urmg was a gift from Otsuka Pharmaceuticals
Ž .Tokushima, Japan . The 5-HT receptor antagonist1A

spiroxatrine, 5-HT receptor antagonist ketanserin, 5HT2 1A
Ž . Ž .receptor agonist " -8-hydroxy-2- di-n-propylamino te-

Ž .tralin 8-OH-DPAT and 5-HT receptor agonist a-2

methyl-5-HT were purchased from Research Biochemicals
Ž .International Natick, MA, USA . A monoclonal anti-

mouse inducible NO synthase antibody, which cross-reacts
against rat inducible NO synthase, was obtained from

Ž .Transduction Lexington, KY, USA . Calphostin C was
Ž .purchased from Kyowa Hakko Kogyo Tokyo, Japan .

Phorbol 12-myristate 13-acetate was purchased from Sigma
Ž .St. Louis, MO, USA . All other chemicals used of the
highest grade commercially available.

2.2. Cell culture

Primary cultures of vascular smooth muscle cells were
obtained from the media of thoracic aortae of Sprague-

Ž . ŽDawley rats 200–250 g , as described previously Ikeda et
.al., 1991 . The cells were grown in Dulbecco’s minimum

Ž . Žessential medium DMEM GIBCO, Grand Island, NY,
.USA supplemented with 10% fetal bovine serum, 100

Urml penicillin and 100 mgrml streptomycin. The cul-
tures were harvested twice a week by treatment with

0.125% trypsin and passaged at a 1:3 ratio in 100 mm
culture dishes. A typical growth experiment was performed

Žusing cultured cells at passage levels of 5–10. Cells 3=
4 .10 rml were plated in 24-well or 100 mm culture dishes

in DMEM, supplemented as described above, and allowed
to grow to sub-confluence for 24–48 h, after which they
were pre-incubated in DMEM containing 0.5% fetal bovine

Ž .serum and supplemented with insulin 5 mgrml and
Ž .transferrin 5 mgrml for 24 h, and used for the experi-

ments described below.
This investigation was performed in accordance with

the Guide for the Care and Use of Laboratory Animals
Žpublished by US National Institute of Health NIH Publi-

.cation No. 85–23, revised 1985 .

2.3. Measurement of nitrite

NO production by the cultured cells was determined by
measuring the nitrite content of the culture medium. Vas-
cular smooth muscle cells plated in 24-well dishes were
incubated in DMEM containing 0.5% fetal bovine serum at
378C. The nitrite contents of culture media were deter-
mined by mixing 0.5 ml of medium with an equal volume

Žof Griess reagent 1 part 0.1% naphthylethyl–enediamine
dihydrochloride to 1 part 1% sulfanilamide in 5% phos-

. Ž .phoric acid Green et al., 1982 . The absorbance at 550
nm was measured and the nitrite concentration was deter-
mined by interpolation of a calibration curve of standard
sodium nitrite concentrations against absorbance. After
washing, cells were dissolved in 0.2 ml of 1% sodium

Ždodecyl sulfate and used for protein assay BCA protein
.assay kit; Pierce, Rockford, IL with bovine serum albu-

min as a standard. Nitrite levels were corrected by protein
contents and data are shown as nmol per mg protein.
Average protein contents per well were 0.212"0.014 mg
Ž .ns6 .

2.4. Assay for inducible NO synthase protein

The expression of inducible NO synthase protein was
analyzed by immunoblotting with an anti-inducible NO

Ž .synthase antibody Koide et al., 1993 . Briefly, cells were
lysed in a buffer containing 50 mM Tris–HCl, pH 7.5, 1
mM EDTA, 1 mM leupeptin, 1 mM pepstatin A, 0.1 mM
phenylmethylsulfonyl fluoride and 1 M dithiothreitol, and
sonicated. The homogenates were then centrifuged at

Ž100 000=g for 20 min, and the supernatants 60 mg
.protein were subjected to 10% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis. The separated proteins
were electrophoretically transferred onto nitrocellulose
membranes, and the resultant blots were incubated with the
anti-mouse inducible NO synthase antibody for 2 h fol-
lowed by peroxidase-labeled anti-mouse immunoglobulin

Ž .G IgG for 1 h. Peroxidase-labeled proteins were detected
using the enhanced chemiluminescence detection system
Ž .Amersham, Amersham, UK on X-ray film.
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2.5. Measurement of protein kinase C actiÕity

Cells grown in 24-well dishes were incubated with
serum-free DMEM for 24 h. After washing twice with
phosphate-buffered saline, cells were exposed to 5-HT for
approx. 20 min at 378C. The reaction was stopped by

Žaddition of 0.1 ml of extraction solution 20 mM Tris–HCl,
0.5 mM EDTA, 0.5 mM EGTA, 0.5% Triton X-100, 25

.mgrml aprotinin and leupeptin, pH 7.5 . Cell extracts
were centrifuged at 1500=g for 5 min. The supernatant

Žwas then incubated with 25 mM of synthetic peptide 4–14
Ž ..amino acids of bovine myelin basic protein; MBP- 4–14

Ž . Ž .Sigma Yasuda et al., 1990 , and reaction mixture con-
Ž .taining 20 mM Tris–HCl pH 7.5 , 5 mM magnesium

acetate, 0.1 mM CaCl , 0.5 mg phosphatidyl serine, 50 ng2
w 32 x Ždiolein, and 50 mM g- P ATP specific activity; 10

.Cirmmol for 10 min at 308C. The reaction products were
Ž .placed on P-81 paper Whatman, Maidstone and washed

three times with 20 ml of ice-cold 10% phosphoric acid.
The radioactivity was counted with a liquid scintillation

Ž .counter Aloka LSC-671, Tokyo . Specific radioactivity
was obtained by subtracting the radioactivity of the syn-
thetic peptide-free reaction from the synthetic peptide-di-
rected radioactivity. Protein kinase C activity was repre-
sented as pmol of ATP incorporated per mg protein of cell
extracts for 1 min.

2.6. Statistical analysis

Data are expressed as means"S.E.M. of four samples,
which represented at least three separate experiments. Dif-
ferences were examined by one-way analysis of variance
combined with Scheffe’s test, and values of P-0.05 were
considered to be statistically significant.

3. Results

3.1. Effects of 5-HT on nitrite production

We first investigated the time course of the effect of
5-HT on nitrite production by vascular smooth muscle

Ž .cells. As shown in Fig. 1, interleukin-1b 10 ngrml
stimulated nitrite production by vascular smooth muscle
cells in a time-dependent manner. Nitrite accumulation
stimulated by interleukin-1b was significantly inhibited by

Ž y6 .5-HT 10 M . After a 24 h incubation, the level of
interleukin-1b-stimulated nitrite accumulation in the pres-
ence of 5-HT was approximately 70% of that in the
absence of 5-HT.

Fig. 2 shows the concentration–response effect of 5-HT.
5-HT inhibited nitrite production by interleukin-1b-stimu-
lated vascular smooth muscle cells in a concentration-de-

Ž y8 y5 .pendent manner 10 –10 M . 5-HT alone did not
affect the basal level of nitrite production.

3.2. Effects of 5-HT on inducible NO synthase protein
expression

We next examined whether 5-HT inhibited interleukin-
1b-induced nitrite production at the inducible NO synthase
protein level. As shown in Fig. 3, unstimulated vascular
smooth muscle cells showed no detectable inducible NO
synthase protein expression. Incubation with interleukin-1b

Ž .10 ngrml for 24 h induced the expression of inducible
NO synthase protein, and its effect was suppressed in the

Ž y6 .presence of 5-HT 10 M .

3.3. Effects of 5-HT receptor antagonists and agonists

As shown in Fig. 4, the 5-HT receptor antagonist2
Ž y8 y6 .ketanserin concentration-dependently 10 –10 M

abolished the inhibitory effect of 5-HT on interleukin-1b-
induced nitrite production by vascular smooth muscle cells.
On the other hand, the 5-HT receptor antagonist spiroxa-1A

trine did not affect the effect of 5-HT.
We also investigated the effect of 5-HT receptor ago-

nists on nitrite production by interleukin-1b-stimulated
vascular smooth muscle cells. The 5-HT receptor agonist2

a-methyl-5-HT inhibited nitrite production in a concentra-
Ž y8 y5 . Ž .tion-dependent manner 10 –10 M Fig. 5 , while the

5-HT receptor agonist 8-OH-DPAT showed no in-1A

hibitory effect on nitrite production by interleukin-1b-
Ž .stimulated vascular smooth muscle cells data not shown .

3.4. InÕolÕement of protein kinase C

The above observations suggested that 5-HT receptors2

might mediate the inhibitory effect of 5-HT on nitrite

Fig. 1. Time-course of nitrite production by interleukin-1b-stimulated
vascular smooth muscle cells in the presence or absence of 5-HT.

Ž .Vascular smooth muscle cells were unstimulated open squares , or
Ž .stimulated with interleukin-1b 10 ngrml; closed circles or interleukin-

Ž y6 .1b plus 5-HT 10 M; open circles for various periods as indicated.
Nitrite accumulation in culture medium was measured as described in
Section 2. Values were normalized to protein content per dish. Means"

Ž .S.E.M. are shown ns4 .
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Fig. 2. Concentration-dependency of the inhibitory effect of 5-HT on
nitrite production. Vascular smooth muscle cells were incubated for 24 h

Ž . Ž . Ž .with hatched bars or without open bars interleukin-1b 10 ngrml in
Ž y8 y5 .the presence of various concentrations of 5-HT 10 –10 M as

indicated. Nitrite accumulation in culture medium was measured. Values
were normalized to protein content per dish. Means"S.E.M. are shown
Ž . )ns4 . P -0.05 compared with controls not exposed to 5-HT.

production. 5-HT receptors are coupled to activation of2
Žprotein kinase C De Courecells et al., 1985; Conn et al.,

.1986 , and it has been shown that protein kinase C activa-
tion decreases NO synthesis in cytokine-stimulated vascu-

Ž .lar smooth muscle cells Geng et al., 1994 . Therefore, to
investigate the involvement of protein kinase C in the
effect of 5-HT on nitrite production, we first measured
protein kinase C activity in vascular smooth muscle cells
stimulated with 5-HT. As shown in Fig. 6, the activity was
significantly increased 3–5 min after addition of 5-HT
Ž y6 .10 M , and returned to the basal level after 10 min.

We then tested the effects of the protein kinase C
inhibitor calphostin C on the effect of 5-HT. As shown in

Ž y8 y6 .Fig. 7, calphostin C dose-dependently 10 –10 M

Fig. 3. Effects of 5-HT on inducible NO synthase protein accumulation.
Ž .Cells were incubated for 24 h with interleukin-1b 10 ngrml with or

Ž y6 .without 5-HT 10 M . Cell extracts were subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis followed by immunoblot anal-

Ž .ysis with the anti-inducible NO synthase iNOS antibody. Lane 1,
control; lane 2, interleukin-1b ; lane 3, interleukin-1b plus 5-HT; lane 4,

Ž .positive control mouse macrophage inducible NO synthase .

Fig. 4. Effects of 5-HT receptor antagonists on nitrite production by
vascular smooth muscle cells treated with 5-HT. Various concentrations
Ž y8 y6 . Ž10 –10 M of 5-HT receptor antagonist spiroxatrine open cir-1A

. Ž .cles or 5-HT receptor antagonist ketanserin closed circles were added2
Ž . Ž y6 .to interleukin-1b 10 ngrml plus 5-HT 10 M -stimulated vascular

smooth muscle cells for 24 h. Values represent percent inhibition of
5-HT-mediated effects. 100% inhibition of nitrite accumulation by 5-HT
represents 63.8"4.8 nmolrmg protein. Data are means"S.E.M. of four
samples. ) P -0.05 compared with control samples not exposed to the
antagonists.

abolished the effect of 5-HT on interleukin-1b-induced
nitrite production by vascular smooth muscle cells.

We further examined the effect of 5-HT in control and
protein kinase C-depleted cells. It has been shown that

Fig. 5. Concentration-dependent effects of the 5-HT receptor agonist on2

nitrite production by vascular smooth muscle cells. Vascular smooth
Ž . Žmuscle cells were incubated for 24 h with hatched bars or without open

. Ž .bars interleukin-1b 10 ngrml in the presence of various concentrations
Ž y8 y5 .10 –10 M of the 5-HT receptor agonist a-methyl-5-HT. Nitrite2

accumulation in culture medium was measured. Values were normalized
to protein content per dish. Data are means"S.E.M. of four samples.
) P -0.05 compared with control samples.



( )M. Shimpo et al.rEuropean Journal of Pharmacology 338 1997 97–104 101

Fig. 6. Time course of changes in protein kinase C activity in vascular
Ž .smooth muscle cells stimulated with 5-HT. Protein kinase C PKC

activity was measured using a synthetic bovine myelin basic protein
Ž Ž ..peptide MBP- 4-14 as described in Section 2. Values are represented as

pmol of ATP incorporated per mg protein of cell extracts for 1 min. Data
are means"S.E.M. of four samples. ) P -0.05 compared with 0 min
samples.

protein kinase C activity in vascular smooth muscle cells is
downregulated by pretreatment with phorbol 12-myristate

Ž .13-acetate Griendling et al., 1989 . Thus, cells were ex-
Ž y6 .posed to phorbol 12-myristate 13-acetate 10 M in 10%

fetal bovine serum for 24 h and then incubated in 0.5%
Ž y6 .fetal bovine serum with 5-HT 10 M , interleukin-1b

Ž . Ž y710 ngrml , andror phorbol 12-myristate 13-acetate 10
.M for a further 24 h. As shown in Fig. 8, in control cells

Fig. 7. Dose-dependent effects of calphostin C on the action of 5-HT.
Ž y8 y6 .Calphostin C 10 –10 M was added to the cultures in the presence

Ž . Ž y6 .of interleukin-1b 10 ngrml and 5-HT 10 M for 24 h. Values
represent the percent inhibition of 5-HT-mediated effects on nitrite
production by calphostin C. 100% inhibition of nitrite accumulation by
5-HT represents 59.7"3.2 nmolrmg protein. Data are means"S.E.M. of
four samples. ) P -0.05 compared with control samples not exposed to
calphostin C.

Fig. 8. Effects of 5-HT on nitrite accumulation in protein kinase C-de-
Ž .pleted vascular smooth muscle cells. Cells pretreated open bars or not

Ž . Ž y6treated hatched bars with phorbol 12-myristate 13-acetate PMA; 10
. Ž .M for 24 h were exposed to interleukin-1b IL-1b ; 10 ngrml , inter-

Ž y7 .leukin-1b plus phorbol 12-myristate 13-acetate 10 M , interleukin-1b

Ž y6 . Ž .plus 5-HT 10 M , or vehicle – for a further 24 h. Data are
means"S.E.M. of four samples. ) P -0.05.

not preincubated with phorbol 12-myristate 13-acetate,
nitrite levels were significantly increased 24 h after addi-
tion of interleukin-1b. Addition of 5-HT or fresh phorbol
12-myristate 13-acetate reduced nitrite accumulation in
interleukin-1b-stimulated cells. On the other hand, in cells
preincubated with phorbol 12-myristate 13-acetate for 24
h, interleukin-1b still increased nitrite levels, but addition
of fresh phorbol 12-myristate 13-acetate caused no change
in nitrite levels, which is consistent with functional deple-
tion of protein kinase C activity. The interleukin-1b-in-
duced nitrite levels were not significantly affected by 5-HT
in the protein kinase C-depleted cells.

4. Discussion

The present study was designed to examine whether
5-HT affected NO synthesis in vascular smooth muscle
cells. Although 5-HT by itself had no effect on nitrite
accumulation, it significantly inhibited interleukin-1b-in-
duced nitrite production in a time- and concentration-de-
pendent manner. Furthermore, 5-HT inhibited interleukin-
1b-induced inducible NO synthase protein accumulation.

5-HT receptors have been classified into various sub-
Ž .types Vanhoutte and Luscher, 1986 . In the cardiovascular¨

system, multiple effects of 5-HT are mainly reflected by
the activities of 5-HT and 5-HT receptors in many1 2

Žspecies Cohen et al., 1981; Houston and Vanhoutte, 1981;
.Lee et al., 1989 . In human arteries, 5-HT contracts coro-

nary and mesenteric arteries by activating a mixture of
both 5-HT -like and 5-HT receptors, but it contracts1 2

Žcerebral arteries solely via 5-HT -like receptors Parsons,1
.1991; Kaumann et al., 1993 . Conversely, the mitogenic
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and chemotactic effects of 5-HT on vascular smooth mus-
cle cells are mediated predominantly by 5-HT receptors.2

The present study showed that the inhibitory effect of
5-HT on NO synthesis was reduced in the presence of the
5-HT receptor antagonist ketanserin, and that the 5-HT2 2

receptor agonist a-methyl-5-HT inhibited interleukin-1b-
induced nitrite production. In contrast, the 5-HT receptor1A

antagonist spiroxatrine did not affect the inhibitory effect
of 5-HT, and the 5-HT receptor agonist 8-OH-DPAT1A

showed no effect on interleukin-1b-induced nitrite produc-
tion. These findings suggest that the inhibitory effect of
5-HT on NO synthesis is mediated by 5-HT receptors.2

5-HT receptor function is coupled to activation of2
Žphopholipase C De Courecells et al., 1985; Conn et al.,

.1986 resulting in the liberation of the second messenger
diacylglycerol which activates protein kinase C, and inosi-
tol triphosphate which mobilizes Ca2q from intracellular

Žstores Cory et al., 1986; Pritchett et al., 1988; Julius et al.,
1990; Van Obberghen-Schilling et al., 1991; Corson et al.,

.1992 . In the present study, we observed that protein
kinase C activity in vascular smooth muscle cells was
significantly increased after addition of 5-HT. Further-
more, the protein kinase C inhibitor calphostin C dose-de-
pendently abolished the inhibitory effect of 5-HT on nitrite
production, and the inhibitory effect of 5-HT was also
reduced in the protein kinase C-depleted cells. These re-
sults indicate that activation of protein kinase C mediates,
at least partially, the effect of 5-HT on NO synthesis.

In healthy humans and animals, the plasma and vascular
tissue concentration of 5-HT is maintained at low levels as
a consequence of uptake and storage in platelets as well as
the degradation by monoamine oxidases in endothelial
cells and vascular smooth muscle cells. However, injury to
the blood vessel wall resulting in the disruption or dys-

Žfunction of the endothelium e.g., balloon angioplasty,
.atherosclerosis disturbs these homeostatic mechanisms.

Indeed, increased levels of 5-HT have been found locally
in canine coronary arteries at sites of endothelial injury

Ž .and stenosis Ashton et al., 1986 , in the canine coronary
Žsinus after experimentally induced endothelial injury Be-

.nedict et al., 1986 , and also within the coronary bed of
Ž .patients with unstable angina Van den Berg et al., 1989 .

5-HT is most likely released by mural thrombosis at sites
of injury, since a close correlation has been found between

Žthe level of 5-HT and platelet deposition Ashton et al.,
.1986; Benedict et al., 1986 . Furthermore, micromolar

concentrations of 5-HT can be reached after activation of
platelet suspensions of cell density equivalent to those

Žfound in vivo McGoon and Vanhoutte, 1984; Cohen,
.1986 . Thus, at sites of injury, the blood vessel wall may

be chronically exposed to concentrations of platelet-de-
rived 5-HT within the range necessary to evoke biological
responses.

5-HT has important biological effects not only as a
neurotransmitter but also as a vasoconstrictive substance.
5-HT also stimulates the mitogenesis of vascular smooth

Žmuscle cells Lee et al., 1991; Corson et al., 1992; Hoyer
. Žet al., 1994; Lee et al., 1994 and fibroblasts Mann, 1967;
.Boucek and Alvarez, 1970 and promotes the production

Žof collagen by fibroblasts Alto and Kulonen, 1972; Boucek
.et al., 1972 . Thus 5-HT may contribute to the initiation

and progression of myointimal arterial lesions characteris-
tic of atherosclerosis. In addition, 5-HT facilitates platelet
aggregation and fibrin formation to produce an acute
thrombotic occlusion of the damaged artery. Recently, it
has also been shown that 5-HT stimulates the expression
of thrombin receptors in vascular smooth muscle cells,
probably via 5-HT activation of protein kinase C and2

Ž .tyrosine kinases Schini-Kerth et al., 1996 . These findings
suggest that 5-HT could also accelerate the evolution of
occlusive coronary thrombi.

On the other hand, several lines of evidence from both
in vitro and in vivo studies have suggested a role of NO as
an anti-atherogenic factor. NO inhibits aggregation of

Ž .platelets Radomski et al., 1987a and restores blood flow
Ž .in the balloon-injured artery Yan et al., 1996 . Diminished

NO production accelerates coronary artery disease by pro-
moting interactions between platelets and the vessel wall

Žthrough loss of NO-mediated platelet inhibition Radomski
.et al., 1987b . NO also inhibits proliferation of vascular

Ž .smooth muscle cells Grag and Hassid, 1989 , production
Žof cytokines by endothelial cells Marcinkiewicz and Chain,

. Ž1993 , and leukocyte adhesion to endothelial cells Niu et
. Ž .al., 1994; Takahashi et al., 1996 . Cayatte et al. 1994

reported that chronic inhibition of NO synthesis with the
NO synthase inhibitor N G-nitro-L-arginine methyl ester
accelerated neointimal formation in the aortae of hyperc-

Ž .holesterolemic rabbits. Wang et al. 1994 reported that
chronic administration of the NO precursor L-arginine
prevented coronary atherogenesis in that rabbit model.
However, the potential role of excess NO derived from
inducible NO synthase under pathological conditions in-
cluding atherosclerosis is not fully characterized and some-
what controversial.

The present study revealed that 5-HT acts on 5-HT2

receptors and inhibits NO synthesis in interleukin-1b-
stimulated vascular smooth muscle cells at least partially
through a protein kinase C-dependent pathway. These
findings suggest that, in addition to its direct effects on
vascular smooth muscle cell and platelet functions, 5-HT
may promote the initiation and progression of athero-
sclerosis by inhibiting cytokine-induced NO production by
vascular smooth muscle cells. However, further investiga-
tions are necessary to elucidate the mechanisms and condi-
tions under which NO and 5-HT attenuate atherogenesis.

Acknowledgements

This study was supported by the Ministry of Education,
Ž .Science, Sports and Culture, Japan a8670821 and the

Mitsukoshi Grant-in-Aid 1996.



( )M. Shimpo et al.rEuropean Journal of Pharmacology 338 1997 97–104 103

References

Alto, M., Kulonen, E., 1972. Effects of serotonin, indomethacin and other
antirheumatic drugs on the synthesis of collagen and other proteins in
granulation tissue slices. Biochem. Pharmacol. 21, 2835–2840.

Ashton, J.H., Benedict, C.R., Fitzgerald, C., Rahejia, S., Taylor, A.,
Campbell, W.B., Buja, L.M., Willerson, J.T., 1986. Serotonin as a
mediator of cyclic flow variations in stenosed canine coronary arter-
ies. Circulation 73, 572–578.

Benedict, C.R., Mathew, B., Rex, K.A., Cartwright, J., Sordahl, L.A.,
1986. Correlation of plasma serotonin changes with platelet aggrega-
tion in an in vivo dog model of spontaneous occlusive coronary
thrombus formation. Circ. Res. 58, 58–67.

Boucek, R.J., Alvarez, T.R., 1970. 5-hydroxytryptamine: A cytospecific
growth stimulator of cultured fibroblasts. Science 167, 898–899.

Boucek, R.J., Sperpoulos, A.L., Noble, N.L., 1972. Serotonin and ribonu-
cleic acid and collagen metabolism of fibroblasts in vitro. Proc. Soc.
Exp. Biol. Med. 140, 599–603.

Cayatte, A.J., Palacino, J.J., Horten, K., Cohen, R.A., 1994. Chronic
inhibition of nitric oxide production accelerates neointimal formation
and impairs endothelial function in hypercholesterolemic rabbits.
Arterioscl. Thromb. 14, 754–759.

Cohen, R.A., 1986. Adenine nucleotides and 5-hydroxytryptamine re-
leased by aggregating platelets inhibit adrenergic neurotransmission in
canine coronary artery. J. Clin. Invest. 77, 369–375.

Cohen, M.L., Fuller, R.W., Wiley, K.S., 1981. Evidence for 5-HT2

receptors mediating contraction on vascular smooth muscle. J. Phar-
macol. Exp. Ther. 218, 421–425.

Conn, P.J., Sanders-Bush, E., Hoffman, B.J., Hartig, P.R., 1986. A
unique serotonin receptor in choroid plexus is linked to phosphatidyli-
nositol turnover. Proc. Natl. Acad. Sci. USA 83, 4086–4088.

Corson, M.A., Alexander, R.W., Berk, B.C., 1992. 5-HT receptor2

mRNA is overexpressed in cultured rat aortic smooth muscle cells
relative to normal aorta. Am. J. Physiol. 262, C309–C315.

Cory, R.N., Berta, P., Haiech, J., Bockaert, J., 1986. 5-HT receptor-2

stimulated inositol phosphate formation in rat aortic myocytes. Eur. J.
Pharmacol. 131, 153–157.

De Courecells, D.C., Leysen, J.E., Clerck, F.D., Belle, H.V., Janssen,
P.A.J., 1985. Evidence that phospholipid turnover is the signal trans-
ducing system coupled to serotonin-S receptor sites. J. Biol. Chem.2

260, 7603–7608.
Dinerman, J.L., Lowenstein, C.J., Snyder, S.H., 1993. Molecular mecha-

nism of nitric oxide regulation. Circ. Res. 73, 217–222.
Frishman, W.H., Huberfeld, S., Okin, S., Wang, Y.H., Kumar, A.,

Shareef, B., 1995. Serotonin and serotonin antagonism in cardio-
vascular and non-cardiovascular disease. J. Clin. Pharmacol. 35,
541–572.

Geng, Y.J., Wu, O., Hansson, G.K., 1994. Protein kinase C activation
inhibits cytokine-induced nitric oxide synthesis in vascular smooth
muscle cells. Biochim. Biophys. Acta 1223, 125–132.

Grag, U.C., Hassid, A., 1989. Nitric oxide-generating vasodilators and
8-bromo-cyclic guanosine monophosphate inhibit mitogenesis and
proliferation of cultured rat vascular smooth muscle cells. J. Clin.
Invest. 83, 1774–1777.

Green, L.C., Wagner, D.A., Glogowski, J., Skipper, P.L., Wishnok, J.S.,
w15 xTannenbaum, S.R., 1982. Analysis of nitrate, nitritem and N nitrate

in biological fluids. Anal. Biochem. 126, 131–138.
Griendling, K.K., Tsuda, T., Alexander, R.W., 1989. Endothelin stimu-

lates diacylglycerol accumulation and activates protein kinase C in
cultured vascular smooth muscle cells. J. Biol. Chem. 264, 8237–8240.

Houston, D.S., Vanhoutte, P.M., 1981. Comparison of serotonergic recep-
tor subtypes on the smooth muscle and endothelium of the canine
coronary artery. J. Pharmacol. Exp. Ther. 244, 1–10.

Hoyer, D., Clarke, D.E., Fozard, J.R., Hartig, P.R., Martin, G.R.,
Mylecharane, E.J., Saxena, P.R., 1994. Humphrey PPA. International

union of pharmacology classification of receptors for 5-hydroxytryp-
Ž .tamine serotonin . Pharmacol. Rev. 46, 157–203.

Ikeda, U., Ikeda, M., Oohara, T., Oguchi, A., Kamitani, T., Tsuruya, Y.,
Kano, S., 1991. Interleukin 6 stimulates growth of vascular smooth
muscle cells in a PDGF-dependent manner. Am. J. Physiol. 260,
H1713–H1717.

Ikeda, U., Kanbe, T., Kawahara, Y., Yokoyama, M., Shimada, K., 1996.
Adrenomedullin augments inducible nitric oxide synthase expression
in cytokine-stimulated cardiac myocytes. Circulation 94, 2560–2565.

Julius, D., Huang, K.N., Livelli, T.J., Axel, R., Jessell, T.M., 1990. The
5HT receptor defines a family of structurally distinct but functionally2

conserved serotonin receptors. Proc. Natl. Acad. Sci. USA 87, 928–
932.

Kaumann, A.J., Parsons, A.A., Brown, A.M., 1993. Human arterial
constrictor serotonin receptors. Cardiovasc. Res. 27, 2094–2103.

Koide, M., Kawahara, Y., Nakayama, I., Tsuda, T., Yokoyama, M., 1993.
Cyclic AMP-elevating agents induce an inducible type of nitric oxide
synthase in cultured vascular smooth muscle cells. J. Biol. Chem.
268, 24959–24996.

Lee, S.L., Yu, F.S., Fanburg, B.L., 1989. Serotonin uptake and configura-
tional change of bovine pulmonary artery smooth muscle cells in
culture. J. Cell Physiol. 138, 145–153.

Lee, S.L., Wang, W.W., Moore, B.J., Fanburg, B.L., 1991. Dual effect of
serotonin on growth of bovine pulmonary artery smooth muscle cells
in culture. Circ. Res. 68, 1362–1368.

Lee, S.L., Wang, W.W., Lanzillo, J.J., Fanburg, B.L., 1994. Regulation
of serotonin-induced DNA synthesis of bovine pulmonary artery
smooth muscle cells. Am. J. Physiol. 266, L53–L60.

Mann, P.R., 1967. Effects of various substances on DNA synthesis in
guinea-pig skin in vitro. Nature 216, 715–716.

Marcinkiewicz, J., Chain, B.M., 1993. Differential regulation of cytokine
production by nitric oxide. Immunology 80, 146–159.

McGoon, M.D., Vanhoutte, P.M., 1984. Aggregating platelets contract
isolated canine pulmonary arteries by releasing 5-hydroxytryptamine.
J. Clin. Invest. 74, 828–833.

Moncada, S., Palmer, R.M.J., Higgs, E.A.C., 1991. Nitric oxide: Physiol-
ogy and pharmacology. Pharmacol. Rev. 43, 109–140.

Nakaki, T., Roth, B.L., Chuang, D.M., Costa, E., 1985. Phasic and tonic
components in 5-HT receptor-mediated rat aorta contraction: Partici-2

pation of Ca2q channels and phospholipase C. J. Pharmacol. Exp.
Ther. 234, 442–446.

Nathan, C., Xie, Q., 1994. Regulation of biosynthesis of nitric oxide. J.
Biol. Chem. 269, 13725–13728.

Nemecek, G.M., Coughlin, S.R., Handley, D.A., Moskowitz, M.A., 1986.
Stimulation of aortic smooth muscle cell mitogenesis by serotonin.
Proc. Natl. Acad. Sci. USA 83, 674–678.

Niu, X., Smith, C.W., Kubes, P., 1994. Intracellular oxidative stress
induced by nitric oxide synthesis inhibition increases endothelial cell
adhesion to neutrophils. Circ. Res. 74, 1133–1140.

Parsons, A.A., 1991. 5-HT receptors in human and animal cerebrovascu-
lature. Trends Pharmacol. Sci. 12, 310–315.

Pritchett, D.B., Bach, A.W.J., Wozny, M., Taleb, O., Taso, R.D., Scih,
J.C., Seeburg, P.H., 1988. Structure and functional expression of
cloned rat serotonin 5HT receptor. EMBO J. 7, 4135–4140.2

Radomski, M.W., Palmer, R.M.J., Moncada, S., 1987a. Comparative
pharmacology of endothelium-derived relaxing factor, nitric oxide and
prostacyclin in platelets. Br. J. Pharmacol. 92, 181–187.

Radomski, N.W., Palmer, R.M.J., Moncada, S., 1987b. Endogenous nitric
oxide inhibits human platelet adhesion to vascular endothelium. Lancet
338, 1057–1058.

Roth, B.L., Nakaki, T., Chuang, D.M., Costa, E., 1984. Aortic recogni-
Ž .tion sites for serotonin 5-HT are coupled to phospholipase C and

modulate phosphatidylinositol turnover. Neuropharmacology 23,
1223–1225.

Schini-Kerth, V.B., Fisslthaler, B., Obberghen-Schilling, E.V., Busse, R.,



( )M. Shimpo et al.rEuropean Journal of Pharmacology 338 1997 97–104104

1996. Serotonin stimulated the expression of thrombin receptors in
cultured vascular smooth muscle cells. Circulation 93, 2170–2177.

Takahashi, M., Ikeda, U., Masuyama, J., Funayama, H., Kano, S.,
Shimada, K., 1996. Nitric oxide attenuates adhesion molecule expres-
sion in human endothelial cells. Cytokine 8, 817–821.

Van den Berg, E.K., Schmitz, J.M., Benedict, C.R., Malloy, C.R.,
Willerson, J.T., Dehmer, G.J., 1989. Transcardiac serotonin concen-
tration is increased in selected patients with limiting and complex
coronary lesion morphology. Circulation 79, 116–124.

Vanhoutte, P.M., Luscher, T.F., 1986. Serotonin and the blood vessel¨
wall. J. Hypertens. 4, S29–S35.

Vankova, M., Grunmald, J., 1987. Effect of serotonin and 5-hydroxy-in-
dole-3-acetic acid on smooth muscle cell proliferation. Med. Sci. Res.
15, 1261–1262.

Van Obberghen-Schilling, E., Vouret-Craviari, V., Haslam, R.J., Cham-
bard, J.-C., Pouyssegur, J., 1991. Cloning, functional expression and´
role in cell growth regulation of a hamster 5-HT receptor subtype.2

Mol. Endocrinol. 5, 881–889.
Wang, B., Singer, A.H., Tsao, P., Drexler, H., Kosek, J., Cooke, J.P.,

1994. Dietary arginine prevents atherogenesis in the coronary artery
of the hypercholesterolemic rabbit. J. Am. Coll. Cardiol. 23, 452–458.

Yan, Z., Yokota, T., Zhang, W., Hansson, G.K., 1996. Expression of
inducible nitric oxide synthase inhibits platelet adhesion and restores
blood flow in the injured artery. Circ. Res. 79, 38–44.

Yasuda, I., Kishimoto, A., Tanaka, S., Tominaga, M., Sakurai, A.,
Nishizuka, Y., 1990. A synthetic peptide substrate for selective assay
of protein kinase C. Biochem. Biophys. Res. Commun. 166, 1220–
1227.


