Violuitve 275, suaber 1,2, 87 490

LS 0914

November 19%)

Induction of nitric exide synthase by cytokines in vascular smooth
muscle cells

Rudi Busse and Adexander Miilsch

Deparament of dApplicd Physiofogy, University of Freiburg, FRG

Reccived 17 Seprember 1990; revised version received 8 Octaber 1990

Wenvestigated the mechanisms by which ey tokines Jead 1o o diminished rosponsiveness of vitseular snvooth muscle to vasoconstrictors, The attenu-

won of noradrenalineanduced contraction by 6 to 24 hincubations with the eytokines, tumor necrosis factor and interleukin-1, in endothelium-

denuded rabbiy aorta was assoctted with an increase in intracellular cyclic GMP level. This increase was abulished by the stereoselective inhibitor

of pitric oxidessynthase, K aitro-L-arginine and by eyeloheximide. Formation ol nittie oxide wis detected in the cytosol of eytokine-treated native

and cultured smooth musele cells by activation of puritied soluble guanylate eycliase, and depended on tetrahydrobiopierin, but not on Cié* -calmo-
dulin. The results indicate that cytokines induce i nitric oxide-aynthase of the muwrophage-type in viseular smooth muscle.

Nitriv oxide synthase; Viscular smooth muscle; Cyclic GMP; Tetenhydrobioptering & ¢-nitro-Learginine: Cytokine

1. INTRODUCTION

Cytokines, such as tumor necrosis factor o (TINF)
and interleukin-1 (1L.-1), are secreted by macrophages in
response to endotoxin, and may be responsible for the
severe hypotension and circulatory failure in septic
shock. This view is supported by the findings that, (i)
administration of anti-TNF monoclonal antibodies to
animals protected completely against hypotension in
bacteracmia [1], .and (i) cytokines inhibited the
responses of vascdlar smooth muscle to vasoconstric-
tors [2-4]. However, the mechanism by which cytokinges
result in diminished responsiveness of vascular smooth
muscle is still unknown [5-7]. Recent reports have
presented indirect evidence that L-arginine-derived
nitric oxide (NO) may be a principal mediator of TINF-
induced hypotension [6]. In the present study we
describe the induction of NO synthase in native and
cultured vascular smooth muscle cells from the rabbit
aorta after 12 to 24 h exposure to TNF and IL-1. The
results imply that cytokine-induced NO formation in
the vasculature is a major factor responsible for the loss
of vascular responsiveness, as observed in septic shock
and during antitumor therapy with cytokines [8].

2. MATERIALS AND METHODS

2.1. Measurement of vasomotor responses

Endothelium-denuded segments from rabbit thoracic aorta were in-
cubated for 20 h (37°C) in M 199 medium containing 10% fetal calf
serum, in the absence (control) and presence of either 11.-1 (200
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U-ml N, L= plus eycloheximide (0pml "), or TNEF/interferony
(UNEAF; 30007500 U ml " Y). Cumulative dose-response curyes 1o
noradrenaline (INA) were obtained by perfusion (40 mi-h™") of the
segiments with oxygenated Tyrode's solution in an organ bath (374C).
The outer dinmeters of the segments were recorded photoclectrically

{9].

2.2, Culture af smaoth muscle cells

The medium was prepured from rabbit aortic segments by careful
remaoval of the endothelium and the adventitin, Simooth muscle cells
isolated from proteolytic digests (elastase/collagenase) of medial
strips were cultured for 7 days in DMEM/Ham's FF-12 medium (1:1)
with 10% fetal calf serusm as deseribed [10], Therealter they were in-
cubated (20 h) in the absence (eontrol) and in the presence of
1L.-1 (200 U/mi).

2.3, Preparation of cytasals and detection of NO synthase

Following incubation with ¢ytokines, segments and cultured cells
were homogenized by means of a potter-elvejelim or sonication,
respectively, The c¢ytosol was prepared by centrifugation (1 h
100000 x g). NO formation in isolated cytesols was measured by its
activating effect on a homogenously purified soluble guanylate
cyclase [11]. Cytosols (0.13 mg-ml~! protein) were incubated (30
min; 37°C)in 15 mM HEPES (pH 7.5) with the ingredients required
for cell-free formation (1 uM (6R)-tetrahydrobiopterin/0.3mM L-
arginine/0.1 mM NADPH) and detection (lpg'ml™' guanylate
eyclase/0.2 mM, 0.1 pCila-**P]GTP/0.1 mM cyclic GMP/0.3 M
superoxide dismutase/4 mM MgCla/2 mM glutathione/3.5 mM
creatine phosphate/4.8 U creatine phosphokinase/f mM
3-isobutyl-1-methylxanthine/0.1 mg.ml ™' bovine y-globulin) (final
volume of the incubates 100 ul) of NO. Guanylate cyclase activity was
calculated from the amount of cyclic [**P]GMP formed. The basal
guanylate cyclase activity in the absence of cytosol was 10549
nmol -mg ! -min~",

2.4, Determination of ¢cGMP content

Segments from rabbit thoracic aorta, denuded of endothelium
were incubated in the presence of zaprinast (M&B 22948;0.1 mM).
Thereafter, segments were homogenized in icecold trichloroacetic
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achd (6700 and the inteieettular vavlic GMP wacmvsured by aspecili
radivinimiigoasay with o commerviatle asailable fa
280 Muteriats

Substanves were supplicd as Tollows: recombinant human i
terferon v (Sigma, Munchien), superoside dismutae (Joon U mg)
(Buchringer, Mannheig); recombinant iuman tumor tevrosis Lot
(Knoll BASE,  Manoheim): (6R)-5.6,7 8 acteihiydrobiopterin ¢
Schirvks Laboratories, lona, Switzerland)s Laarginime, NADIH, N
nitra«l -atpinine (Servin, Heidelberp), Tetrahydrobiopterin wive stored
s 10 MM stock solution i | mNHCHD the dark under nitroyen
ar ot

2.6, Dt evaluation

Dati represent means & SEM o at least 3independent determina-
tions performed in triplicate, Significance of differenves was tested by
Student’s f-test, with the Bonferroni-correction Yor the compatison of
multiple means [12). £ <008 was considered signifivant,

3. RESULTS AND DISCUSSION

Noradrenaline-induced contractions were measured
in pairs of ¢ytokine-treated and untreated (control) de-
endothelialized segments of rabbit aorta, TNF/IF and
IL-1 markedly reduced agonist-induced contractions
(Fig. 1a,b). The attenuation by cytokines of vaseular
contractions was probably caused Ly activation of the
soluble guanylate cyclase effector system, since it was
associated with an increase in intracellular cGMP con-
tent (Fg. 2a). These effects of cytokines were abolished
by the presence of eycloheximide during the incubation
(Figs. la and 2a), indicating the requirement for pro-
tein biosynthesis for both cellular responses. Since
cytokines are known to induce NO-synthase in other
cells [13], we tested whether NO generated from L-
arginine accounted for the guanylate cyclase activation
by using the stercospecific inhibitor of NO-synthase,

NCitro-L-arginine (L-NNA) [14]. Administration of

L-NNA to the organ bath restored the contractile
response to noradrenaline (Fig. 1b).

Accordingly, incubation of the segments with L-
NNA. prevented the ¢GMP increase elicited by cyto-
kines (Fig. 2a). Expression of NO-synthase started
within 12 h after exposure to cytokines as indicated by
the time course of cGMP elevation, which can be taken
as an index for endogenous NO-formation (Fig. 2b)
{15},

To detect NO-synthase in the cytosol prepared from
the medial layer of rabbit aorta we measured activation
of a purified soluble guanylate cyclase (GC) by the
cytosol in the presence of L-arginine and NADPH,
Cytosol obtained from TNF/IF-treated segments in-
duced a marked increase in GC activity (Fig. 3a), which
was not observed with cytosol from control or
cycloheximide/cytokine-treated segments. In contrast
to cytosol from native smooth muscle cells (segments),
cytosol from cultured vascular smooth muscle cells in-
duced a two-fold stimulation of GC activity (control),
which was increased 7-10-fold by cytokine treatment
(Fig. 3b). Also, cultured cells incubated with cytokines
exhibited a more than 11-fold elevation in cGMP con-
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Fig. 1. Cytokines attenuate the contractile response to noradrenaline
of endothelium-denuded rabbit aort. () Cycloheximide (20
pgaml ) in the muuh.nc prevents the attenuation by interleukin. 13
(IL-10;200 U-mil™" of contractile responses 1o noradrenaline.
Representative recording from a8 (b) N-nitro-L-arginine (8, 30
pM) in the perfusiate restores the attenuation of noradrenaline-
md\m.d contraction in tumoer necrosis factor a/interferonsy (30007500
U-ml™ etreated segments (). *significantly different (P<0.08)
from conirol (o, #=7, mean 3 SEM),

£5MP Ipmol/mg protein)

c64P [pmol/mg prolein]
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Fig. 2. Cytokines increase the cyclic GMP content of endothelium-
denuded rabbit zortae. (a) The dose-dependent cyclic GMP increase
to tumor necrosis facior o (TNF) was enhanced by interferony (IF).
Data from 4-7 preparations (mean x SEM; *P<0.05). (b) Time
course of eyclic GMP respouse to cytokines, Segments were incubated
without (o, control) and with TNi/IF {V;3000/500 U ml= 1) for the
time indicated (mean & SEM, # =3}, C‘yuohexxm:de(g 20ug-ml™")
in the incubate abolished, and M°-nitro- L-argmme (L-NNA; B, 30
M) attenuated the increase in cyclic GMP.



Vohoue 275 muuber 10

O

]

T mnd

y Bk

T W '—ﬂ
ey £
2

=i,
"

~stmdeled G ool

.
5ol

Sa
1)

y h’”"} i

canlrol THF /!F'

o

F 1IF
scycloheximile

® e

o0 I o B

N

ity {=basa)

‘oted U och

o)
T dins.
P

1_1E (e

control -0 IL-10
scycloheximide

cyiesol-st

Fig, 3. Cytokines induce evtosoliv NO synthase in native () and
cultured () vascular smooth musele ¢ells, Incubiation (20 h) was per-
formed in the absence (control) and in the presence of eytokines
(segments: tumor neerosis factor afimerferon 4 (TNY/11; 30007500
U-ml Yy cubtured eells: 11.-1,200-U/ml). NO formation in isolated
eyvtosols was measured by its activating effect on sotuble guanylate
cyelase. Induction by TNE/ZIEF of ¢ytosolic NO synthase was com-
pletely prevented by cycloheximide (20 gg-ml™ ') and its activity was
inhibited by Minitro-L-arginine (0.3 mM, huched columns). Data
from 3 different cytosols with activity determinations performed in
triplicate (*£<0.05).

tent (from 7.2+0.7 to 79.3+15.6 pmol/mg protein)
and a significant increase in production of NO, ™ [16], a
stable metabolite of the oxidative L-arginine pathway
[17] from 9+ 1.5t020.3 £ 3.1 nmol/mg protein/24 h).
All effects of cytokines in cultured cells were inhibited
by either L-NNA or cycloheximide (Fig. 3b;
NO; ™~ -data not shown).

We obtained strong evidence that the NO-synthase
expressed in smooth muscle cells in response to
cytokines resembles the macrophage-type enzyme
[5,18]: activation was completely dependent on the
presence of L-arginine and NADPH and was enhanced
by tetrahydrobiopterin. In contrast to the constitutively
expressed NO-synthase of endothelial cytosol [19,20],
NO-synthase in smooth muscle cytosol was independent
of Ca?* -calmodulin and was less potently inhibited by
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Fig, 4, Cofactors pequired Tor catialytic activity of NO synthase in
cytosal Grom cultured staoth musele cetts, NCY syatlise activity, w.
duved by tumor necrosis factor a/interferon 5 (30007500 Ut Y
wias measured as deseribed, but with variable additives as indicated (-
absence: + ! presence). L-arginine (Lenrg, 0.3 mM), NADPH (01
M), (GR)tetrabiydrobiopterin {THBE, 1 aM), Ca*® (2 aM),
catmodulin (CaM, 1 a8, Menitro-Learginine (L-NNA, 0.3 M),
Data fram 3-4 different cytosols (*£2<0,08).

L-NNA (Fig. 4) than the endothelial enzyme (4,21]. In
support of our findings, two recent reports provide also
indirect evidence (bioassay, ¢GMP and nitrite ac-
cumulation) for the existence of both a constitutive [22)
and an inducible [23] NO synthase pathway in
endothelium-denuded arterial rings.

A cytokine-induced production of nitrogen oxides has
recently been described in cultured endothelial cells [7].
We also found a slight, but significant increase in the
Ca?* /calmodulin-dependent NO-synthase activity in
cultured porcine aortic endothelial cells incubated for
24 h with TNF and IL-1 (Miilsch and Busse, unpublish-
ed observations).

However, the presence of endothelium did not affect
the cytokine-induced inhibition of contractile responses
of rabbit aorta to noradrenaline (data not shown).
Similar findings have been reported in rat aorta after
3 h exposure to endotoxin [24]. Therefore the severe
hypotension and circulatory failure observed under
conditions of elevated cytokine levels in vivo, such as
septic shock and anti-cancer therapy with cytokines,
may be mainly caused by NO, formed in the vascular
smooth muscle, and exerting a critical autocrine
function.

Ac{mow[edgements: We gratefully acknowledge the skilfull technical
assistance of Mrs C. Herzog and Mrs 1. Winter. This work was sup-
ported by the Deutsche Forschungsgemeinschaft (Bu 436/4-1),
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