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Isoproterenol regulates tumour necrosis factor, interleukin-10, interleukin-6 and nitric
oxide production and protects against the development of vascular hyporeactivity in
endotoxaemia
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SUMMARY

Pro-inflammatory cytokines, such as tumour necrosis factor (TNF) and free radicals, such as
nitric oxide (NO), are mediators of endotoxaemia. Catecholamines are in clinical use to treat the
haemodynamic consequences of severe septic shock. Beta-adrenergic agonists exert many of their
effects by elevation of intracellular cyclic AMP (cCAMP) concentration. Cyclic AMP can modulate
endotoxin-induced cytokine and NO production. Here we investigate the effect of isoproterenol
pretreatment on the cytokine and NO production induced by bacterial lipopolysaccharide (LPS,
4-10 mg/kg). Pretreatment with isoproterenol (10 mg/kg) blunted the LPS-induced TNF response,
increased the LPS-induced formation of interleukin-10 and interleukin-6 and reduced the LPS-
induced production of NO in conscious mice. In anaesthetized rats, pretreatment with isoproterenol
prevented the LPS-induced suppression of vascular contractility to norepinephrine in the thoracic
aorta ex vivo. The hyporeactivity is due to expression of the inducible isoform of NO synthase
(iNOS) and was restored by in vitro administration of NS-methyl-L-arginine (L-NMA), an
inhibitor of NO synthase. However, L-NMA did not alter vascular contractility in control vessels
or in rings taken from the LPS-treated rats pretreated with isoproterenol. Our findings suggest
that, in addition to its haemodynamic actions, isoproterenol may also exert beneficial effects by

modulating the endotoxin-induced inflammatory response.

INTRODUCTION

Sepsis and the systemic inflammatory response syndrome
are characterized by peripheral vasodilatation, myocardial
depression and suppression of cellular metabolic rate.! The
haemodynamic changes in sepsis are, in a significant part,
mediated by the production of pro-inflammatory cytokines
[such as interleukin-1 (IL-1), tumour necrosis factor-a (TNF-
o)] and by the overproduction of free radical and oxidant
mediators of shock [such as superoxide, nitric oxide (NO),
peroxynitrite and hydroxyl radical].1-

The clinical strategies to prevent or restore the haemo-
dynamic consequences of septic shock are limited. While
clinical trials with inhibitors of NO synthesis suggest a poten-
tial future treatment, > the present clinical practice is restricted
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to the use of vasopressors and inotropes, both of which lose
their effectiveness in severe sepsis.!'?

Current evidence suggests that many ‘classical’ pharmaco-
logical agents, such as ligands of alpha-adrenergic,®’ beta-
adrenergic,®® dopamine!® and adenosine!!™!? receptors, can
influence the production of pro- and anti-inflammatory cyto-
kines in response to endotoxin (bacterial lipopolysaccharide,
LPS). Some of these effects were proposed to be related to
modulation of intracellular cyclic AMP (cAMP) levels.5-8-11-13

In the present study, we investigated the effect of the
potent, non-selective beta-receptor agonist isoproterenol on
the LPS-induced production of TNF-a, IL-10, IL-6 and NO
in rodent models. Since vascular hyporeactivity (reduced
responsiveness of the blood vessels to contractile agents) is a
prominent feature of shock, and it is known to be mediated
by overproduction of NO within the vascular smooth muscle,?
we also studied whether isoproterenol modulates the develop-
ment of vascular hyporeactivity in endotoxic shock ex vivo.

MATERIALS AND METHODS

Animals
Male BALB/c mice (25-35 g) were purchased from Charles
River Laboratories (Budapest, Hungary), and male Wistar
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rats were purchased from Charles River Laboratories
(Wilmington, MA). Animals received food and water ad
libitum, and lighting was maintained on a 12-hr cycle.

Materials

Isoproterenol was obtained from Research Biochemicals Inc.
(Natick, MA). LPS from Escherichia coli 055:B5 and all other
drugs were obtained from Sigma (St Louis, MO).

Experimental design for plasma TNF-ua, IL-10, IL-6 and nitrite/
nitrate measurements in mice

Mice were injected intraperitoneally (i.p.) with either drug
vehicle or isoproterenol (10 mg/kg) in a volume of 0-1 ml/10 g
body weight. Thirty minutes later they were challenged with
4 mg/kg of i.p. LPS. The animals were killed 90 min after LPS
treatment. For the measurements of plasma nitrite/nitrate,
mice were injected i.p. with either drug vehicle or isoproterenol,
followed by an i.p. LPS challenge (10 mg/kg) 30 min later.
Blood was taken at 3, 6, 9, 24 and 48 hr after LPS injection.
Blood was collected in ice-cold Eppendorf tubes containing
ethylene diamine tetraacetic acid (EDTA), and centrifuged for
10 min at 4°. The plasma was stored at —70° until assayed.

Endotoxic shock protocol in the rat

Male Wistar rats (Charles River Laboratories, Wilmington,
MA) were anaesthetized with sodium thiopentol (120 mg/kg,
i.p.) and instrumented as described.!* Rats of 280-300 g weight
were used in all experiments, and there were no significant
differences between the various treatment groups in this
respect. The trachea was cannulated to facilitate respiration
and temperature was maintained at 37° using a homeothermic
blanket. The right carotid artery was cannulated and connected
to a pressure transducer for the measurement of phasic and
mean arterial blood pressure (MAP) and heart rate which
were digitized using a Maclab A/D converter (AD Instruments,
Milford, MA) and stored and displayed on a Macintosh
personal computer. The left femoral vein was cannulated for
the administration of drugs.

The endotoxin shock protocol used here was performed in
accordance with National Institutes of Health (NIH) guide-
lines and with the approval of the institutional review board
of the Children’s Hospital Research Foundation. Upon com-
pletion of the surgical procedure, cardiovascular parameters
were allowed to stabilize for 10 min. Then, animals were
divided into two groups: the first group received isoproterenol
(10 mg/kg) (n=8), the second group received vehicle (n=38).

After 30 min, the isoproterenol-pretreated and the vehicle-
pretreated animals were divided into two groups: one group
of animals received LPS [10 mg/kg intravenously (i.v.)], the
other group received saline. At 180 min after the injection of
LPS, animals in all four groups (control; LPS; isoproterenol
and isoproterenol + LPS; n=4 rats in each group) were killed,
and thoracic aortae and plasma samples obtained for the
measurement of contractile function or for the measurement
of plasma nitrite/nitrate levels and plasma 6-keto-
prostaglandin F,, concentration (see below).

Organ bath experiments
Thoracic aortae from rats were cleared of adhering periadventi-
tial fat and cut into rings of 3—4-mm width. Endothelium was

removed by gently rubbing the intimal surface with a thin
wooden stick.!® Lack of a detectable acetylcholine-induced
relaxation was taken as evidence that endothelial cells had
been removed. The rings were mounted in organ baths (5 ml)
filled with warmed (37°), oxygenated (95% O,5% CO,) Krebs’
solution (pH 7-4) consisting of (mm): NaCl 118, KCI 4-7,
KH,PO, 1-2, MgSO, 1-2, CaCl, 2-5, NaHCO; 25 and glucose
11-7, in the presence of indomethacin (10 uM). Isometric force
was measured with isometric transducers (Kent Scientific
Corp. Litchfield, CT), digitized using a Maclab A/D converter
(AD Instruments, Milford, MA). A tension of 1 g was applied
and the rings were equilibrated for 60 min, changing the
Krebs’ solution every 15 min.'* Indomethacin was used to
prevent the production of cyclo-oxygenase metabolites that
are predominantly vasoconstrictors in this experimental set-
ting.'® Concentration-response curves to noradrenaline
(107°-107° M) in the absence or presence of the NO synthase
(NOS) inhibitor N®-methyl-L-arginine (L-NMA, 100 um,
30 min treatment) were obtained.

Cytokine assays

Cytokine levels in plasma were determined by enzyme-linked
immunosorbent assay (ELISA) kits that are specific against
murine cytokines. Plasma levels of IL-10 and IL-6 were
measured using ELISA kits purchased from Endogen
(Endogen Inc., Boston, MA). Concentrations of TNF-a in
the plasma were determined using ELISA kits from Genzyme
(Genzyme Corp., Boston, MA). Plasma samples were diluted
to 1:6; 1:2 and 1:200 for TNF-a, IL-10 and IL-6, respectively,
prior to the cytokine measurements. Assays were performed
as described.”1®!3 Detection limits were <15 pg/ml,
<0-15pg/ml and <5 pg/ml for TNF-o, IL-10 and IL-6,
respectively. The baseline values detected in the present study
and the magnitude of the LPS-induced increases in the cytokine
plasma levels were similar to previously reported values.”3

Measurement of plasma nitrite/nitrate concentration

In plasma samples, nitrate is the major degradation product
of NO. Nitrate was converted to nitrite by incubation with
60 mU nitrate reductase and 25 um nicotinamide adenine dinu-
cleotide phosphate (NADPH) for 180 min. Nitrite was then
measured as previously described!’” by adding Griess reagent
(1% sulphanilamide and 0-1% naphthylethylenediamine in 5%
phosphoric acid) to plasma samples diluted (1:10) in phos-
phate-buffered saline. The optical density at 550 nm (ODss0)
was measured by using a Spectramax 250 microplate reader
(Molecular Devices, Sunnyvale, CA). Nitrite/nitrate concen-
trations were calculated by comparison with ODj;s, of standard
solutions of sodium nitrite and sodium nitrate. The measure-
ments of nitrite/nitrate were performed using reagents free of
nitrite and nitrate: no basal or background nitrite or nitrate
levels were detected.

Analysis of 6-keto-PGF,, by radioimmunoassay

Plasma samples were diluted 1:5 in a buffer containing 0-1%
polyvinylpyrrolidone, 0-:9% NaCl, 50 mMm Tris base, 1:7 mMm
MgSO, and 0-16 mMm CaCl, (pH 7-4) before radioimmuno-
assay. The stable metabolite of prostacyclin, 6-keto-
prostaglandin F,, (6-keto-PGF,,), was determined by radio-
immunoassay as described by Wise et al.'®

© 1997 Blackwell Science Ltd, Immunology, 90, 95-100
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Statistical evaluation

Values in the figures and text are expressed as mean + SEM of
n observations. Statistical analysis of the data was performed
by one-way analysis of variance followed by Dunnett’s test,
as appropriate. A P-value less than 0-05 was considered
statistically significant.

RESULTS

Effect of isoproterenol on LPS-induced TNF-a, IL-6 and IL-10
plasma levels in mice

Intraperitoneal injection of LPS (4 mg/kg) into mice resulted
in an elevation of plasma TNF-a concentrations. Pretreatment
i.p. of animals with isoproterenol, 30 min prior to LPS injection
resulted in a significant reduction of LPS-induced plasma
levels of TNF-« (Fig. 1a). In addition, isoproterenol caused a
significant elevation in the plasma levels of IL-6 in response
to LPS (Fig. 1b). LPS caused a slight elevation of IL-10
plasma concentrations (Fig.2). The peak was observed at
90 min, and IL-10 returned to near baseline levels at 6 hr (not
shown). Pretreatment of animals with isoproterenol i.p., 30 min
prior to LPS injection resulted in a significant augmentation
of LPS-induced plasma levels of IL-10 at 90 min (Fig. 2).
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Figure 1. Effect of pretreatment with isoproterenol (10 mg/kg) on
LPS-induced plasma TNF-a (a) and IL-6 (b) levels at 90 min after
i.p. administration of 4 mg/kg LPS. Data are means+SEM of six to
nine mice per group (**P <001, from control; #P <0-01 significant
effect of isoproterenol in the presence of LPS).
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Figure 2. Effect of pretreatment with isoproterenol (10 mg/kg) on
LPS-induced plasma IL-10 levels at 90 min after i.p. administration
of 4 mg/kg LPS. Data are means + SEM of six to nine mice per group
(**P <0-01, from control; #P <0-05 significant effect of isoproterenol
in the presence of LPS).
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Effect of isoproterenol on NO production and vascular
hyporeactivity

In response to injection of LPS at 4 mg/kg (i.p.) into mice, a
marked increase in plasma nitrite/nitrate concentrations was
observed at 3-48 hr (Fig. 3). Pretreatment of animals with
isoproterenol significantly suppressed this LPS-induced NO
response at 6, 9 and 24 hr (Fig. 3).

In anaesthetized rats, isoproterenol caused a rapid increase
in heart rate (from 370+27 to 529+ 12 beats/min, P<0-01,
n=8) and a rapid fall in blood pressure from 113+13 to
85+ 14 mmHg (P <0-01, n=8). Subsequent administration of
LPS, however, did not alter blood pressure in these animals
over 180 min (Fig. 4b). In contrast, in vehicle-pretreated rats
injected with LPS, there was a rapid fall in MAP, which was
sustained over 180 min (Fig. 4a). In the vehicle-treated control
animals, MAP was stable (initial MAP: 119+ 13 mmHg, MAP
at 180 min: 120+ 6 mmHg), whereas in the animals that
received isoproterenol only, the hypotension was maintained
for 180 min (MAP Smin after isoproterenol injection:
79 +5 mmHg, MAP 205 min later: 89 + 14 mmHg, n=4). The
initial tachycardia, in response to isoproterenol gradually
returned to basal levels over 180 min. Thus, at the end of the
experiments (i.e. at 180 min after LPS or vehicle injection),
heart rate was similar in all four groups: 388 +19; 454 +17;
420426 and 421 1 50 beats/min in the vehicle-treated, isoprot-
erenol-treated, vehicle + LPS-treated and isoproterenol-treated
rats, respectively (n=4 in each group).

LPS also caused a significant depression of the contractile
ability of the thoracic aorta to norepinephrine (1 nM-10 um)
ex vivo, an effect which was prevented by in vivo isoproterenol
treatment (Fig. 5). This improvement was comparable to the
one seen by a 30-min in vitro incubation with the NOS
inhibitor L-NMA (100 um) to rings obtained from LPS-treated
animals (Fig. 6). Interestingly, incubation of rings obtained
from isoproterenol-treated LPS rats with L-NMA did not
result in additional improvement in the contractile ability of
the vessels (Fig. 6). In vivo isoproterenol treatment did not
affect the contractile ability of control rings (Figs. 5 and 6).
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Figure 3. Effect of pretreatment with isoproterenol (10 mg/kg) on
LPS-induced plasma nitrite/nitrate levels at various time points after
i.p. administration of 10 mg/kg LPS. Data are means +SEM of six to
nine mice per group (*P<0-01, from control; #P<0-01 significant
effect of isoproterenol in the presence of LPS).
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Figure 4. Effect of LPS (10 mg/kg i.v.) on MAP in vehicle-treated
(a) and in isoproterenol-pretreated (b) anaesthetized rats. Rats were
treated with LPS at time 0 (arrow). Data are expressed as means + SEM
of n=4 animals in each group. *P <0-01 represents significant hypo-
tensive effect of LPS.
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Figure 5. Concentration-response  curves  for  noradrenaline

(107°-1075 M) in endothelium-denuded aortic rings. Open circles,
control rings; open squares, rings from rats treated with isoproterenol
without LPS challenge; closed circles, rings from rats treated with
LPS; closed squares, rings from rats treated with isoproterenol and
LPS. There was a significant decrease in the contractions in response
to LPS (P<0-01). *P <0-01 represents significant protective effects of
isoproterenol in rings from LPS-treated rats when compared to LPS
alone. In each group n=38 rings.

Similar to the effects of isoproterenol in mice at 3 hr after
LPS injection, there was no significant reduction in the plasma
nitrite/nitrate levels by isoproterenol in the LPS-treated rats,
although a tendency for reduction was observed (Fig.7).
Moreover, there was a tendency for an increase in plasma
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Figure 6. Contractions in response to noradrenaline (105 M) in endo-
thelium-denuded aortic rings. Closed columns represent contractions
in control rings (left), rings from LPS-treated rats (middle) and rings
from the LPS-treated rats pretreated with isoproterenol (right).
*P <0-01 represents significant decrease in the contractions in response
to LPS, **P<0-01 represents significant increase in contractions in
response to L-NMA treatment. In each group n=38 rings.
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Figure 7. Plasma levels of nitrite/nitrate (a) and 6-keto-prostaglandin
F,. (b) in control animals, in animals treated with isoproterenol alone,
in animals treated with LPS and in animals treated with isoproterenol
and LPS. Plasma samples were taken at 180 min after injection of
LPS or vehicle. *P <0-01 represents significant increase in the plasma
levels of nitrite/nitrate or 6-keto-prostaglandin F,.

nitrite/nitrate in the isoproterenol-treated animals without LPS
injection (P=0-07). No significant effect of isoproterenol was
seen on the LPS-induced production of prostaglandin metab-
olites (Fig. 7).

DISCUSSION

Isoproterenol (d,/-f[3,4-dihydroxyphenyl]-a-isopropylamino-
ethanol) is a potent, non-selective beta-adrenergic agonist with
very low affinity for alpha-adrenoceptors. Isoproterenol elicits
its pharmacological actions by stimulation of the adenylate
cyclase—cAMP system.!® In the present study, we investigated
the effects of isoproterenol treatment on the production of
various pro-inflammatory (TNF-a, IL-6, NO) and anti-
inflammatory (IL-10) mediators in response to LPS in vivo.
The major findings of the current study are the following:
isoproterenol reduces the LPS-induced TNF-a response; iso-
proterenol increases the LPS-induced formation of IL-10 and
IL-6; isoproterenol reduced the LPS-induced production of
NO in conscious mice; and isoproterenol prevents the LPS-
induced suppression of vascular contractility to norepine-
phrine in the thoracic aorta ex vivo. Overall, these actions
point towards an anti-inflammatory and anti-shock effect of

© 1997 Blackwell Science Ltd, Immunology, 90, 95-100
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isoproterenol. The suppression of LPS-induced TNF-a plasma
levels by isoproterenol and the parallel increase in IL-10 is not
unique: similar effects were observed with prostaglandin E,*
with epinephrine?! and with adenosine receptor agonists.'* All
of these agents are known to modulate intracellular cAMP
levels. For example, PGE, enhances production of LPS-
induced IL-10 and inhibits release of LPS-induced TNF in
vivo and in vitro, and that the effect of PGE, can be mimicked
by agents that similarly elevate intracellular cAMP levels.?
Similar findings were reported with dibutyryl cAMP, the stable
analogue of CAMP in vitro and in vivo.2*-?* Thus, it is generally
assumed that increased intracellular cAMP levels are respon-
sible for both increased IL-10 production and decreased TNF-
a release observed with the administration of these agents.

Nitrite and nitrate, the breakdown products of NO in
plasma, were used in this study to assess LPS-induced NO
production. Two different experimental protocols were used
in rats and mice (anaesthetized versus conscious; i.v. LPS
versus i.p. LPS), which may have influenced the findings when
the two rodent models are compared. The use of the two
species was, however, necessary, for two reasons: first, method-
ological limitations make the measurements of vascular con-
tractility in blood vessels from mice extremely difficult, and
second, the availability and specificity of cytokine ELISA kits
are better for mice than for rats. Our study in rats and the
study in mice, however, resulted in similar findings in that
isoproterenol treatment caused a partial suppression of NO
production at later time-points after LPS injection (6-12 hr),
whereas no significant suppression was seen at the early time-
points (3 hr). Perhaps somewhat surprisingly, isoproterenol
pretreatment completely abolished the development of the
vascular hyporeactivity of the thoracic aorta ex vivo. In the
present model of endotoxic shock, the inducible NO synthase
(iNOS) plays a key role in the development of vascular failure
and multiple organ dysfunction.?!525 In this model, iNOS is
expressed in various organs and in the vasculature after several
hours of endotoxic shock, and agents that inhibit the induction
or the activity of iNOS are able to prevent or reverse the
delayed hypotension and the in vivo or ex vivo vascular
hyporeactivity.2 The present data demonstrate that isoproter-
enol has pronounced beneficial effects against the LPS-induced
hypotension and vascular hyporeactivity in this experimental
model in which injury is clearly driven by iNOS. Thus, we
suggest that isoproterenol inhibits the development of the
delayed vascular failure by inhibiting the expression of iNOS
or the production of NO in this model. Inhibition of iNOS
activity with L-NMA in the same model resulted in restoration
of the endotoxin-induced vascular hyporeactivity, while L-
NMA did not alter contractility in isoproterenol-pretreated
LPS rats (Fig. 6). The non-additivity of the effect of isoproter-
enol (in vivo) and L-NMA (in vitro) strengthens our point that
the protection against the suppression of vascular hyporeactiv-
ity by isoproterenol is due to inhibition of the expression of
iNOS in the vessels.

The effects of isoproterenol on the ex vivo vascular reactiv-
ity were paralleled by the effects of the drug on the LPS-
induced changes in the blood pressure: in the isoproterenol-
pretreated animals, both the acute and the delayed hypotension
induced by LPS were absent (Fig. 4). In this respect, however,
it is noteworthy that the interpretation of the in vivo cardiovas-
cular data may be confounded by the different cardiovascular
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status (isoproterenol-treated animals have increased heart rate
and cardiac output and lower peripheral vascular resistance
and blood pressure). In this model, the immediate hypotensive
effect of LPS is related to the acute production of platelet-
activating factor.?® Although it is beyond the scope of the
present investigation to establish whether the inhibition by
isoproterenol of the early hypotensive response is related to
inhibition of the production of platelet-activating factor, it is
noteworthy that an increase in cAMP by isoproterenol reduces
the release of platelet-activating factor from human neutrophils
in vitro.?’

How can we reconcile the relatively modest effect of
isoproterenol on plasma nitrite/nitrate with the marked protec-
tion against the vascular hyporeactivity in vivo? In vitro studies
have presented conflicting evidence on the role of cAMP and
the effect of cAMP-elevating agents in the induction of iNOS.
While in some studies elevation in cAMP caused a reduction
in the induction of iNOS,?®?° in other studies, elevation of
cAMP caused induction of iNOS or enhancement of the
induction of iNOS in response to additional stimulants.3*3! It
is conceivable that the regulation of the induction of iNOS in
vivo is cell-specific: while in certain cells and tissues cAMP
up-regulates the induction of iNOS, in other cells, it may be
inhibitory. Moreover, the time—course of the intervention may
be an important factor: the suppression of iNOS induction by
cAMP elevating agents may require more prolonged pretreat-
ment. Assuming that the regulation by isoproterenol of iNOS
induction in vivo is cell-specific, it is not surprising that the
overall effect of isoproterenol on plasma nitrite/nitrate levels
(which represents the total NO output) are relatively modest:
it is conceivable that NO production from non-vascular sources
(macrophages, epithelial cells, etc.) importantly contributes to
the whole body NO production.

There are numerous reports demonstrating the beneficial
effects of isoproterenol and other adrenergic agents in various
models of circulatory shock.323* A recent report demonstrates
marked additional improvement in the cardiovascular param-
eters in endotoxemia by combined treatment with the NOS
inhibitor L-NMA with dobutamine.33 In these studies, it was
assumed that all of the effects of dobutamine were direct
consequences of the inotropic effects of the drug. In light of
the present study, the question arises as to whether the marked
additional effects of dobutamine may be, in part, related to
suppression of iNOS induction.

In summary, the data presented here provide functional
evidence that isoproterenol exerts marked anti-inflammatory
effects by suppressing LPS-induced TNF-x and NO pro-
duction, while simultaneously increasing LPS-induced IL-10
production. Regarding the mechanism of action, several pos-
sibilities should be considered. Some of the effects may be
related to the primary, cAMP-increasing effect of the drug
(effects on IL-10, TNF-a, and, possibly, IL-6). The reduction
of NO production may be a cAMP-mediated effect, or may
be secondary to the suppression of TNF-a production, since
TNF-a is known to be involved in the process of iNOS
induction in response to LPS.25 While the mechanism and the
sequence of isoproterenol’s effects on the LPS-induced
inflammatory response requires further studies, the present
study, coupled with other current observations34 suggests that
beta-adrenergic receptor agonists, in addition to their cardio-
vascular effects, also have multiple anti-inflammatory effects
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in endotoxaemia, via modulation of the production of key
inflammatory mediators.
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