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SUMMARY

This study was conducted to investigate the role of the acute stress hormone adrenaline on

macrophage nitric oxide (NO) production. Murine peritoneal macrophages were stimulated in vitro

with lipopolysaccharide (LPS) in the absence or presence of adrenaline. Adrenaline inhibited the

LPS-induced nitrite response in a dose-dependent manner. The suppressive effect of adrenaline on

NO production was mediated via b1 and b2 adrenergic receptors since isoprenaline (a non-selective

b1 and b2 agonist), dobutamine and salbutamol (selective b1 and b2 agonists, respectively) had

similar effects on the NO response. In addition, the inhibitory effect of adrenaline on NO was

abrogated by both propranolol (a non-speci®c b blocker) and atenolol (a speci®c b1 inhibitor). In

contrast to b receptor activation, the a adrenergic agonist phenylephrine had no effect on the LPS

NO response, and furthermore, phentolamine (an a receptor antagonist) did not ameliorate

adrenaline's inhibitory action.

INTRODUCTION

Nitric oxide (NO) is produced from L-arginine in a reaction

catalysed by nitric oxide synthetase (NOS). Three mammalian

forms of this enzyme have been described. Endothelial and

neuronal NOS are generally constitutively expressed and their

activities are dependent on elevation of intracellular calcium.

Inducible NOS (iNOS) is a high-output pathway for NO

production during in¯ammation and is independent of

intracellular calcium increases (reviewed in 1). Cells of the

immune system, such as macrophages, contribute to the

in¯ammatory response and are a source of NO. Macrophage

iNOS expression increases rapidly following lipopolysacchar-

ide (LPS) and cytokine stimulation.1,2 Nitric oxide has

microbicidal and cytotoxic activities and contributes to the

regulation of cytokine production.1,3 In addition, several

studies in rodents have demonstrated an important pathophy-

siological role for NO in endotoxic shock.2,4,5

The identi®cation of receptors for neurotransmitters and

hormones on cells of the immune system (reviewed in 6) has

stimulated studies to determine the role of neurohormonal

agents in regulating immune function. Complex interactions

between the neuroendocrine and immune systems have been

described, for example, the effects of stress and hypercortiso-

laemia on immunity.7,8 Adrenaline is a catecholamine hormone

produced during acute stress. It is derived from the amino acid

tyrosine and released from the adrenal medulla following

sympathetic nervous system stimulation. Immunological sti-

muli, for example interleukin-1 (IL-1) and IL-6, activate

sympathetic discharge which enhances circulating catechola-

mine levels.8 Catecholamines in turn may exert signi®cant

immunoregulatory effects, for example CD4+ T-cell cytokine

pro®les which enhance human immunode®ciency virus (HIV)

replication in vitro.9

Numerous studies have examined the roles of adrenaline

and noradrenaline in the host response to endotoxaemia.

Circulating catecholamine levels increase in response to LPS,10

and furthermore, catecholamine therapy is bene®cial in the

management of patients with septic shock.11 These studies

suggest that catecholamines produced at the appropriate time

during endotoxaemia may downregulate the in¯ammatory

response. Recently, Szabo et al. demonstrated that a b

adrenergic agonist, isoproterenol, given before LPS challenge

in mice protects against hypotension and is associated with a

reduction in plasma nitrite levels.12 The cellular sources of NO

in this type of in vivo model are likely to be numerous and

include macrophages, other leucocytes, cardiac myocytes,

pulmonary cells, splenocytes, hepatocytes, endothelial cells

and vascular smooth muscle cells.13±15 Therefore, this model is

not suitable for examining the effects of adrenaline on a speci®c

cell type. Macrophages play a role in the pathophysiology of

endotoxaemia and in the activation and regulation of innate

and speci®c immunity, therefore it is necessary to determine the

effects of catcholamines on these cells. This study examines the

effects of adrenaline on the LPS NO response of primary

murine peritoneal macrophages using an in vitro model.
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MATERIALS AND METHODS

Mice

Male 8±12-week-old BALB/c mice, bred at the Animal House

of the University of Zimbabwe, were used in these experiments.

Reagents

Lipopolysaccharide from Salmonella typhosa (Sigma, St Louis,

MO) was used to activate macrophages for NO production.

Phentolamine, propranolol, atenolol, phenylephrine and corti-

costerone were all obtained from Sigma. Adrenaline was

purchased from Datlabs (Harare, Zimbabwe) and salbutamol

from Glaxo (Greenford, UK). Isoprenaline was purchased

from Thornton and Ross (Hudders®eld, UK). Dobutamine

was supplied by Eli Lilly Company (Indianapolis, IN).

Macrophage cultures

Resident peritoneal exudate cells were harvested by lavaging

the peritoneal cavities of mice with ice-cold RPMI-1640

medium (Highveld Biological, Lyndhurst, UK), supplemented

with 1% heat inactivated foetal calf serum (FCS; Highveld

Biological), 100 U/ml penicillin (Sigma), 100 mg/ml streptomy-

cin (Sigma), 25 mM N-2-hydroxyethylpiperazine-Nk-2-ethane-

sulphonic acid (HEPES) and 10 mM L-glutamine (Highveld

Biological) (R1). Cells were centrifuged at 4u for 7 min at

1100 r.p.m. and resuspended in RPMI-1640 supplemented as

for R1 but containing 10% FCS (R10). Cells were counted and

viability assessed using trypan blue dye exclusion (Sigma). For

in vitro stimulation with LPS, 100 ml of the cell suspension was

plated onto 96 well sterile ¯at-bottomed tissue culture plates

(Nunc, Roskilde, Denmark) to produce a ®nal concentration of

3r105 cells in each well. Cells were adhered at 37u for 2 hr in a

5% CO2 incubator, then non-adherent cells removed by

washing three times in warm R10. Medium alone, LPS, or

LPS together with various drugs were added to the wells and

the plates incubated at 37u for 48 hr, after which supernatants

were harvested for immediate nitrite determination.

Determination of nitrite production

The NO produced by activated macrophages quickly reacts

with oxygen to produce nitrite. Therefore, nitrite levels in the

supernatants of macrophage cultures were measured using the

Griess reaction.16 The reactions were performed in duplicate by

addition of 100 ml fresh supernatant to 100 ml Griess reagent

(0.1% naphthlyenediamine dihydrochloride/1% sulphanila-

mide/2.5% H3PO4) (Sigma). After incubation at room tem-

perature for 15 min, absorbance was read at 562 nm using a

Multiscan Plus microplate reader (Labsystems, Helsinki,

Finland). The nitrite concentration was determined by

comparison to a sodium nitrite standard curve (Hopkins and

Williams, Chadwell Heath, UK). The limit of detection of the

assay was 0.2 mM.

Statistical analysis

Results are expressed as the mean t standard error of the mean

(SEM). Statistical analysis was performed using Student's

t-test. A P-value of <0.05 was considered signi®cant.

RESULTS

Adrenaline suppresses nitric oxide production

Initial experiments examined the effect of LPS on macrophage

NO production. Cells cultured in medium alone produced little

nitrite (5t1 mM) and stimulation with LPS at 3, 10, and 30 mg/

ml for 48 hr induced a dose-dependent increase in supernatant

nitrite levels of 48t2, 71t1 and 121t2 mM, respectively. To

examine the kinetics of macrophage NO production, cells were

cultured in medium alone, or with LPS (10 mg/ml), and culture

supernatants harvested at intervals of between 2 and 48 hr for

nitrite determination. Cells cultured in medium alone produced

little nitrite and this did not alter over 48 hr. In contrast, nitrite

production in response to LPS increased with time from

5t1 mM at 2 hr, to 65t1 mM at 48 hr. Therefore, in all

subsequent experiments supernatants were harvested at 48 hr.

To assess the effects of adrenaline on the LPS NO response,

cells were cultured in medium alone or with LPS (10 mg/ml) in

the absence or presence of adrenaline. Corticosterone, a steroid

hormone known to suppress NO production,14 was used as a

negative control. Cells cultured with either adrenaline alone or

corticosterone alone produced 4t1 and 3t1 mM of nitrite,

respectively. LPS induced a nitrite response (medium alone

4t1 mM, LPS 64t2 mM), which was inhibited by both

adrenaline and corticosterone in a dose-dependent manner

(Fig. 1). The IC50 for the two hormones was similar,

approximately 10x8
M.

The inhibitory effect of adrenaline on nitric oxide production is

mediated via b1 and b2 receptors and not through a receptors

Adrenaline acts by binding to and activating a and b
receptors17 which are present on macrophages.18,19 To

determine which adrenergic receptors mediate the suppression

of NO, macrophages were stimulated with LPS alone or LPS in
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Figure 1. Comparison of adrenaline and corticosterone effects on the

nitric oxide response of macrophages to LPS. Murine peritoneal

macrophages (105) were cultured with medium alone, LPS (10 mg/ml),

or LPS in the presence or absence of either adrenaline or corticosterone.

Additional control cells were cultured with either adrenaline or

corticosterone alone. After 48 hr culture supernatants were harvested

and nitrite levels determined by the Griess reaction. Results are

expressed as mean tSEM and are representative of three similar

experiments.
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the absence or presence of adrenaline, or speci®c a and b
receptor agonists. In one set of experiments, the effects of

adrenaline on the nitrite response were compared with those of

phenylephrine (an a agonist), isoprenaline (a non-selective b1

and b2 agonist), and salbutamol (a b2 agonist). Cells cultured in

medium alone or the highest concentrations of either adrena-

line, phenylephrine, isoprenaline or salbutamol alone produced

little nitrite (<4t1 mM, respectively). LPS induced a NO

response (64t2 mM) which was inhibited by adrenaline,

isoprenaline and salbutamol in a similar dose-dependent

manner (Fig. 2). In contrast, phenylephrine had no effect on

the LPS nitrite response at any concentration tested.

To determine whether b1 speci®c receptor stimulation alone

could also inhibit NO production, the effect of adrenaline was

compared with that of either isoprenaline, salbutamol or

dobutamine (a selective b1 agonist). Dobutamine had a similar

suppressive effect on NO production as the other agents

(Table 1). These results suggest that either b1 or b2 receptor

activation may independently inhibit the macrophage NO

response to LPS.

b receptor blockade attenuates the inhibitory effect of

adrenaline on nitric oxide

The results described above suggest that adrenaline suppresses

the nitrite response through b receptors alone, and that a
receptor activation plays little role. To con®rm these observa-

tions, the effects of a or b receptor antagonists on the action of

adrenaline were examined. Cells were cultured in medium

alone, LPS alone, and LPS plus adrenaline (10x5
M) in the

presence or absence of either propranolol (a non-selective b1

and b2 antagonist), atenolol (a selective b1 antagonist) or

phentolamine (an a antagonist). Cells cultured in medium

alone or with the antagonists alone produced little nitrite

(<4+1 mM, respectively). LPS-induced nitrite production was

inhibited by adrenaline (LPS alone 63t2 mM, LPS plus

adrenaline 4t1 mM). However, this suppression was comple-

tely abrogated by increasing concentrations of either propra-

nolol or atenolol (Fig. 3), with propranolol being more potent

than atenolol at lower concentrations. In contrast, phentola-

mine failed to alleviate the inhibitory effect of adrenaline at any

concentration tested.

DISCUSSION

In this study we used an in vitro model to assess the effect of

adrenaline on the macrophage NO response to LPS, and to
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Figure 2. Comparison of adrenaline and a or b receptor agonist effects

on the nitric oxide response of macrophages to LPS. Murine peritoneal

macrophages (105) were cultured with either medium alone, LPS alone

(10 mg/ml), or LPS in the presence or absence of either adrenaline,

isoprenaline, salbutamol, or phenylephrine. After 48 hr culture super-

natants were harvested and nitrite levels determined by the Griess

reaction. Results are expressed as mean t SEM and are representative

of two similar experiments.

Table 1. Comparison of effects of adrenaline with b1 and b2 agonists

on the LPS nitric oxide response

Cell culture conditions

Nitrite concentration

(mM)

Medium alone 5+10

LPS alone (10 mg/ml) 63+40

Adrenaline 10x7
M plus LPS 25+3*

Salbutamol 10x7
M plus LPS 28+2*

Dobutamine 10x7
M plus LPS 27+2*

105 peritoneal macrophages were cultured in medium alone or stimulated
with LPS or LPS plus either adrenaline, salbutamol or dobutamine.

Additional control cells were cultured in the presence of either drug alone.
After 48 hr culture supernatants were harvested and nitrite levels
determined. Results are expressed as the mean tSEM and are
representative of two independent experiments.

*P<0.01 compared to LPS alone value.
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Figure 3. Comparison of a and b receptor antagonist effects on the

adrenaline mediated suppression of nitric oxide. Murine peritoneal

macrophages (105) were cultured with either medium alone, LPS alone

(10 mg/ml), LPS plus adrenaline (at 10x5
M), or LPS plus adrenaline

together with either phentolamine, propranolol, or atenolol. After

48 hr culture supernatants were harvested and nitrite levels determined

by the Griess reaction. Results are expressed as mean tSEM and are

representative of two similar experiments.
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determine its cellular mechanism of action. Murine peritoneal

macrophages were chosen because of they are readily

accessible, easily prepared, and have been well characterized.

Adrenaline suppressed the NO response at levels that occur

physiologically in vivo.20 Adrenaline may also inhibit NO

production from macrophage populations other than perito-

neal macrophages as we have described here. For example,

Persoons et al. have shown that rat alveolar macrophages

isolated from acutely stressed animals make a reduced nitrite

response to LPS compared to controls.21 Further studies of this

stress model have suggested a role for beta-adrenergic receptor

mediated inhibition of NO.22

The cellular mechanism of corticosterone's actions is well

described. Corticosterone, in common with other members of

the steroid hormone family, readily traverses the plasma

membrane because of its hydrophobicity. It binds to intracel-

lular receptors present in macrophages,23 and thereafter the

hormone-receptor complex translocates to the nucleus

(reviewed in 24). In contrast to corticosterone, adrenaline is

hydrophilic and binds extracellular receptors prior to signal

transduction. Although a and b receptors are present on

macrophages,18,19 our data suggests that it is the b receptors

alone that play an important role in mediating the inhibitory

action of adrenaline.

The present results con®rm and extend those of Hasko et

al.25 who showed that isoproterenol inhibits LPS stimulated

NO release from the RAW 264.7 macrophage cell line. Our

data clearly demonstrates for the ®rst time a role for

independent b1 and b2 receptor activation in suppressing NO

production. Further investigation of the regulation of macro-

phage b receptor cell surface expression is also required as this

may modulate the effects of adrenaline. It is likely that different

physiological or pathological conditions may alter b receptor

expression. For example, glucocorticoids increase b expression

on respiratory smooth muscle cells,26 and thyroid hormones

have a similar effect on ventricular myocytes.27 It remains to be

determined if and how these hormones could affect b receptors

on macrophages.

In the murine system, corticosterone inhibits iNOS

transcription through enhancement of Ik-B which suppresses

nuclear factor (NF)-kB activity and thus prevents activation of

the iNOS promoter.28 Further experiments are required to

determine the inhibitory mechanism of adrenaline's effect on

NO at the biochemical level. The signal transduction mechan-

ism for b receptors involves activation of adenyl cyclase and an

increase in intracellular cAMP.29 Through the use of forskolin,

membrane-permeable cAMP analogues and phosphodiesterase

inhibitors, Mustafa and Olson30 have recently shown that

increases in intracellular cAMP suppress LPS-induced NO in

rat Kupffer cells. This effect was due to reduction of iNOS

mRNA via interference with NF-kB activation and concomi-

tant enhancement of I-kB. Inhibition of adenyl cyclase or

protein kinase A could con®rm a role for cAMP as a signal

transducer of the adrenaline effects observed in our experi-

ments.

In conclusion, we have shown that adrenaline inhibited the

macrophage NO response to LPS through b1 and b2 adrenergic

receptors, but a receptors played no role. These observations

provide further evidence for neurohormonal regulation of

immunity and may also have implications for the management

of in¯ammatory conditions where NO contributes to pathol-

ogy.
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