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Abstract

Background: Previous studies demonstrate that
macrophages synthesis and release catecholamines,
which regulate the immune responses in an autocrine
manner. These responses are mediated in part by -
adrenoceptors expressed on macrophages. Some -
adrenoceptor antagonists are commonly used in
clinical conditions. Here we investigated whether the
chronic administration of B-adrenoceptor antagonists
upregulate adrenergic system of alveolar macrophage
and the potential mechanims. Methods: Propranolol
(30 mg/kg-d) or atenolol (5 mg/kg-d) was administered
by gavage to rats for 4 weeks. Then alveolar
macrophages were isolated and the expression of {3,
or B,-adrenoceptor was detected by flow cytometric
analysis. Dopamine B-hydroxylase expression was
assessed by Western blot assay and the
concentrations of noradrenaline, IL-6, and TNF-a in
cell supernatants were measured using ELISA after
2 h or 24 h exposure of alveolar macrophages to 100

ng/ml lipopolysaccharide (LPS). Results: Propranolol
increased the mean fluorescence intensity (MFI) of
B,, B,-adrenoceptor and the frequency of B,-,,-
adrenoceptor positive macrophages. However, only
the MFI of B,-adrenoceptor and the frequency of f,-
adrenoceptor positive macrophages were increased
by atenolol. Furthermore, both propranolol and
atenolol promoted LPS-mediated dopamine j-
hydroxylase protein expression and increased
noradrenaline production in rat alveolar
macrophages. This was accompanied by increased
LPS-mediated IL-6 and TNF-a production in cell
supernatants of alveolar macrophages. Conclusion:
These findings demonstrate that propranolol or
atenolol upregulates alveolar macrophage adrenergic
system, and the response may be B,-adrenergic
receptor subtype dependent.
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Introduction
Macrophages that originate from circulating

monocytes can migrate to tissues. The environment of
their ultimate destination heavily influences the function
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of monocytes that differentiate into macrophages.
The alveolar macrophages are present in the alveolar
space and the conducting airways. Because of their
physical location, they are the first immune cells to
encounter inhaled pathogens such as microbiological
agents, environmental toxins, or allergens prior to
polymorphonuclear neutrophils and monocytes [1].
As the resident phagocytes of the lung, alveolar
macrophages are an important source of local pro-
inflammatory cytokines such as TNF-a, and induce
systemic inflammation in human and animal experiments
[2,3].

It is well established that catecholamines regulate
immune and inflammatory responses by acting on
specific a- and B-adrenoceptors on immune cells [4].
Moreover, macrophages including alveolar macrophages
have been identified as a new source of catecholamines
[5]. By expressing catecholamine-generating and
degrading enzymes which can generate, release and
inactivate epinephrine and norepinephrine, macrophages
may regulate the inflammatory responses in an autocrine
manner [6].

Moreover, macrophages highly express -adrenergic
receptor. Accumulated data have shown that
the immunomodulatory effects of exogenous or
endogenous catecholamine are mediated by
B-adrenoceptor [7, 8]. Many B-adrenoceptor antagonists,
such as propranolol (B-adrenoceptor nonselective,
blocking both B, and f,-adrenoceptor) and atenolol
(B,-adrenoceptor selective, blocking B -adrenoceptor),
are commonly used in a number of clinical conditions,
including arterial hypertension, ischemic heart diseases,
congestive heart failure and cardiac arrhythmias. In view
of this, we hypothesized that chronic administration
of [P-adrenoceptor antagonists may modify
catecholamines synthesis and B-adrenoceptor expression,
thereby modulating the inflammatory response of
macrophage. In the present study we employed rat
alveolar macrophage as a model to investigate whether
B-adrenoceptor antagonists upregulate adrenergic system
of alveolar macrophage, by examining the level of
dopamine p-hydroxylase, noradrenalin, and
B-adrenoceptors, and the production of cytokines.
In addition, we chose non-selective -adrenoreceptor
antagonist propranolol and specific f3,-adrenoceptor
antagonist atenolol as the target drugs to find out whether
this response is dependent on the specific
B-adrenoceptors.

Materials and Methods

Animals and Reagents

Wistar rats (250-300 g) used in this study were purchased
from the Experimental Animal Center of Harbin Medical
University, China. All experimental procedures and protocols
regarding the experimental animals had previously been
approved by Animal Care Committee of Harbin Medical
University, China. The animals were conditioned at an animal
facility for one week before the experiments. All animals had
free access to food and water.

Sodium pentobarbital was purchased from Shanghai
Chemical Regent, China. Lipopolysaccharide (LPS),
propranolol hydrochloride, and atenolol hydrochloride
were obtained from Sigma, USA. Biotin mouse anti-rat
mononuclear phagocyte antibody, PE-conjugated Streptavidin,
fluorescein isothiocyanate (FITC)-conjugated anti-f | and
anti-f3 , adrenergic receptor antibodies were purchased from
BD PharMingen (San Diego,CA, USA). BCA Protein Assay
Kit was pruchased from Bio-Rad (Mississauga, ON, Canada).
Rabbit polyclonal antibodies against dopamine p-hydroxylase
and Rabbit anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were obtained from Abcam (Cambridge, MA, USA).
The enzyme-linked immunosorbent assay (ELISA) kit was
purchased from R&D Systems (Abingdon, UK). Cell lysis
buffer containing phosphatase inhibitors was purchased from
Cell Signaling Technologies (Beverley, MA, USA).

Drug administration

Thirty Wistar rats of either sex were randomly divided
into three groups: control, propranolol, and atenolol. Animals
were administered either propranolol at 30 mg/kg-d, atenolol
at 5 mg/kg-d, or an equal volume of saline by gavage for
4 weeks. The average daily intake of both water and food did
not differ significantly among all groups.

Isolation of alveolar macrophages

Rats were pretreated by gavage with drug or saline for 4
weeks before the experiment. On the day of the experiment,
rats were anaesthetized by introperitoneal injection of
sodium pentobarbital (40 mg/kg) and killed by exsanguination.
The whole lung was lavaged by instilling and withdrawing
10 ml sterile saline three times in situ. The lavaged fluid
was centrifuged (400 g for 5 min at 4°C). The pellets were
washed twice with cold PBS and resuspended in PBS at 1x10¢
cells/ml. Then the cells were incubated in 6-well plates in
2 ml RPMI-1640 medium without FBS. The purity of the cell
suspension was >95% by use of a modified Wright-Giemsa
stain. We identified macrophages according to the morphology,
as reported previously [9]. Alveolar macrophages were
then subjected to flow cytometric analysis (FCA), Enzyme-
linked immunosorbent assay (ELISA), or Western blot
assay with or without stimulated with LPS as described
below.
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Fig. 1. Propranolol or atenolol treatment upregulates the expression of B - and B, -adrenoceptors in rat alveolar macrophages.
Alveolar macrophages were obtained from rats administered either propranolol (30 mg/kg-d), atenolol (5 mg/kg-d), or an
equal volume of saline by gavage for 4 weeks. (A) Alveolar macrophages were gated as indicated in dot plot (gate R). (B), (C) Flow
cytometric analysis of - or B, - adrenoceptors expression in alveolar macrophages from propranolol administered (blue line),
atenolol administered (pink line), and saline administered control (green line) rats. Negative control samples with the omission
of primary antibodies (purple shaded area) were used to define background staining. (D) Flow cytometric analysis of
the percentage of B, and - adrenoceptors positive cells within alveolar macrophages from propranolol, atenolol and saline
administered rats and mean fluorescence intensity (MFI) of B - and B,- adrenoceptors immunostaining on these cells.
The results were expressed as mean £ SEM (n=6 independent experiments). ¥*P<0.05, **P<0.01 vs. control.

Flow cytometric analysis

The expression of B,- or B,- adrenergic receptor was
detected by FCA in alveolar macrophages unstimulated
with LPS. The alveolar macrophages (5x10° cells/sample) were
suspended in 100 pul PBS. Then, the cells were incubated
with 20 pl of FITC-conjugated anti- 3, or anti- 3, adrenergic
receptor antibody for 30 min at 4 °C in the dark. The cells
were washed with PBS three times, resuspended in 100 pl
PBS and incubated with biotin-conjugated mouse anti-rat
mononuclear phagocyte antibody and PE- conjugated
Streptavidin for 30 min at 4 °C in the dark. Next the cells were
washed with PBS two times, resuspended in 500 pl PBS and
analyzed with a fluorescence-activated cell sorting Calibur (BD
Biosciences, San Jose, CA). The data were processed using
the CELL QUEST program (BD Biosciences).

Stimulation of alveolar macrophages with LPS

Alveolar macrophages (1x10° cells /ml) were incubated
in 6-well plates in 2 ml RPMI-1640 medium without FBS,
and stimulated with 100 ng/ml LPS at 37 °C for 2 h or 24 h.
The supernatants of the alveolar macrophage were collected
at indicated time points after stimulation and centrifuged at
500 g to remove cellular debris. The supernatants were then
divided into aliquots and frozen at -80 °C before ELISA of
cytokines and noradrenaline. Cells were lysed and subjected
to Western blot assay for detection of dopamine B-hydroxylase
protein.

Western blot analysis
Alveolar macrophages were lysed using cell lysis buffer
containing phosphatase inhibitors. The amount of protein in
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the cell lysates were quantified using the BCA Protein Assay
Reagent. Proteins were separated by electrophoresis on 10%
SDS-polyacrylamide gels and transferred to nitrocellulose
membranes (Amersham, Piscatawy, NJ). Membranes
were blocked with 5% non-fat milk at room temperature for 1 h
and incubated with the primary antibody at 4 °C for 12 h.
The membrane was washed three times with PBS containing
0.1% Tween 20, followed by incubation with the secondary
antibody at room temperature for 1 h in the dark. The membrane
was then washed three times with PBS and scanned by an
Odyssey infrared imaging system (LI-COR, Lincoln, NB) at a
wavelength of 800 nm.

Cytokine and noradrenaline Measurements by ELISA

The levels of TNF-a, IL-6, or noradrenaline in the
cell-free supernatants were determined by ELISA kits according
to the manufacturer’s instructions. Samples were assayed in
triplicate for each condition.

Statistical analysis

The data were expressed as mean + SEM. ANOVA analysis
was performed using SPSS13.0. A two-tailed P < 0.05 was taken
to indicate a statistically significant difference.

Results

Chronic propranolol or atenolol treatment

regulate the expression of p,-and/or B,-

adrenoceptors in rat alveolar macrophages

FCA analysis of unstimulated alveolar macrophages
(Fig. 1A) showed that ,-and B,-adrenoceptors are
constitutively expressed on alveolar macrophages (Fig 1.
B, C). Non-selective B-adrenoreceptor antagonist
propranolol treatment significantly increased the mean
fluorescence intensity (MFI) of B -and B,-adrenoceptor
and increased the frequency of B,- and B,- adrenoceptor-
positive macrophages. In contrast, specific
B,-adrenoceptor antagonist atenolol treatment increased
MFI of B -adrenoceptor and the frequency of
B,- adrenoceptor-positive macrophages, but only slightly
(statistically insignificantly) increased the
B,- adrenoceptor-positive macrophages and its MFI
(Fig. 1D). These data indicate that chronic treatment
with different -adrenoceptor antagonists led to subtype-
specific regulation of 3 - and [3,-adrenoceptors.

Chronic propranolol or atenolol treatment had

no significant effect on rat alveolar macrophages

without stimulated with LPS

Without stimulated with LPS, propranolol or atenolol
had no significant effect on the expression of dopamine
B-hydroxylase, the secretion of noradrenaline, IL-6 and
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Fig. 2. Propranolol or atenolol treatment upregulates the
expression of dopamine PB-hydroxylase in rat alveolar
macrophages. (A) Western blots showing dopamine
B-hydroxylase protein level in alveolar macrophages isolated
from different groups of rats 2 h or 24 h after stimulation with
LPS (100 ng/ml). (B) Densitometric analysis of the relative
protein level of dopamine B-hydroxylase as shown in (A).
The data were expressed as meant SEM and normalized to
GAPDH (n=6 independent experiments). *P<0.05, **P<0.01 vs.
control. DBH, dopamine B-hydroxylase.

TNF-a compared with the baseline in rat alveolar
macrophages (dopamine B-hydroxylase: 0.09+0.01,
0.11+0.02 vs. 0.1+0.03; noradrenaline: 13.4+4.8 pg/ml,
10.5+£5.2 pg/ml vs 11.244.2 pg/ml; IL-6: 31.5+.2 pg/ml,
34.6+5.2 pg/ml vs 30.1+4.8 pg/ml; TNF-a.: 24.24+4.5 pg/
ml, 25.2+3.3 pg/ml vs 24.8+£5.7 pg/ml. Results were
presented as mean+ SEM of 6 individual rats, P 0.05)

Chronic propranolol or atenolol treatment

promote LPS-mediated dopamine [B-hydroxylase

expression in rat alveolar macrophages

To investigate the effects of chronic
[-adrenoreceptor antagonist treatment on the expression
of catecholamine-generating enzymes in alveolar
macrophages, we used propranolol and atenolol to treat
rat alveolar macrophages stimulated by LPS. Western
blot analysis demonstrated that chronic propranolol or
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Fig. 3. Propranolol or atenolol treatment promotes the
secretion of noradrenaline in rat alveolar macrophages.
Noradrenaline level was detected by ELISA in the supernatants
of alveolar macrophages isolated from different groups of rats
stimulated with LPS (100 ng/ml) for 30 min, 2 h or 24 h. Results
were presented as mean + SEM of 6 individual rats. **P<0.01
vs. control.

atenolol treatment clearly upregulated the dopamine
B-hydroxylase protein level 2 h and 24 h after LPS
treatment. (Fig. 2 A, B). These data indicate that
both non-selective B-adrenoreceptor antagonist and
specific B,-adrenoreceptor antagonist led to increased
expression of catecholamine-generating enzymes
in alveolar macrophages in response to LPS.

Chronic propranolol or atenolol treatment

promote LPS-mediated noradrenaline production

in rat alveolar macrophages

To investigate whether the stimulatory effect of
chronic B-adrenoceptor antagonist on LPS-induced
expression of dopamine B-hydroxylase in alveolar
macrophages would result in the activation
of noradrenaline production, we examined noradrenaline
level in the cell supernatants at 30 min, 2 h and 24 h
after exposure of macrophages to LPS. As shown in
Fig. 3, chronic propranolol or atenolol treatment increased
noradrenaline level significantly in cell supernatants at
all time points, compared to the control, suggesting
that B-adrenoceptor antagonist stimulates the production
of catecholamine in alveolar macrophage.
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Fig. 4. Propranolol or atenolol treatment promotes the
secretion of IL-6 and TNF-a in rat alveolar macrophages. IL-6
and TNF-a levels were detected by ELISA in the supernatants
of alveolar macrophages isolated from different groups of rats
stimulated with LPS (100 ng/ml) for 30 min, 2 h or 24 h. Results
were presented as meant SEM of 6 individual rats. *P<0.05,
**P<0.01 vs. control.

Chronic propranolol or atenolol treatment

promote LPS-mediated cytokine production in rat

alveolar macrophages

To investigate whether the wupregulation
of noradrenaline secretion in alveolar macrophage by
chronic B-adrenoceptor antagonist was accompanied
by increased cytokine production, we examined the levels
of IL-6 and TNF-a in cell supernatants at 30 min,
2 h and 24 h after incubated with LPS. Chronic propranolol
or atenolol treatment increased IL-6 level at 30 min,
2 h and 24 h after exposure of macrophages to LPS,
compared to macrophages from time-matched control
animals (Fig. 4). In the case of TNF-a, chronic
propranolol or atenolol treatment resulted in
enhanced production of TNF-a at all time points after
exposure of macrophages to LPS (Fig. 4).
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Discussion

In the present study, we showed that chronic
administration of propranolol or atenolol led to
increased expression of the catecholamine generating
enzyme dopamine [-hydroxylase at protein level,
increased noradrenaline release, increased expression
of B-adrenoceptor, and enhanced release of pro-
inflammatory cytokines TNF-a, IL-6 in rat alveolar
macrophage after exposure to LPS in vitro. These
results indicate that propranolol and atenolol can cause
alterations in immune response, which may be
B,-adrenoceptors subtype dependent.

B-adrenoceptor plays important roles in cardiac
function, and represents one of therapeutic targets
for cardiovascular diseases such as hypertension,
heart failure, arrhythmias and angina [10, 11]. Many
B-adrenoceptor antagonists have been clinically used
for the therapy of cardiovascular diseases, which act
by blocking the binding of catecholamine to B-adrenergic
receptor sites [12]. However, there are some differences
between the individual agents that are of clinical
importance. Therefore, in this study, we chose
non-selective B-adrenoreceptor antagonist propranolol
and specific B -adrenoceptor antagonist atenolol as the
target drugs to investigate whether the chronic
administration of B-adrenoceptor antagonists modulates
the immune response of macrophage.

Receptor up-regulation is a phenomenon of
receptor-mediated adaptation well observed upon
antagonist therapy [13]. Up-regulation of B-adrenoceptors
has been recognized clinically as well as in experimental
studies, but the reports are conflicting. For example,
chronic treatment with propranolol upregulated
B-adrenoceptors in rat heart [ 14], but such up-regulation
was not observed in other studies [15-17]. Thus,
the changes of B-adrenoceptor in B-adrenoceptor
antagonist therapy remain controversial, in spite of its
clinical significance.

In the present study, we observed that prolonged
B-adrenoceptor blockade upregulated receptor expression
in unstimulated alveolar macrophages. This up-regulation
revealed the occurrence of subtype-specific regulation
for B,- and B,-adrenoceptors. The expression of both
B,- and B,-adrenoceptors was significantly increased by
non-selective B-adrenoreceptor antagonist propranolol.
On the other hand, a drastic increase in 3 -adrenoceptor
but no change in f,-adrenoceptor was observed in
specific B, -adrenoceptor antagonist atenolol treated rats.
Such a subtype-selective modulation of B - and

B,-adrenoceptors should be taken into consideration
because these different changes in alveolar
macrophages after chronic treatment with different
B-adrenoceptor antagonists may be relevant to the
different responses and efficacies observed in the
antagonist therapy [18].

A study from Flierl MA and his colleagues indicates
that catecholamines are potent inflammatory activators
of macrophages. In their study, a compensatory
increase in catecholamine generating enzymes and
catecholamines in macrophages has been found
in adrenalectomized animals, resulting in enhanced
acute inflammatory response [5]. In addition, synovial
macrophages wee identified as the source of the
secreted noradrenaline [19]. In the present study, we
detected dopamine [B-hydroxylase expression,
noradrenaline levels, and cytokines production in
rat alveolar macrophages without LPS stimulated. We
found no significant effect of propranolol or atenolol on
the expression of dopamine 3-hydroxylase, the secretion
of noradrenaline, IL-6 and TNF-a. Then macrophages
were exposure to LPS. As expected, chronic propranolol
or atenolol treatment obviously upregulated the
dopamine B-hydroxylase protein level and increased
noradrenaline level 2 h and 24 h after LPS treatment.
These effects may be associated with reduced
sympathetic tone by B-adrenoceptor antagonists, because
it has been reported that B-adrenoceptor antagonists
attenuate sympathetic tone [20]. These data indicate
that B-adrenoreceptor antagonist stimulates alveolar
macrophages to express catecholamine-generating
enzymes and increase noradrenaline level.

During acute infection, lung alveolar macrophage is
the primary producer of cytokines, such as TNF-a
and IL-6, which contribute to the antimicrobe activity of
the innate immune system [21, 22]. Furthermore, I1L-6
is a pro-inflammatory cytokine that affects the secretion
of several neuroendocrine hormones [23, 24]. Here,
we show that non-selective P-adrenoreceptor
antagonist propranolol treatment induced the production
of IL-6 and TNF-a in rat alveolar macrophages exposure
to LPS. The selective B -adrenoreceptor antagonist,
atenolol, also induced a similar pattern of cytokine
production.

Taken together, the increased adrenoceptor
expression on alveolar macrophages, the increased
levels of dopamine B-hydroxylase and noradrenaline in
these cells, and increased secretion of IL-6 and TNF-a
suggest that chronic administration of propranolol
or atenolol promotes the local inflammatory response
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stimulated by LPS. Furthermore, the subtype-specific
regulation of 3 - and B,-adrenoceptors of non-selective
B-adrenoreceptor and specific 3 -adrenoceptor antagonist
on alveolar macrophages indicate that 3, -adrenoreceptor
mediates the upregulation of adrenergic system in alveolar

macrophage. This is consistent with a recent study
which reported a unique synergistic pro-inflammatory

response mediated through a [ -adrenoreceptor

cAMP-dependent mechanism in LPS-challenged

monocytic cells [25]. Although we could not rule out
any contributions of f3,-adrenoreceptor stimulation in

our study, our data suggest that this response appears
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studies are needed to confirm that chronic administration
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inflammatory response.
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