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Abstract. Objective and Design: To investigate the suppres-
sive effects of the B-agonist clenbuterol on the release of
TNF-a and IL-6 in a lipopolysaccharide (LPS)-model of
inflammation, both in vitro and in vivo.

Material and Subjects: Human U-937 cell line (monocyte-
derived macrophages), and male Wistar rats (200—250 g).
Treatment: U-937 macrophages were incubated with LPS at
1 pg/ml, with or without 1.0 mM—0.1 nM test drugs (clen-
buterol and other cAMP elevating agents) for 1-24 h. Rats
were administered either 1 or 10 pg/kg clenbuterol (or sa-
line) orally, 1h before intraperitoneal administration of
2 mg/kg LPS.

Methods and Results: TNF-a and IL-6 time-concentration
profiles were determined both in culture media and plasma,
using ELISA’ s and bioassays. LPS-mediated release of both
cytokines was significantly suppressed by clenbuterol.
Conclusions: The B-agonist clenbuterol very potently sup-
presses the LPS-induced release of the pro-inflammatory
cytokines TNF-a and IL-6 both in vitro and in vivo.
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Introduction

The important regulatory role of the cytokines tumor necro-
sis factor-a (TNF-a) and interleukin-6 (IL-6) during various
acute and chronic inflammatory processes is well known
[1-4].

Several potential strategies are currently under investiga-
tion aiming to modulate the synthesis and release of these
cytokines or to block (part of-) their effects before or after
receptor interaction. Regulatory mechanisms leading to
diminished pro-inflammatory cytokine production are of
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immediate clinical interest in the treatment of many chronic
and acute inflammatory diseases including rheumatoid
arthritis, inflammatory bowel disease, and sepsis.

Results from different studies, mostly in vitro, indicate
that the adrenergic system is also involved in the regulation
of an inflammatory response [5—8]. It has been shown that
elevated intracellular levels of the second messenger cAMP
are associated with a reduced release of pro-inflammatory
mediators, or an induction of anti-inflammatory mediators
[9, 10]. One way to induce elevated intracellular cAMP levels
is by inhibiting phosphodiesterase (PDE) IV enzyme which
breaks down cAMP [11, 12]. Some of the PDE-inhibitors,
including xanthine derivatives such as pentoxifylline, have
already found their way into the clinic.

Induction of adenylate cyclase, directly or via stimulation
of G-protein coupled receptors (e.g. f-adrenoceptors), is an
alternative way to increase cAMP levels and hence inhibit
cytokine production. Several agents known for their cAMP
elevating capability via the adenylate cyclase pathway have
been tested for their anti-inflammatory activity. Among these
are forskolin [11], pB-agonists [6, 13], adenosine agonists
[14], and catecholamines [5, 7, 15].

Although S-agonists are better known for their use as bron-
chodilators in asthma, they also show some anti-inflammatory
characteristics. These anti-inflammatory effects have been
studied mainly in vitro [8, 11, 16, 17]. In these studies different
cell lines have been used, producing sometimes contrasting
results [13, 17—20]. Data about the effect of S-agonists on the
inflammatory response in vivo are very rare [13, 21].

Macrophages are a major source of (pro-) inflammatory
cytokines [19, 22, 23]. We were interested in therapeutic sup-
pression of pro-inflammatory cytokines during inflamma-
tion. The first goal was to compare the effect of some cAMP-
elevating agents on the LPS stimulated release of the cyto-
kines TNF-a and IL-6. Therefore several f-agonists and
other cAMP-elevating agents were evaluated in vitro, using
the human monocyte derived macrophage U-937 cell line.
The second goal of this study was to correlate the in vitro
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findings with in vivo data obtained from an animal model of
acute inflammation: i.e. LPS treated (conscious) rats, moni-
toring TNF-a and IL-6 in plasma.

Materials and methods

Chemicals

Adenosine, clenbuterol, terbutaline, (+/—)-isoproterenol, pentoxifylline,
rolipram, phorbol-12-myristate-13-acetate (PMA), lipopolysaccharide
(Escherichia coli O111:B4), 3-(4, 5-dimethyl-thiazol-2-y)2, 5-di-
phenyltetrazolium bromid (MTT) were obtained from Sigma-Aldrich
Chemie (Zwijndrecht, The Netherlands).

Culturing U-937 cells

U-937 cells (a human monocyte like, histocytic lymphoma cell line,
CRL-1593.2) were purchased from the American Type Culture Collec-
tion (Rockville, MD, USA). The cells were grown in plastic flasks
(75 em?, Corning Costar, Badhoevedorp, The Netherlands) in RPMI-
1640 (Sigma Chemical Co., St. Louis, MO, USA), supplemented with
10% (v/v) heat-inactivated fetal calf serum (FCS, Life Technologies,
Breda, The Netherlands), and 2 mM of L-glutamine (Life Technologies)
at 37°C in a humidified atmosphere of 95 % air-5% CO,. The cells were
seeded at densities of 0.1 * 10° cells/ml and subcultured when the cell
concentration reached 1.0 * 10° cells/ml.

Differentiation of U-937 cells and incubations

U-937 cells are monocytes which can be easily differentiated into
macrophages, and are very often used as model for human macro-
phages. Differentiating the U-937 monocytes into macrophages was
based on the method of Sajjadi et al. [14].

When the cells were prepared for experiments they were seeded at
a concentration of 1#*10° cells/well in 12-wells cell culture plates and
incubated overnight with 10 ng/ml PMA, added to the culture medium.
U-937 cells were allowed to recover from PMA-treatment for 48 h, by
changing the culture medium every day. After this recovery period,
U-937 macrophages were incubated with 1 pg/ml LPS alone, or in com-
bination with the following test substances: adenosine; f-agonists: clen-
buterol, terbutaline, (+/-)-isoproterenol; PDE-IV inhibitors: pentoxi-
fylline and rolipram.

All stock solutions were prepared on the day of the experiment in
phosphate buffered saline (PBS, Life Technologies). Controls were
treated similarly and incubated with either the test substance alone or
vehicle (PBS). In the comparative study of several cAMP elevating
agents culture medium was collected at 3 h after incubation with LPS.
In the experiments with only LPS and clenbuterol (4-amino-a-[t-butyl-
aminomethyl]-3, 5-dichlorobenzyl-alcohol hydrochloride, at 1M,
10 nM, or 0.1 nM) culture medium was collected at regular time inter-
vals, for 24 h, and tested in an ELISA for TNF-a, and IL-6 concentra-
tions. ELISA kits were purchased from the Central Laboratory of the
Netherlands Red Cross Blood Transfusion Service (CLB, Amsterdam,
The Netherlands). Kits were used according to protocol provided by the
manufacturer. After removal of culture medium the cells were lysed in
1 ml NaOH (0.1 M) and used for protein determination by the modified
method of Bradford (Bio-Rad, Miinchen, Germany). The amount of
cytokines in the culture medium was expressed per total amount of cell
protein.

Cell viability determination/MTT-assay

In order to test for possible cytotoxic effects of clenbuterol, alone or in
combination with LPS, the cell viability was determined by MTT-assay
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based on Denizat and Lang [24]. In short, the differentiated U-937 cells
were incubated for 3, 6, and 24 h with 10 and 1 pM clenbuterol, and
with the combination of 1 pM clenbuterol and 1 pg/ml LPS. At the end
of the incubation, 250 pl of a 3 mg/ml MTT-solution (in PBS) was
added to each well. The test was terminated after 3 h by the aspiration
of culture medium and addition of 500 pl of isopropanol (Mallinckrodt
Baker, Deventer, The Netherlands), containing 0.5% (w/v) SDS (Sig-
ma), and 36 mM HCI (Merck, Darmstadt, Germany). Plates were
shaken thoroughly, and optical densities were determined spectrophoto-
metrically at 590 nm using a spectrophotometer (Victor’>-multilabel-
counter, Wallac Oy, Turku, Finland).

Animals

Male Wistar rats (200—250 g U:WU (CPB)) were purchased from the
Utrecht University central animal facilities (GDL, Utrecht, The Nether-
lands). Animals were housed in macrolon cages, and received food
and water ad libitum. Room temperature was kept constant at 22°C,
and light was maintained at a 12-h cycle. The animal experimentation
guidelines of our institute were followed.

Experimental setup for plasma TNF-a and IL-6 measure-
ments in rats

Twenty rats, divided in five groups of four each, were fasted the night
before the experiment (only water available). The first group received
only LPS, the second and third group received LPS and different doses
of clenbuterol. The fourth and fifth group were controls to study the
effect of saline or clenbuterol only. Just before the experiment a control
blood sample was taken (t = 0). At the start of the experiment the rats
received orally either drug vehicle (saline) or clenbuterol (1 or 10 pg/kg
bodyweight), by gavage. One hour later they were injected intraperito-
neally with either vehicle or LPS (2 mg/kg bodyweight). Blood samples
were withdrawn from the tail at 1, 2, 3, and 4 h after LPS challenge.
Blood was collected in heparinised microvials (Sarstedt, Niimbrecht,
Germany), and centrifuged for 10 min at 4 °C. Plasma was stored at
—80°C until assayed.

Determination of rat plasma TNF-a concentration by a
PK(15) cell-based bioassay

TNF-a was measured using the PK(15) cell line according to the
method as described by Bertoni et al. [25]. The assay is based on the
concentration-dependent cytotoxic effect of TNF-a on PK(15) cells.
PK(15) cells were purchased from the American Type Culture Collec-
tion (CCL-33). Cytotoxicity/inhibited proliferation was measured in-
directly using the MTT-assay as described above. Samples were titrated
in 3-fold dilutions and for each plate a positive control (3 fold dilutions
of recombinant rat TNF-a (Sanvertech, Heerhugowaard, The Nether-
lands)) and negative control (incubations with medium deprived of
TNF-a) were measured.

Determination of rat plasma IL-6 concentration by a
BY9-cell based bioassay

IL-6 was measured with a murine hybridoma B9 cell line according to
the method as described by Helle et al. [26]. B9 cells were a kind gift
from the CLB (Amsterdam, The Netherlands). The assay is based on the
IL-6 dependent proliferation of B9 cells. Proliferation was measured
indirectly using the MTT-assay. Samples were titrated in 3-fold dilutions
and for each plate a positive control (3 fold dilutions of recombinant rat
IL-6 (Sanvertech) and a negative control (wells incubated with medium
deprived of IL-6) were measured.
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Statistical analysis

Data are expressed as means =+ standard error or standard deviation. Sta-
tistical analysis was performed using the Student’s t-test. The mean
values of two groups (LPS-treated vs. LPS/clenbuterol treated) were
considered to be significantly different if p<0.05.

Results
Modulation of LPS-induced cytokine release in U-937 cells

Undifferentiated U-937 cells, growing in suspension, were
succesfully stimulated to differentiate to a macrophage-like
cell type by overnight incubation with PMA. After a recovery
period of 48 h, these cells were found to respond strongly to
the addition of LPS (1 pg/ml) by releasing TNF-a and IL-6
into the medium.

When U-937 macrophages were incubated with LPS
together with several cAMP-elevating agents a strong sup-
pression of the LPS-induced TNF-a release by p-agonists
(clenbuterol, terbutaline, and isoproterenol, at 1 pM) was
found 3 h after incubation (Fig. 1). The other compounds
(adenosine, pentoxifylline, and rolipram) were not able to
suppress TNF-a release at this concentration. These com-
pounds needed to be added at much higher concentrations
(1 mM, 0.1 mM) to achieve the same inhibition of TNF-a-
release (data not shown). B-Agonists were also tested at
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Fig. 1. Inhibitory effect of different compounds on TNF-a release by
differentiated U-937 cells at 3 h after LPS incubation. U-937 cells
were incubated with only LPS (1 pg/ml), or LPS simultaneously with
different concentrations (1 pM or * 10 nM) of the inhibitors. Controls
received only vehicle (PBS). Data are means + SEM for triplicate deter-
minations from the second of a series of three experiments.
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10 nM concentration, at this concentration clenbuterol was
shown to be the most potent suppressor of LPS-induced
TNF-a release.

As a result of these findings the effect of clenbuterol on
the LPS-induced TNF-a and IL-6 release was studied in
more detail by measuring concentration-time profiles of
these cytokines. Concentration-time profiles for TNF-a and
IL-6 were found to be different (Fig. 2 and 3). TNF-a levels
reached a rather sharp maximum at approximately 3 h after
adding LPS and had returned to basal levels within 24 h of
exposure to LPS (Fig. 2). The increase in IL-6 concentration
started later than that of TNF-a and showed a biphasic re-
sponse (Fig. 3). A first plateau was seen at approximately
6 h after adding LPS, and a second, higher, plateau at 12 h
after adding LPS. Clenbuterol was found to reduce the
release of both TNF-a and IL-6 in a concentration-dependent
way. This effect lasted for at least 24 h. Neither clenbuterol
itself nor saline were found to have any effects on cytokine
release.

Cytotoxicity studies

In order to exclude possible non-specific cytotoxic effects
as explanation for the effect of clenbuterol on the LPS
stimulated cytokine release, cell viability was tested at 3, 6,
and 24 h. Clenbuterol (1 and 10 pM) and a combination of
clenbuterol and LPS were incubated with differentiated
U-937 cells. Using the MTT cytotoxicity assay, it was found
that none of the concentrations tested was significantly cyto-
toxic (Fig. 4).
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Fig. 2. Time-course of LPS-induced TNF-a release by differentiated
U-937 cells. Effect of simultaneous incubation with different concentra-
tions of clenbuterol. U-937 cells were incubated with only LPS (1
pg/ml @), or LPS together with clenbuterol (1 pM O; 10 nM l; 0.1 nM
). Data are means + SEM for triplicate determinations from the third
of a series of three experiments.
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Fig. 3. Time-course of LPS-induced IL-6 release by differentiated U-
937 cells. Effect of simultaneous incubation with different concentra-
tions of clenbuterol. U-937 cells were incubated with only LPS (1
pg/ml @), or LPS together with clenbuterol (1 pM O; 10 nM l; 0.1 nM
). Data are means + SEM for triplicate determinations from the third
of a series of three experiments.

In vivo effects of clenbuterol on LPS-induced cytokine
release

Following LPS (2 mg/kg i.p.) administration to rats, high
plasma levels of TNF-a and IL-6 were detected. Plasma pro-
files of both cytokines were slightly different. For TNF-a,
peak plasma concentrations were found between 1 and 2 h
after LPS injection (Fig. 5). TNF-a had been cleared from
plasma at 3 h after LPS administration. Compared to TNF-a,
IL-6 concentration in plasma reached its peak somewhat later
(between 2 and 3 h). IL-6 levels were back to control values
at 4 h after LPS injection (Fig. 6).

The administration of clenbuterol 1 h before injecting LPS
resulted in an almost complete block of the LPS-induced relea-
se of TNF-a, IL-6. Neither saline nor clenbuterol itself were
found to have any effect on cytokine release in vivo.

Discussion

The results of the present study demonstrate that clenbuterol
is a very potent inhibitor of LPS-induced release of TNF-a
and IL-6 both in vivo (rats) and in vitro (U-937 cells). When
the suppressive effect of some eminent cAMP-elevating
agents on the LPS-induced pro-inflammatory cytokine re-
lease was compared, it was found that the B-adrenoceptor
agonists were more potent than adenosine, and phosphodi-
esterase- inhibitors (pentoxifylline, rolipram). The concen-
tration of clenbuterol, necessary to cause this effect, was
remarkably low compared to other S-agonists and other com-
pounds of the classes tested.
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Fig. 4. Effect of different concentrations of clenbuterol and LPS on the
viability of differentiated U937-cells in time. U937-cells were incubat-
ed with different concentrations of clenbuterol (10, and 1 pM, and *
1 pM + 1 pg/ml LPS). At 3, 6 and 24 h after start of the incubations the
cell viability was determined using the MTT-assay. Viability was
expressed as percentage of control. Data are means + SD for triplicate
determinations from a representative experiment.

Our in vivo results show that clenbuterol, given 1 h before
LPS, is able to block the release of the pro-inflammatory
cytokines TNF-a and IL-6 almost completely. The clenbute-
rol dose needed to produce such an effect (1 pg/kg) is in the
same order of magnitude as that has been used previously in
human therapeutics (asthma), this even without taken into
account a correction for species-extrapolation from man to
rat.

Clenbuterol is a B-adrenoceptor agonist with relatively
high affinity for p2-adrenoceptors, developed as a long
acting, orally active compound. Like most other f2-agonists
the main indication for use is in asthma therapy where the
compound produces relaxation of bronchial smooth muscle.
In addition, it has been shown that some 2-agonists possess
anti-inflammatory properties [6, 8, 27]

There have been some other studies suggesting an effect
of B-adrenoceptor agonists on the release of cytokines. Most
papers describe in vitro effects using different cell types such
as RAW 264.7 (murine macrophage cell line) [17], HL-60
(human leukemic cell line) [16], or PBMCs (freshly isolated
human monocytes) [8]. In these studies, S-agonists such as
isoproterenol and salbutamol were found to inhibit the re-
lease of TNF-a. In addition, the stimulation of IL-10 and
inhibition of IL-18 by B-agonists were reported by Hasko et
al. [17], and Yoshimura et al. [8], respectively. However, in
contrast to our study most authors use a much higher S-ago-
nist concentration.

As far as we know there are only two papers describing an
effect of B-agonists on LPS-induced IL-6 release [13, 20].
Remarkably, von Patay et al. [20] report a synergistic effect
of isoproterenol on the LPS induced IL-6 release by rat
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Fig. 5. Effect of clenbuterol on the LPS induced plasma levels of TNF-
a. Rats were administered orally either saline or clenbuterol 1 h before
intra-peritoneal injection of LPS or saline. Control (saline orally and
intraperitoneally; O), LPS (saline orally and LPS intraperitoneally; @),
LPS and clenbuterol (clenbuterol orally 1 pg/kg [, or 10 pg/kg M, and
LPS intraperitoneally), clenbuterol (orally 10 pg/kg , saline intraperi-
toneally; A). Data are means of 4 animals + SEM.

thymic epithelial cells in vitro. Yoshimura et al. [8] studied
the effect of four different -agonists, including clenbuterol,
on LPS stimulated human peripheral blood mononuclear
cells (PBMCs). They also found an inhibition of the release
of TNF-a by LPS treated PBMCs, at concentrations compar-
able to these used in the present study. As far as we know
there are no such data in this respect on the human U-937 cell
line.

In contrast, in vivo data seem to be very rare in the litera-
ture and apparently only studies in mice are described. Szabd
et al. [13] studied the effect of isoproterenol on inflammatory
mediator production after LPS stimulation. Using this S-ago-
nist, at a 1000-fold higher dose (10 mg/kg) compared to our
study, they found that LPS induced TNF-a release was in-
hibited. However, in contrast to our findings, the authors
describe an increase in LPS induced IL-6 production after
isoproterenol pretreatment. Sekut et al. [21] also used mice,
and studied the effect of orally administered salmeterol (S-
agonist) on TNF-a release (not IL-6) after intraperitoneal
injection of LPS. They also showed an inhibitory effect of
this B-agonist on TNF-a-release, but a 100-fold higher dose
of salmeterol (0.1 mg/kg) was used to achieve this effect.
They determined that the best effect (highest inhibition of
TNF-a-release) was reached when salmeterol was given at
1 h before LPS injection.

A possible explanation for the difference in magnitude of
effect of different B-agonists on cytokine release and a differ-
ent effect on separate cytokines was already suggested by
Sekut et al. [21], who argued that more specific f2-adreno-
ceptor agonists had different effects on cytokine release than
non-selective f-agonists. Furthermore, the difference in re-
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Fig. 6. Effect of clenbuterol on the LPS induced plasma levels of IL-6.
Rats were administered orally either saline or clenbuterol 1h before
intra-peritoneal injection of LPS or saline. Control (saline orally and
intraperitoneally; O), LPS (saline orally and LPS intraperioneally; @),
LPS and clenbuterol (clenbuterol orally 1 pg/kg O, or 10 pg/kg M, and
LPS intraperitoneally), clenbuterol (oral 10 pg/kg, saline intraperi-
toneally; A). Data are means of 4 animals + SEM.

sponse of different cell types on B-agonist stimulation might
also be explained by the varying B-adrenoceptor distribution
on different cells of the immune system [28, 29].

Additionally, it is likely that pharmacokinetic properties
of the compounds tested in vivo are of importance. Al-
together this may explain why clenbuterol (high affinity, and
more specific for the B2-adrenoceptor) is having such a
potent in vivo inhibitory effect on cytokine release.

Our in vitro data are well in accordance with the in vivo
findings, although the kinetics of cytokine release appeared
to be slower in vitro than in vivo. Macrophage cells are a
major source of LPS-induced TNF-a and IL-6 release. Stu-
dies that inactivated macrophages in vivo [19, 22] observed a
dramatic decrease in plasma levels of LPS induced cytokine
release, compared to animals with active macrophages.The
results of these studies and the present study suggest that the
potent systemic effects of clenbuterol are for a large part
achieved by action on macrophages.

In conclusion, we demonstrate that the S-agonist clenbu-
terol is a very potent inhibitor in vitro and in vivo of the LPS-
induced release of the pro-inflammatory cytokines TNF-«
and IL-6. Although it seems logical to conclude that the com-
pound exerts its effect via cAMP, additional mechanisms
may also play a role. In the present study clenbuterol was
given 1 h before LPS challenge. Whether our findings may
be of therapeutic value needs to be further investigated. A
negative aspect might be that low doses of S-agonists could
suppress systemic immune reactions (possibly even when
administered locally). This could result in a higher susceptib-
ility of patients for infections.
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