
cells

Article

The Effect of the Clenbuterol—β2-Adrenergic Receptor Agonist
on the Peripheral Blood Mononuclear Cells Proliferation,
Phenotype, Functions, and Reactive Oxygen Species Production
in Race Horses In Vitro

Olga Witkowska-Piłaszewicz 1,*,† , Rafał Pingwara 2 , Jarosław Szczepaniak 3 and Anna Winnicka 1

����������
�������

Citation: Witkowska-Piłaszewicz, O.;

Pingwara, R.; Szczepaniak, J.;

Winnicka, A. The Effect of the

Clenbuterol—β2-Adrenergic

Receptor Agonist on the Peripheral

Blood Mononuclear Cells

Proliferation, Phenotype, Functions,

and Reactive Oxygen Species

Production in Race Horses In Vitro.

Cells 2021, 10, 936. https://doi.org/

10.3390/cells10040936

Academic Editor: Domenico Tricarico

Received: 5 March 2021

Accepted: 15 April 2021

Published: 17 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pathology and Veterinary Diagnostics, Institute of Veterinary Medicine, Warsaw University of
Life Science—SGGW, 02-787 Warsaw, Poland; anna_winnicka@sggw.edu.pl

2 Department of Physiological Sciences, Institute of Veterinary Medicine, Warsaw University of Life
Sciences—SGGW, 02-787 Warsaw, Poland; rafal_pingwara@sggw.edu.pl

3 Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences—SGGW,
02-787 Warsaw, Poland; jaroslaw_szczepaniak@sggw.edu.pl

* Correspondence: olga_witkowska_pilaszewicz@sggw.edu.pl
† Should be considered joint senior author.

Abstract: Clenbuterol, the β2-adrenoceptor agonist, is gaining growing popularity because of its
effects on weight loss (i.e., chemical liposuction). It is also popular in bodybuilding and professional
sports, due to its effects that are similar to anabolic steroids. However, it is prohibited by anti-doping
control. On the other hand, it is suggested that clenbuterol can inhibit the inflammatory process.
The cells from 14 untrained and 14 well-trained race horses were collected after acute exercise
and cultured with clenbuterol. The expressions of CD4, CD8, FoxP3, CD14, MHCII, and CD5 in
PBMC, and reactive oxygen species (ROS) production, as well as cell proliferation, were evaluated by
flow cytometry. In addition, IL-1β, IL-4, IL-6, IL-10, IL-17, INF-γ and TNF-α concentrations were
evaluated by ELISA. β2-adrenoceptor stimulation leads to enhanced anti-inflammatory properties
in well-trained horses, as do low doses in untrained animals. In contrast, higher clenbuterol doses
create a pro-inflammatory environment in inexperienced horses. In conclusion, β2-adrenoceptor
stimulation leads to a biphasic response. In addition, the immune cells are more sensitive to drug
abuse in inexperienced individuals under physical training.

Keywords: exercise; thoroughbred; interleukin; proliferation; lymphocyte; monocyte; ROS; dop-
ing; cytokine

1. Introduction

Clenbuterol (CLEN) is a selective β2-adrenergic agonist (β2/β1 ratio = 4.0) [1]. In
addition, it is lipid-soluble, and thus it crosses the blood–brain barrier [1,2]. The action of
CLEN is caused by binding to β2-adrenoceptors (β2-ARs) and activating adenylyl cyclase.
The activation of adenylyl cyclase leads to an increase in intracellular concentrations of
cyclic adenosine monophosphate (cAMP) and ultimately the activation of protein kinase
A (PKA). Compared with other β2-ARs agonists, CLEN has greater potency, an extended
half-life (25–40 h), and is more readily absorbed (70–80%) from the gastrointestinal tract [2].
β2-ARs are located throughout the body, including in the heart, gastrointestinal tract, liver,
uterus, blood vessels, sweat glands (in horses), fat, and skeletal muscles [3–5]. In addition,
β2-ARs are localized also at bronchial level, and therefore one of the indications of CLEN
is as a bronchodilator [3].

Furthermore, β2-ARs are expressed on immune cells such as B and T lymphocytes,
neutrophils, mast cells, monocytes, and eosinophils, and as a consequence, they are re-
garded as the main mediators of the immune effects of adrenoreceptors agonists [6]. In
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addition, β2-ARs play a key role in the process of immunological imbalance [7]. Some
studies suggest that β2-ARs agonists play an anti-inflammatory role by decreasing the
proinflammatory cytokines (TNF-α and IL-6) levels after lipopolysaccharide (LPS) chal-
lenge in humans, as well as in horses [8,9]. Additionally, they may reduce oxidative stress
by decreasing reactive oxygen species production (ROS).

CLEN is one of the most popular abused drugs for weight loss in amateur sports-
men [10]. It has hypertrophic, lipolytic, and dose-dependent anabolic effects [11]. Author-
ities in several countries have prohibited the use of CLEN due to its numerous adverse
effects in humans, such as cardiomyopathy and acute hepatic injury [12,13]. Unfortunately,
it is readily available through internet commerce, and has proliferated the trend of abuse
among bodybuilders and people who want to slim down quickly. In horses, CLEN is
already used in the treatment of respiratory disorders, including asthma [14,15]. However,
it is also used due to its connection with performance enhancement and its high availability
in equine sports. In addition, CLEN treatment reduces bone mineral density (BMD) and
mechanical resistance [16]. While there are no reported data for horses regarding the
effect of this drug on bone metabolism, the implications are that it may potentially lead to
orthopedic problems, especially in young, growing horses. Thus, special attention to this
animal’s welfare should be paid.

Obtaining the best sporting results is an issue of major importance in both human
and animal athletes. Unfortunately, sometimes it is also connected with performance
enhancement. In human athletes, the use of doping ranges from 5 to 31% [17]. In recent
years, there has been a huge scandal connected with abused drugs in horses that won
millions of dollars around the world, according to a New York Times publication [18].
Horse racing is a multi-million dollar industry, and according to The American Horse
Council Foundation, more than 1.2 million horses are used for racing [19]. As such, it is
no surprise that drugs would be used illegally to increase the chances of a horse winning.
Drug testing in equine sports poses different challenges compared to that in humans [20].
The prohibition of certain drugs is mostly done to ensure the welfare of horses and riders,
and then to protect the fair play rules and the integrity of the breeding industry.

Exhaustive and prolonged exercise may have an immunosuppressor effect during
the recovery period. The suppression of immunity is referred to as the “Open Window
Period”, which continues, depending on the protocols, from 3 to 17 h after physical activity
in humans [21] and horses [22]. It is particularly important in race horses because they start
intensive training at a very young age (2 years), making them prone to overtraining, which
may reduce the immune system’s functionality. It was documented that with training
development, the immune system of the equine athlete adapts [23,24]. In highly trained
horses, an anti-inflammatory status develops, whereas in young horses, pro-inflammatory
reactions occur, which has been confirmed in race and endurance horses [23–25]. Currently,
the available data reporting the impact of CLEN on immunity are still ambiguous. Ad-
ditionally, there are no published data on the influence of CLEN on the equine immune
system, especially when racehorses are using the highest possible dosages of this drug.
Besides this, horse athletes provide an excellent parallel for exercise-based studies of hu-
mans [23,24]. Thus, the aim of the study was to determine the effect of CLEN in various
concentrations on the peripheral blood mononuclear cells (PBMCs) isolated from healthy
racehorses after strenuous exercise.

2. Materials and Methods
2.1. Animals and Blood Sampling

To analyze the influence of clenbuterol at different doses on immune cells in racehorses
at various fitness levels, healthy 2–4-year-old racehorses of both genders (50% male, 50%
female; total n = 28) were enrolled in the study. The first group consisted of well-trained
(WT) thoroughbreds (n = 14, 3–4 years old, average: 3.14 ± 0.36) with a history of good
performance during the previous training season. In the second group were untrained
(UT) thoroughbreds (n = 14, 2–3 years old, average: 2.29 ± 0.47) at the beginning of their
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race training. The environmental conditions and training regimen were the same for both
groups relative to training level. The animals were stabled and trained by one trainer.
Clinical examinations (the heart rate, mucous membranes (color and moisture), capillary
refill time, and dehydration (measured as the time it takes for a pinched skin fold over
the point of the shoulder to flatten)) and basic blood hematological and biochemical tests
were performed before and after training by a veterinary practitioner, and these revealed
no clinical symptoms of diseases. The training session was performed on an 800 m sand
track at the speed ≈ 800 m/min on the same day to avoid weather influence. For UT, it
was the first training session with a gallop, and for WT horses it was the beginning of
another training season. Blood samples were collected by a jugular venipuncture 30 min
after the training session using a BD Vaccutainer system with heparin tubes for PBMCs
isolation. All samplings were a part of standard veterinary diagnostic procedure, and
were performed according to the Polish legal regulations [26] and the European directive
EU/2010/63. Approval of the Local Commission for Ethics in Animal Experiments was
not required.

2.2. Clenbuterol

Clenbuterol hydrochloride (CLEN) (Sigma-Aldrich, Saint Louis, MO, USA) was dis-
solved in phosphate-buffered saline (Life Technologies, Bleiswijk, Netherlands) and then
diluted in RPMI 1640 Medium with GlutaMAX™ (Gibco, Life Technologies, Bleiswijk, The
Netherlands). Cells were cultured in three different concentrations (0.6, 1.0 and 1.6 ng/mL)
because CLEN reaches a concentration of 0.6–1.6 ng/mL in the plasma of horses [1,27,28].
The control samples were derived from the same horses that were cultured without CLEN.

2.3. Cell isolation and Culture

PBMCs were isolated from the heparinized blood of all horses by density gradient
centrifugation (SepMate™-Lymphoprep™ System, Cologne, Germany). According to
manufacturer instruction the cells were centrifugated for 1200× g for 10 min. Then, cell
cultures were performed in RPMI 1640 Medium with GlutaMAX™ (Gibco, Life Tech-
nologies, Bleiswijk, Netherlands) containing 10% heat-inactivated horse serum, penicillin
(100 IU/mL), streptomycin (100 µg/mL), nonessential amino acids (1%), MEM vitamins
(100 µM), sodium pyruvate (1 mM) and amphotericin B (1 µg/mL) (Gibco™, Life Tech-
nologies, Bleiswijk, The Netherlands), after twice washing in 2% BSA. A total of 4 × 106

freshly isolated PBMC was cultured in the absence or presence of phytohemagglutinin
(PHA) (Sigma-Aldrich, St. Louis, MO, USA; 5 µg/mL). After 24 h the cells were washed
and recombinant equine IL-2 (R and D Systems, Abingdon, UK; 100 U/mL) was added,
and then the cells were incubated for another 3 days. All cells were incubated at 37 ◦C with
5% CO2.

2.4. Cell Staining

Samples designated for the determination of the cell proliferation were supravi-
tally stained with CellTrace™ Violet Cell Proliferation Kit (Life Technologies, Bleiswijk,
The Netherlands) before culturing according to the manufacturer’s instructions.

After 4 days the production of reactive oxygen species by isolated PBMCs was mea-
sured using the CellRox (CR) Deep Red Assay Kit (Life Technologies, Paisley, Scotland)
according to the manufacturer’s protocol. Tert-butyl hydroperoxide solution (TBHP) was
used as an inducer of reactive oxygen species (ROS) production. To minimalize the risk
of cell damage and to obtain adhesive cells, Corning® Cellstripper® Solution (Mediatech,
Inc., Manassas, VA, USA) was used according to the manufacturer’s instructions. For the
analysis of lymphocytes, only non-adherent cells were collected, and these were also used
for the determination of the cell proliferation. PBMCs were characterized by checking the
expression of the surface markers using equine-specific antibodies or with documented
cross-reactivity (included in Table 1). The appropriate amount and concentration of each
antibody was determined empirically to obtain optimal labeling results. The controls
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included unlabeled cells, and when necessary, the FMO (fluorescence minus one) and
“switch-off” approach (SWOFF) controls were used. As serum is effective in blocking
nonspecific mAb binding, the 10% BSA (15 min at 4 ◦C) before staining with antibodies
was used. The cells were incubated with antibodies for 20 min at 4 ◦C in eBioscience™
Flow Cytometry Staining Buffer (Life Technologies, Bleiswijk, The Netherlands) in the dark.
The cells were then washed twice with 2% BSA and resuspended in 200 µL flow cytometry
staining buffer, and immediately introduced into the cytometer. For FoxP3 staining the
eBioscience™ FoxP3/Transcription Factor Staining Buffer Set (Life Technologies, Bleiswijk,
The Netherlands) was used according to the manufacturer’s protocol.

Table 1. List of monoclonal antibodies used for labeling peripheral blood mononuclear cells (PBMCs)
for flow cytometry.

Antibody Clone; Dilution Source Target Cell

CD4:PE CVS4; 1:10 BioRad, California, USA Lymphocytes
CD8:FITC CVS21; 1:10 BioRad, California, USA Lymphocytes

CD5:PE CVS5; 1:10 BioRad, California, USA Lymphocytes
CD14:AF405 433423; 1:10 R&D Systems, Minnesota, USA Monocytes
MHCII:FITC CVS20; 1:20 BioRad, California, USA Monocytes

FoxP3:APC FJK-16s; 1:10 Life Technologies, Bleiswijk,
Netherland; Lymphocytes

2.5. Flow Cytometry Analysis

The gating strategy was shown in the previous study [23]. Doublets were removed
from the analysis by setting the gate on single cells on the FSC-area (FSC-A) vs. FSC-high
(FSC-H) dot plot. Cell proliferation was calculated from singlets. Next, the lymphocytes
or monocytes were gated based on FSC and SSC dot plots. Then, the gate included
lymphocytes, and analyses of CD4+, CD8+, and FoxP3+ cells were performed. The second
sample included CD5+, CD14+, MHCII+ cells, and the median fluorescence intensity (MFI)
of ROS was calculated on that cell population.

Flow cytometric analysis was performed using a FACSCanto II flow cytometer and
Kaluza 1.5 software (Beckman Coulter, Brea, CA, USA); 10,000 cells of each sample were
acquired. Prior to multicolor staining, the compensation was set using single-positive cells
for each color.

2.6. ELISA

The concentrations of cytokines (IL-1β, IL-4, IL-6, IL-10, IL-17, INF-γ, TNF-α,) were
determined by commercially available immunoenzymatic commercial assays dedicated to
equine species (Cloud-Clone Corp., Katy, TX, USA). The absorbance was measured via a
Multiscan Reader (Labsystem, Helsinki, Finland) using a Genesis V 3.00 software program.

2.7. Statistical Analysis

The statistical analysis was performed in Prism software, version 5.0 (GraphPad
Software, San Diego, CA, USA). The UT and WT horses were analyzed independently.
One-way ANOVA and Tukey’s HSD post hoc test were applied to determine the statistical
significance of control cells (not CLEN-treated) and CLEN-treated cells between different
concentrations of the drug. A p-value < 0.05 was regarded as significant, whereas a
p-value < 0.01 and p-value < 0.001 were highly significant.

3. Results
3.1. Clenbuterol Enhances Lymphocyte Proliferation

For the assessment of the effect of CLEN on lymphocyte proliferation, Cell Trace Violet
staining was used. The data obtained are inversely proportional to the proliferative activity
because with each cell division, the fluorescence intensity of the dye becomes lower. The
data are shown as the reciprocal of the MFI value (1/MFI).
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The study showed that CLEN enhances the proliferation of lymphocytes. A statisti-
cally significant increase in proliferation of lymphocytes obtained from untrained horses
was observed under CLEN treatment at the lowest examined concentration (0.6 ng/mL) in
comparison to non-treated cells. The changes in proliferation were observed in total lympho-
cytes, and both CD4+ and CD8+ cells. However, we did not observe an effect of CLEN at
concentrations 1.0 and 1.6 ng/mL. Interestingly, we detected a statistical difference in T cell
proliferation between cells treated with CLEN at 0.6, 1.0, and 1.6 ng/mL (Figure 1A–D). A
significant difference between different CLEN concentrations also arose for CD4+ and CD8+.
In the case of WT horses, a different trend in CLEN activity was observed. The increase in total
lymphocyte proliferation was observed under CLEN treatment at the highest (1.6 ng/mL)
concentration. We did not detect the influence of CLEN on lymphocyte proliferation in other
examined concentrations. Furthermore, CLEN did not affect the CD4+ and CD8+ cells’ ability
to proliferate (Figure 1E–H).
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Figure 1. The graph shows total (A,E), CD4+ (B,F), and CD8+ (C,G) lymphocyte proliferation. Representative histogram
showing proliferation of control and clenbuterol-treated lymphocytes harvested from untrained and well-trained horses.
(D,H) Each dot represents one individual horse (n = 28) and means ± SEM (standard error of the mean) are presented.
Significance levels are: * p < 0.05.

3.2. Clenbuterol Influences on T Cell Phenotype

As was documented in a previous study, in horses, due to the lack of the equine-specific
CD25 antibodies and the relatively low homology of the equine CD25 gene, CD4+FoxP3+
cells are also considered as Tregs and CD8+FoxP3+ cells as cytotoxic regulatory cells [23].

The research demonstrated that CLEN supplementation (0.6 ng/mL) increased and
decreased CD4+ and CD8+ cell percentage, respectively, in the culture of cells obtained
from untrained horses. In the culture with CLEN at 1.0 and 1.6 ng/mL concentrations, this
effect was not observed, and the cell percentage under these stimulations was at a similar
level to that in the untreated group (Figure 2A,B). Moreover, a statistical difference in CD4+
and CD8+ was observed between cells treated with CLEN at 0.6 ng/mL and cells treated
with CLEN at 1.0 and 1.6 ng/mL. Furthermore, we observed an increase in CD4+ FoxP3+
T regulatory cell number under CLEN treatment (0.6 ng/mL) in comparison to control
cells and cells treated with 1.6ng/mL CLEN. The CD8+ FoxP3+ T regulatory cell number
remained at the non-treated culture level (Figure 2C,D).
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In the culture of cells harvested from WT horses, a higher percentage of CD4+ T cells
in the group treated with CLEN (all examined concentrations) in comparison to non-treated
cells (Figure 2A) was observed. In particular, an increase in CD4+ FoxP3+ T regulatory
cells was observed in cultures treated with CLEN at a concentration of only 1.6 ng/mL
(Figure 2C), whereas cell treatment with CLEN at all concentrations did not affect the CD8+
and CD8+FoxP3+ cell numbers (Figure 2B,D).

3.3. Clenbuterol Influences on Monocyte Phenotype

In cell cultures obtained from untrained horses, CLEN treatment at a concentration of
0.6 ng/mL decreased the CD14+MHCII- and increased the CD14-MHCII+ cell percentages
(Figure 3A,B). Moreover, the number of CD14-MHCII+ cells was increased in the group treated
with 0.6 ng/mL CLEN in comparison to the group treated with CLEN at higher concentrations
(Figure 3B). An effect of CLEN on the CD14+MHCII+ cell number was not observed; however,
the percentage of these cells was higher in culture with CLEN at 0.6 ng/mL in comparison to
cultures with CLEN at 1.0 and 1.6 ng/mL concentrations (Figure 3D).

In well-trained horses, no effect of CLEN on the percentage of the subpopulation of
monocytes was observed (Figure 3D–F).
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3.4. Clenbuterol Decreased ROS Synthesis in Monocytes

The examination of ROS production in monocytes showed that CLEN reduced this
process. While a change in the percentage of cells that produced ROS under CLEN was
not observed, the declined intensity of the ROS production, both in untrained (CLEN
0.6 ng/mL) and well-trained horses (CLEN 1.6 ng/mL) was confirmed (Figure 4A,C,E,G.)
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In the case of lymphocytes, an influence of CLEN on the percentage of cells that
produced ROS and on the intensity of this process was not demonstrated (Figure 4B,D,F,H.)

3.5. Clenbuterol Modulates Cytokine Production

In the PBMC of untrained horses treated with CLEN, higher secretions of IL-6
(0.6 ng/mL CLEN), IL-10 (0.6 ng/mL CLEN), and IFN-γ (1.6 ng/mL CLEN) in com-
parison to non-treated cells were observed (Figure 4C,D,F), while the secretion of IL-4 and
TNF-α was inhibited by CLEN at the 0.6 ng/mL concentration (Figure 4B,G). No effect
of CLEN was observed on the IL-1 and IL-17 production (Figure 4A,E). Additionally, a
difference in cytokine (not IL-1β and IL-17) production by cells treated with the lowest
(0.6 ng/mL) and cells treated with the highest (1.6 ng/mL) concentrations was observed.

In contrast to untrained horses, in well-trained horses, a significantly decreased
production of IL-1β under CLEN treatment at all concentration in comparison to non-
treated cells was demonstrated, whereas no significant differences were found between
treatments with different concentrations of CLEN (Figure 5H). The increased ability of
these cells to secrete IL-4 (1–1.6 ng/mL) and IL-17 (1.6 ng/mL) and their decreased TNF-α
production (1.6 ng/mL) were observed (Figure 5I,L,N). The influence of CLEN on IL-6,
IL-10, and IFN-γ production was not detected. However, changes between cells treated
with different drug concentrations were noticed only for IL-6 and IL-10 (and not for IFN-γ)
(Figure 5J,K,M). Additionally, we observed difference in IL-4 and IL-17 production in cells
treated with different CLEN concentrations (Figure 5I,L).
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4. Discussion

All findings suggest a potential health-threatening consequence of the illegal use of
clenbuterol as a doping drug [12,13]. In fact, the reduction in the dysfunction of immune
system cells caused by the prolonged consumption of CLEN may subvert immune surveil-
lance. In addition, usage in combination with β2-agonists and corticosteroids has additive,
synergistic, or opposite effects on inflammatory cells via modulation of the β2-AR gene’s
expression [29]. During exercise, there is an increase in cortisol concentration, which is a
beneficial response to physical activity because it plays an essential role in adaptation dur-
ing exercise [30]. However, β2-ARs activation may block the beneficial training-induced
enhancement of the cortisol response to acute exercise [27]. Thus, the study of β2-AR
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activation during physical activity is very important. To the authors’ best knowledge, this
is the first study that confirms the dose-dependent effect on lymphocytes’ and monocytes’
phenotypes, functions, and reactive oxygen species production.

4.1. Lymphocytes Phenotype and Proliferation

When comparing with other immune cell subtypes, β2-ARs expression is predominant
in T cells in humans [31]. The influence on lymphocyte function is mostly connected with
inhibited cytokine secretion and an altered cell-killing function [32]. Additionally, the
cytotoxicity of lymphocytes is reduced by β2-ARs activation [33]. However, several studies
have indicated that β-agonist therapy may actually worsen inflammation, for example, by
restricting the T cells in immune organs [34]. Thus, β2-ARs activation has bidirectional
effects on immune cells [35]. Additionally, physical activity alters the phenotype and reac-
tivity of lymphocytes, which is duration-, intensity- and fitness-dependent in humans [36].
In horses, lymphocytes polarize to an anti-inflammatory phenotype in well-trained in-
dividuals, whereas in young horses, more pro-inflammatory reactions occur after acute
short-duration exercise [23]. Thus, both exercise and β2-ARs activation influence immune
cell activity.

There has only been one study into the effect of chronic CLEN administration and
physical training on leukocyte numbers in racing horses [15]. However, in that study,
the post-exercise number of CD4+ lymphocytes was not significantly affected by CLEN
administration in UT horses. Firstly, it may be influenced by the differences in drug
concentration used, because the CLEN serum level was not measured in the previous study
(dose 2.4 µg/kg per os). Moreover, CLEN has a greater influence on untrained than on
previously trained animals [37], because the adrenergic responsiveness related to the β-ARs
density reduction occurs with aging [38]. The high sensitivity of β2-ARs in young animals
may lead to abolishing its effect by β1-AR activation, which enhances the pro-inflammatory
reactions [39]. CLEN is a moderately selective β2-ARs agonist, but at higher doses, all
classes of β-adrenoreceptors are activated [40]. Additionally, it was documented that the
long-acting β2-agonists response is altered in a concentration-dependent manner [41].

This study showed increased lymphocytes’ proliferation obtained from race horses
under CLEN treatment. However, there is a lack of data about the regulation of lymphocyte
proliferation and the mechanism of this process under CLEN stimulation. However, it has
been demonstrated that CLEN may enhance the proliferation of other various types of
cells; for example, skeletal muscle cells [42]. CLEN may activate many signaling pathways
such as Pi3K/Akt/mTOR, Erk, and Jak2/SOCS/STAT3 [43–47]. All these mechanisms
positively regulate cell divisions and the survival of lymphocytes [48–52]. Thus, the same
mechanisms are suspected to be involved in the regulation of lymphocyte proliferation
after CLEN treatment. However, further extended research is needed.

4.2. Monocytes and Reactive Oxygen Species Production

Phagocytes such as monocytes are a critical component of the innate immune system.
It is worth noting that these cells play an important role in the elimination of invading
microorganisms by phagocytosis and killing. In humans, there are three subsets of blood
monocytes: classical (CD14++CD16−) and intermediate cells (CD14+CD16+), both of
which have pro-inflammatory properties, and non-classical (CD14+CD16++), which have
anti-inflammatory activity [53]. In horses, because of the low availability of species-
specific monoclonal antibodies, it was documented that CD14−MHCII+ are equivalent
to human non-classical monocytes, while CD14+MHCII+ represent the intermediate and
CD14+MHCII− are the classical monocytes [23,54].

Monocytes express high numbers of membrane β2-AR [29]. In humans, it is doc-
umented that β2-AR activation can exert either a stimulatory or inhibitory effect in im-
mune cells [55]. Monocytes β2-AR stimulation favors an anti-inflammatory response in
humans [56]. The CLEN inhibition of monocyte differentiation to dendritic cells was
confirmed [57]. Furthermore, the elevation of intracellular cAMP stimulated by β2-AR
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activation inhibits cell adhesion and chemotaxis [58]. Additionally, in horses, CLEN
treatment directly influences the modulation of the early inflammatory response. β2-AR
activation results in a reduction in pro-inflammatory cytokine production in equine airway
macrophages, and a reduction in leukocyte influx in the bronchoalveolar space [59].

In the previous study, CLEN administration reduced the number of monocytes after
exercise in horses [15]. However, no monocyte phenotype and function was evaluated. In
the present study, there was no change in the post-exercise monocyte populations after
CLEN administration in WT horses. This may be connected with conditioning and receptor
desensitization, which was documented in human monocytes [60]. On the other hand,
CLEN’s influence was dose-depended in UT horses. The low dose of CLEN increased
MHCII+CD14−, while a decrease in MHCII−CD14+ monocytes was observed. Thus,
the higher doses failed to stimulate the monocyte polarization to the anti-inflammatory
phenotype in inexperienced horses. Thus, in UT horses, CLEN administration at high
doses may stimulate not only β2-ARs but also β1-AR. In humans, such activation leads to
pro-inflammatory reactions in monocytes [60].

The effect of the β2-ARs stimulation of PBMCs on reactive oxygen species (ROS)
production has not been determined yet. ROS production is one of the more prominent
monocyte functions associated with intracellular killing, and it allows them to modulate
the functions of other immune cells. In both groups, CLEN administration resulted in
the inhibition of post-exercise ROS production by CD14+ cells. This is in line with other
studies wherein the functional consequence of β-ARs activation was the inhibition of ROS
production by human monocytes [61,62].

In addition, it was documented that CLEN reduces oxidative stress in the whole
organism, but only superoxide dismutase (SOD) and malondialdehyde (MDA) serum
levels were measured [63].

4.3. Cytokines

β2-ARs activation may also affect immune function through the modulation of cy-
tokine production. In humans, there have been several reports of β2-agonist inhibition
of cytokine release, such as TNF-α [29]. In the present study, pro-inflammatory cytokine
(such as IL-1β and TNF-α) post-exercise production was inhibited by β2-ARs activation
in WT, whereas in UT horses no differences were found regarding IL-1β. This is in line
with humans studies, in which CLEN is a very potent inhibitor of the lipopolysaccharide
(LPS)-induced release of TNF-α and IL-1β [8,64]. In horses, the effects of this drug have
only been shown on clinical symptoms and leukocyte responses, which is mainly consis-
tent with the production of TNFα and IL-6 after LPS stimulation [9]. In another study,
CLEN at high concentrations (>313.6 ng/mL [10−6 M]) inhibited TNFα production in
response to peptidoglycans (PG) and lipoteichoic acid (LTA), which are released from both
Gram-positive and Gram-negative bacteria [14]. However, in the present study, high CLEN
doses resulted in the stimulation of INFγ synthesis in inexperienced horses, which may
be connected with β1-ARs activation, which stimulates the pro-inflammatory cytokine
production [39]. Interestingly, IL-17 production was stimulated by high doses of CLEN
in WT horses. However, this may be connected with increased Th17 cells, which are the
lineage of effector CD4+ T cells [65]. As mentioned earlier, the percentage of CD4+ cells
was the most affected by the high dose of CLEN.

CLEN’s anti-inflammatory effect may also be achieved by the increased production of
IL-4, IL-6 and IL-10. IL-10’s main biological function seems to be to limit and terminate
the inflammatory responses, block pro-inflammatory cytokine secretion and regulate the
differentiation and proliferation of several immune cells, such as T cells, B cells, natural
killer cells (NK), antigen-presenting cells, mast cells, and granulocytes [66], whereas IL-4
and IL-6 may have both pro- and anti-inflammatory actions [66,67]. In the present study,
the post-exercise increased production of IL-6 and IL-10 cytokines was confirmed only in
UT horses after low CLEN dose stimulation. This is in line with another study, in which
the LPS-induced expression of IL-10 mRNA in the PBMCs from horses with airway disease
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was altered after CLEN administration [68]. In WT horses, IL-6 and IL10 levels were
dose-dependent. However, this did not influence the post-exercise level of those cytokines.
However, the IL-4 production was increased after high-dose CLEN administration in WT
horses, whereas in UT it was decreased after CLEN administration. Thus, the precise
function of β2-ARs in cytokine production is still open to debate.

4.4. Limitations

Based on good ethical practices in performing experiments in animal models, the
study was not performed in vivo, which is the main limitation of the study. In addition,
animal investigations are limited in race horses during training season because of doping
control. Thus, in vitro data are therefore essential in gaining basic information that can
be translated in vivo. In addition, actions had to be taken to obtain as accurate results as
possible during the experiment’s design.

5. Conclusions

The results of this study suggest that a dose-dependent anti-inflammatory reaction
occurred after CLEN-stimulation in exercised horses. However, in untrained animals,
higher doses resulted in pro-inflammatory cell activity. Thus, the immune system in
untrained horses in race training is more sensitive to drug abuse. The doping control
should always be rigorous to ensure the animals’ welfare. Besides this, reducing leukocyte
activation, pro-inflammatory cytokine production, and tissue damage by β2-ARs activation
may be a novel therapeutic target in equine species. The results of these studies are very
important for modern pharmacotherapy in human and veterinary medicine.
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25. Witkowska-Piłaszewicz, O.; Bąska, P.; Czopowicz, M.; Żmigrodzka, M.; Szczepaniak, J.; Szarska, E.; Winnicka, A.; Cywińska, A.
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