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A B S T R A C T

Inhaled terbutaline is commercially available β2-agonist which consists of equivalent amount of R- and S-en-
antiomer. In this study, we aimed to investigate the effects of single enantiomers of terbutaline and its racemate
in an ovalbumin (OVA)-induced mouse model of asthma via. seven days inhalation and the potential mechanisms
involved. In a standard experimental asthma model, BALB/c mice were sensitized and challenged with OVA. R-
terbutaline (R-ter), S-terbutaline (S-ter) or racemic terbutaline (rac-ter) was given via. nose-only inhalation for
one week. Airway responsiveness to methacholine was measured by the plethysmography in conscious mice.
Eosinophils counts in blood and bronchoalveolar (BAL) fluid were determined. The OVA-sIgE in plasma and
inflammatory cytokines and mediators in BAL fluid or lung tissue were analyzed by ELISA, qRT-PCR or western
blotting. Airway inflammation and remodeling were evaluated with hematoxylin and eosin (HE), periodic acid-
Schiff (PAS), and Masson staining. Drug distribution and deposition after inhalation were determined by LC-MS/
MS. Our data showed that R-ter efficiently ameliorated asthma responses, including airway hyperresponsiveness,
eosinophils influx and IL-5 in BALF, plasma OVA-sIgE and significantly reduced pulmonary inflammation,
peribronchial smooth muscle layer thickness, goblet cell hyperplasia, and deposition of collagen fibers, as well as
downregulation of p38 MAPK phosphorylation and NF-κB expression. Racemic mixture exhibited diminished
effects while S-ter enhanced airway responsiveness to methacholine and exerted pro-asthmatic effects.

1. Introduction

Asthma is one of the most common lung diseases that afflicts an
estimated 300 million people of all ages worldwide [1,2]. It is primarily
a chronic inflammation of the airways which is characterized by re-
versible airflow obstruction and intermittent attacks. The pathogenesis
of asthma is perplexing and still remains incompletely understood
[3,4]. Most frequently, it was recognized as type 2 inflammatory dis-
eases include activation of T helper 2 cells and release cytokines, such
as interleukin-4 (IL-4), IL-5 and IL-13; production of immunoglobulin E
(IgE) and the activation of multiple effector cells, resulting in epithelial
mucus hyperplasia, smooth muscle hypertrophy, enhanced deposition
of subepithelial matrix glycoproteins which collectively termed “airway
remodeling” [5,6]. In many cases, Eosinophilic inflammation was

thought to be a hallmark of asthma and correlated to airway hyperre-
sponsiveness (AHR) and disease severity [7]. Current therapies for the
treatment of asthma are still mainly in controlling symptoms, including
bronchodilators and inhaled corticosteroids. Short-acting β2-agonists
(SABAs) remain the most effective bronchodilators available for quick
relief of asthma symptoms [8]. Despite clear therapeutic benefit, reg-
ular β2-agonists use has several adverse events including decreased
efficacy in bronchoprotection and deterioration of asthma control [9].
Therefore, much more attempts are still needed to investigate the me-
chanisms of these adverse effects and to make an improvement of
current β2-agonists.

Terbutaline is widely used SABA in the clinic for the treatment of
asthma. As with most other β2-agonists, terbutaline has a single
asymmetric center and therefore exists a pair of enantiomers. As is
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known that two enantiomers of terbutaline are not identical in phar-
macological properties since 1972, the therapeutic effect resides mainly
in the R-enantiomer (eutomer) with little or virtually no adrenoceptor
affinity attributed to the S-enantiomer (distomer) [10]. However, today
practically all pharmaceuticals of terbutaline are used as racemate and
the differential effects of enantiopure isomers have been overlooked
[11]. More recent finding reported that S-terbutaline (S-ter) may be
involved in the activation of muscarinic receptor which could generate
AHR [12]. Nevertheless, Pharmacokinetic data showed that S-ter could
be eliminated more rapidly than R-terbutaline (R-ter), thus increased
the ratio of eutomer to distomer and thereby might obscure the adverse
effect of S-ter [13,14]. Accordingly, it is still disputed as to whether
racemic terbutaline (rac-ter) should be displaced by enantiopure “chiral
switch” product (R-ter) [15]. Thus, more detailed information should
be given to describe the authentic effects of single enantiomers of ter-
butaline.

We have recently synthesized R-ter with high optical purity and
chemical purity [16], and then conducted a study on the more accurate
effects of terbutaline enantiomers. Herein, in this study, R- and S-ter
with high enantiomeric excess (ee), along with double molar amount of
racemic mixture, were employed to be investigated the asthmatic pro-
tective effect on an allergic mouse model of asthma via. inhalation.
Then we evaluated their differential effects on airway inflammation and
remodeling and potential mechanisms involved in inflammatory re-
sponses have been explored.

2. Materials and methods

2.1. Animals

Male BALB/c mice (n=50, 6–8weeks of age), weighing 18–20 g,
were purchased from the Laboratory Animal Center of Southern
Medical University (Guangzhou, China) and housed in acrylic cages
with food and water ad libitum under an environmentally controlled
condition (room temperature: 25 ± 2 °C, humidity: 60 ± 5%, 12 h
dark–light cycle). All experimental procedures were approved by the
Animal Ethics Committee of South China University of Technology.

2.2. Mouse allergic asthma model induced by ovalbumin

Mice were sensitized and challenged with ovalbumin (OVA) or
normal saline as previously described [17]. Briefly, mice were sensi-
tized by intraperitoneal (i.p.) injection of 0.2mL of 2% aluminum hy-
droxide (ALUM) gel containing 10 μg of OVA (Grade V, Sigma-Aldrich)
antigen on days 0 and 14. On days 21, 22 and 23, the mice were
challenged with 1% OVA in saline (0.01 g/mL) for 20min via. a
nebulizer (PARI Turbo boy). On day 26, a 20min nebulized OVA
challenge with 5% OVA in saline (0.05 g/mL) was conducted (see
Fig. 1). The control group received 0.2 mL of saline with 2% ALUM
administered intraperitoneally on days 0 and 14 before receiving
20min nebulized normal saline without OVA on days 21, 22, 23 and 26.

2.3. Preparation of terbutaline enantiomers and drug dosing

2.3.1. Preparation of R- and S-terbutaline
R-terbutaline (99.9% ee, chemical purity: 99.7%) was obtained by

chiral resolution from rac-terbutaline (Kangbaotai Pharmaceutical Co.,
Ltd., Wuhan, China) according to the previously established process
[16]. S-terbutaline (99.8% ee, chemical purity: 99.6%) was also sepa-
rated from racemic mixture in a similar procedure as that of R-isomer.
However, (2R, 3R)-di-O-(p-toluoyl) tartaric acid (L-DTTA) was used as
chiral resolving agent instead of D-DTTA. The detail synthetic protocol
and spectroscopic data can be found in the Supplementary data
(Scheme S1, Figs. S1 and S2).

2.3.2. Mice nose-only inhalation drug dosing
In three separate experiments (R-ter/OVA group, S-ter/OVA group

and rac-ter/OVA group, n=10), 20 μL of 2mg/mL R-ter or S-ter, or
double molar amount of rac-ter (4.096mg/mL, all prepared with iso-
tonic saline freshly used) was nebulized by nose-only inhalation tower
(Buxco Electronics Inc.). Each 10 mice were then exposed to the cor-
responding drug aerosol for 5min on seven consecutive days (day
21–27) before OVA challenge. During exposure, the animals were re-
strained in the separated chamber and with spontaneous breath.
Likewise, for control group (n=10) and OVA group (n=10), mice
were received normal saline instead for 5min before challenge.

2.4. Measurement of airway responsiveness to Mch

In vivo airway responsiveness to methacholine (Mch, TCI
Development Co., Ltd.) was assessed on day 28 in conscious, freely
moving, spontaneously breathing mice by a whole-body plethysmo-
graphy (Buxco Electronics Inc.). Mice were challenged with aerosolized
saline or increasing concentrations of Mch (2, 10, 20 mg/mL) ad-
ministered by an ultrasonic nebulizer for 2min. Before Mch challenge, a
20 μL drug aerosol or saline was given to the mice because of the short-
acting bronchodilating effect of terbutaline. The degree of broncho-
constriction was expressed as enhanced pause (Penh), a calculated di-
mensionless value that correlates with the measurement of airway re-
sistance, impedance, and intrapleural pressure. Penh values were
recorded and averaged for 4min after each nebulization challenge.

2.5. Sample collection and whole blood analysis

After Mch responsiveness, mice were anesthetized with 75mg/kg
pentobarbital sodium intraperitoneally. Whole blood was collected for
hematology analysis, while part of the blood was then transferred to a
heparinized Eppendorf tube, gently mixed and centrifuged under
845×g at 4 °C for 10min to isolate plasma specimen for further ana-
lysis. Bronchoalveolar lavage (BAL) was performed on the right lung
using 0.3mL of phosphate buffered saline (PBS) for four times. The
saline was instilled into the lungs and allowed to equilibrate for at least
30 s before recovery, after centrifugation supernatants were stored at
−80 °C for further cytokines analysis while cell pellet was suspended in
0.5 mL PBS and the eosinophils counts were performed using Wright's
stain. Then all the organs (liver, right lung lobe, spleen, kidneys, heart,
brain) were excised surgically and washed totally with ice-cold PBS to
clear the blood and then blotted dry with filter paper. These tissue
specimens were then accurately weighted and stored at −80 °C for
detecting the drug distribution by LC-MS/MS.

White blood cell (WBC) counts and differential WBC counts were
analyzed using a ProCyte Dx Hematology Analyzer (IDEXX
Laboratories) in 4 h after blood collection.

2.6. Measurement of OVA-sIgE

OVA-sIgE in plasma was measured using an enzyme-linked im-
munosorbent assay (ELISA) kit (mlbio, Shanghai, China) following the

Fig. 1. Study protocol. i.p., Intraperitoneal; inhal., Inhaled; OVA, ovalbumin;
BAL, bronchoalveolar lavage.
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manufacturer's specification.

2.7. Analysis of cytokine levels in BAL fluid

BAL fluid samples were analyzed for the concentrations of mouse IL-
4 and IL-5 using commercial ELISA kits according to the manufacturer's
instructions (R&D Systems, Minneapolis, Minn). IL-13 was assayed in
BAL fluid with a mouse IL-13 immunoassay kit (Abcam, Cambridge,
UK) following the manufacturer's protocol.

2.8. Lung histopathology

Lung tissue from left lobe was obtained for histopathology and fixed
in 10% formalin for 24 h, followed by paraffin-embedded and then were
sectioned at 4 μm for routine staining with hematoxylin and eosin (H&
E, Solarbio, Beijing, China), or with periodic acid-Schiff (PAS, Solarbio,
Beijing, China), or submitted to Masson's trichrome staining (Baso,
Zhuhai, China). Images of the stained lung sections were obtained by an
Axisplus image-capturing system (Zeiss, Germany) and then a minimum
of 3 bronchi (luminal diameter, 150–500 μm) was analyzed permice for
various parameters using an image analyzing computer system (IPP) by
pathologists blinded to grouping. The histological score, airway smooth
muscle thickness, PAS score (goblet cells hyperplasia), and collagen
deposition were evaluated by a semi-quantitative scoring method, as
previously described [18–20]. Specific scoring criterions were detail-
edly described in the Supplementary data.

2.9. qRT-PCR

We analyzed the level of NF-κB mRNA in the lung by quantitative
real-time PCR analysis. The total RNA was extracted from lung tissue
using RNaEXTM Total RNA Isolation Kit (Generay Biotech, Shanghai,
China). The quality and quantity of RNA samples were assessed by
NanoDrop ND-2000c spectrophotometer (Thermo Fisher Scientific,
Inc., Wilmington, DE). Total RNA (1 μg) was reverse transcribed into
cDNA using cDNA Reverse Transcription Kit (Vazyme Biotech, Nanjing,
China) according to the manufacturer's instruction. Real-time PCR re-
actions were performed using the 7500 real-time-PCR system (Applied
Biosystems, Foster City, California, USA) with AceQ qPCR SYBR Green
Master Mix (Vazyme Biotech, Nanjing, China). The primers, set for
mouse, were synthesized by Sangon Biotech (Shanghai, China). The
sequences are as follows: NF-κB p65 Foward: ATGGCAGACGATGATC
CCTAC; Reverse: TGTTGACAGTGGTATTTCTGGTG, β-actin, Forward:
CGTTGACATCCGTAAAGACC; Reverse: AACAGTCCGCCTAGAAGCAC.
β-actin was used as an internal control to normalize the gene expres-
sion. The relative expression level was compared using the
2–ΔCt(ΔCtsample−ΔCtcontrol) method [21].

2.10. Western blot analysis

Total Protein from lung tissue was extracted according to the
guidelines of manufacturer (Beyotime, China) and the concentrations
were determined by BCA assay (Pierce). An equal amount of Protein
(30 μg) was separated by SDS-PAGE on a 12% acrylamide gel for
electrophoresis and transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore). Membranes were blocked in 5% milk in Tris-
buffered saline with 0.1% Tween-20 (TBST) at 4 °C for 1.5h. Primary
antibodies against p38 MAPK (CST#8690.T, 1:1000), p-p38 MAPK
(Thr180/Tyr182, CST#4511.T, 1:1000), NF-κB p65
(GeneTex#GTX102090, 1:1000), p-NF-κB p65 (S536, CST#3033.T,
1:1000) and GAPDH (Affinity#AF7021, 1:1000) were added to react
with the proteins on the membrane overnight at 4 °C. After the removal
of primary antibody, membranes were washed three times with TBST at
room temperature and the membrane was incubated with an HRP
conjugated goat-anti-rabbit secondary antibody (Thermo, 1:10000 di-
lution) for 1.5 h. Subsequently, the membrane was rewashed with TBST

buffer and bands were visualized using enhanced chemiluminescence
(ECL) reagent (Pierce) and analyzed by ImageLab software (Bio-Rad).
GAPDH has been used as a standard to ensure the equal amount of
protein present in sample among different lanes.

2.11. Tissue distribution of terbutaline after inhalation

An established UPLC-MS/MS method was used to detect the con-
centrations of terbutaline in plasma and tissues, as previously described
[22]. Briefly, one gram of thawed tissue was mixed with 2mL of normal
saline proportionally and homogenized with a tissue grinder (Scientz-
48, Ningbo, China). 50 μL of plasma or tissue homogenate was then
transferred into another vial and deproteinated with 150 μL mobile
phase B (acetonitrile/water= 95/5, v/v; 10mM ammonium acetate,
0.1% formic acid) with 1245.0 pg/mL salbutamol as internal standard
(IS). The sample was vortexed for 5min and the resulting mixture was
centrifuged at 18407×g for 10min at 4 °C, and a 2 μL aliquot of the
supernatant was injected into the UPLC–MS/MS for analysis. The
chromatographic separation was performed on an ACQUITY UPLC BEH
HILIC column (1.7 μm, 100mm×2.1mm i.d.) equipped with an AC-
QUITY UPLC in-line filter kit (0.2 μm), linked to a Waters Xevo-TQS
mass spectrometry using an ESI source. The calibration curve was
prepared at concentrations of 82.126, 164.253, 205.316, 410.633,
821.266, 1642.531, 2053.164, 4106.328 pg/mL for rac-terbutaline,
while quality control (QC) samples were prepared at the concentrations
of 98.552, 657.012, 2463.797 pg/mL for all the three analytes. The
calibration curve along with QC samples were injected and assayed in
each run of biosample analysis. The calibration curve was established
by plotting the peak area ratios of the analytes to IS (Y-axis) versus the
nominal concentrations of terbutaline (X-axis) using weighted least-
squares linear regression analysis. In plasma, the calibration curve was
Y=1.64e4*X-1.03e5 (weighting: 1/x2, R2= 0.9985). The UNIFI Sci-
entific Information System was employed for all the data acquisition
and calculation, supplied by Waters. Typical MRM chromatograms and
calibration curves in different tissues can be found in the Supplemen-
tary data (Fig. S3 and Table S1).

2.12. Data analysis and statistics

All data were presented as the means± SEM unless stated other-
wise. Statistical comparisons were made using one-way ANOVA with
post Bonferroni multiple comparison tests. p < 0.05 was considered as
significant. All statistical analyses were performed using Prism 6.0
GraphPad software (GraphPad, San Diego, CA, USA).

3. Results

3.1. Effects of R-, S- and rac-terbutaline on OVA-induced airway
hyperresponsiveness

In order to study the effects of single enantiomers of terbutaline and
racemic mixture on allergic asthma, OVA-induced mouse model was
established and airway reactivity was assessed in response to aero-
solized Mch by means of noninvasive in vivo plethysmography. As
shown in Fig. 2, compared with the control group, the baseline value in
OVA group was significantly augmented when exposure to blank saline
(0.80 ± 0.12 for OVA group vs 0.55 ± 0.08 for Control group), in-
dicating that this protocol could induce a mice model of allergic asthma
with airway hyperresponsiveness. R-ter and double molar amount of
rac-ter treatment could significantly reduce the baseline Penh values.
However, the baseline airway reactivity after S-ter treatment was sig-
nificantly increased (0.70 ± 0.13) compared with the control group.
The specific values of baseline airway reactivity were listed in Sup-
plementary data (Table S2). Moreover, S-ter treatment group showed
an overt exacerbation of airway hyperreactivity in response to the in-
creased doses of Mch. Whereas treatment of R-ter attenuated airway
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bronchoconstriction to Mch, suggesting an efficient asthmatic protec-
tive effect of R-ter. While double molar rac-ter administration exhibited
a diminished bronchoprotective effect against Mch compared with R-
ter/OVA group, possibly ascribed to the distomer (S-ter).

3.2. Whole blood analysis and eosinophils counts in BAL fluid

To investigate the effects of terbutaline enantiomers on the in-
filtration of inflammatory cells, Total WBCs and differential WBCs
(Neutrophilis, lymphocytes, monocytes, eosinophils and basophils) in
blood and eosinophils counts in BAL fluid were detected. As shown in
Fig. 3A, total WBCs in blood were similar without significant difference.
The percentage of differential WBCs in blood were found to be no
significant difference within all the groups besides the percentage of
eosinophils counts (Fig. 3B). The EO% in blood was significantly in-
creased in OVA group, S-ter treatment and rac-ter treatment group
when compared with the control group, which are consistent with the
results of eosinophils counts in BAL fluid (Fig. 3C). Treatment with R-
ter significantly inhibited the influx of eosinophils into BAL fluid
(Fig. 3C).

3.3. Histopathological evaluation of lung tissue

To further investigate the allergic inflammatory changes in the lung
of mice, H&E staining was then conducted. As shown in Fig. 4A, no
inflammation, mucosal edema and epithelial lesions were observed in
the control group, whereas OVA-induced asthma mice developed severe
inflammation, mucosal edema and epithelial lesions, which included
interstitial infiltrates and a large number of lymphocyte and eosinophil
infiltration. With R-ter and double molar rac-ter treatment, the degree
of inflammatory cell infiltration was ameliorated respectively, which
was confirmed by the histological score (Fig. 4B). Meanwhile, OVA-
treated mice exhibited an increased thickness of the peribronchial
smooth muscle layer, which could suppress by R-ter and slightly pro-
mote by S-ter (Fig. 4C). Similarly, PAS and Masson staining results
displayed that the hyperplasia of airway goblet cells (Fig. 4D) and
collagen deposition (Fig. 4E) were significantly increased in the OVA
group, which markedly reversed after R-ter treatment.

3.4. OVA-sIgE and Th2 cytokines measurements

Asthmatic inflammation is well known to be initiated by the se-
cretion of series of pro-inflammatory mediators. We assessed OVA-sIgE
in plasma and representative Th2 cytokines (IL-4, IL-5, IL-13) in BAL
fluid. Mice treated with OVA displayed a significant increase in OVA-

Fig. 2. The degree of bronchoconstriction to aerosolized methacholine (0, 2,
10, 20mg/mL) after seven days inhalation treatment with R-, S-, and rac-ter in
OVA-induced allergic mice. Data is shown as mean ± SEM, (n=8–10).
*p < 0.05, **p < 0.01, ***p < 0.001 vs control group. ##p < 0.01,
###p < 0.001 vs OVA group.

Fig. 3. Whole blood analysis using IDEXX Procyte Dx and eosinophils counts in
BALF using Wright's staining. (A) White blood cell (WBC) counts; (B)
Differential WBC counts; (C) Eosinophils counts in BALF. Data is shown as
mean ± SEM, (n= 8–10). *p < 0.05, ***p < 0.001 vs control group.
###p < 0.001 vs OVA group.
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sIgE level, while markedly inhibited by administration of R-ter
(Fig. 5A). Likewise, Th2 cytokines (IL-4, 5 and 13) were found to be
augmented in OVA-treated group, but without significant difference in
IL-4 and 13 expressions. Nonetheless, R-ter-treated mice showed a re-
duced release of IL-4 and IL-13, and significantly decreased the BAL
fluid level of IL-5 (Fig. 5B, C, D). Of note, S-ter could activate the ex-
pression of IL-4 and IL-13 (Fig. 5C, D).

3.5. Drug distribution in tissues after seven-days inhalation

Pulmonary delivery administration, which acts topically in the lung,
can offer a direct way to investigate the effect of a compound against
asthma. The therapeutic effect of aerosolized drugs is dependent upon
the dose deposited and its distribution within the lung. To verify the
distribution of terbutaline dosing by this route, the concentrations of
terbutaline in plasma and the main organs of mice were measured. With
regard to the different metabolism of terbutaline enantiomers, the
concentrations of terbutaline in tissues were calibrated by the corre-
sponding concentrations in plasma. As shown in Fig. 6, a much higher
concentration of terbutaline in the lung was observed in each group
after inhalation (relative concentration of plasma: S-ter, 10.79 ± 4.52;
rac-ter, 31.96 ± 6.52; R-ter, 22.39 ± 1.93). These results indicated
that after exposure to the drug aerosol, most of the active drug could
reach into the lung and generate the corresponding effect on the site of
action. R-, S- and double molar rac-ter were widely distributed in var-
ious organs after one-week inhalation, and the highest concentration in

each group was observed in the lung, followed by the kidney, spleen,
heart, brain and liver (Fig. 6), suggesting that it might be prone to
exposure to a high systemic concentration of drug with long-term use of
terbutaline and then giving rise to unwanted adverse effects. The dis-
tributions of terbutaline were found without significant difference be-
tween rac-ter and R-ter group except in liver, while the concentrations
of S-ter in tissues were significantly decreased besides in heart and liver
When compared with rac-ter group, indicating that S-ter had a greater
elimination behavior in vivo than its counterpart R-ter and R-ter gov-
erned the absorption and distribution properties of rac-ter.

3.6. R-terbutaline inhibited p38 MAPK phosphorylation and NF-κB
expression in lung tissue by OVA

With a higher concentration of active drug targeted in the lung, it
will help us to reveal the authentic effect of single enantiomer of ter-
butaline. We next investigated the underlying mechanisms of single
enantiomers involved in OVA-induced airway inflammation. Activation
of NF-κB signaling pathway in asthma induces airway inflammation and
AHR, which is an essential role in allergic diseases [23–25]. Upon in-
teraction with OVA, the expression of inflammatory NF-κB was in-
creased in mRNA transcript when compared with the control group
(Fig. 7B). As shown in the figure, R-ter treatment effectively depressed
the elevated NF-κB expression whereas a tendency toward enhanced
NF-κB mRNA transcript was observed in S-ter-treated group. Similar
results have been seen in the phosphorylation of p65 subunit of NF-κB

Fig. 4. Effects on lung histopathologic changes after seven days inhalation treatment with R-, S- and rac-ter in OVA-induced allergic mice. BALB/c mice were
sensitized and challenged with OVA as described in “Materials and methods”. Left lung tissues were obtained on day 28 and stained with hematoxylin and eosin (H&
E), periodic acid-Schiff (PAS) or Masson's stain (A) (magnification: ×400). (B) Lung histological score, Statistical data is shown as mean ± SEM, (n= 8–10); (C)
Airway smooth muscle thickness, (n=8–10); (D) PAS scores, (n=6); (E) Lung collagen fiber deposition, (n=6). Black Arrows indicate zooming site, red ar-
rowheads indicate eosinophils and other inflammatory cells. AW, Airway; BV, blood vessel. Bars= 50mm. *p < 0.05, ***p < 0.001 vs control group. #p < 0.05,
###p < 0.001 vs OVA group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 7D). MAPKs, especially p38 and ERK1/2, are involved in airway
inflammation and regulation of the inflammatory mediators, such as
the activation of NF-κB [26,27]. Therefore, we investigated whether the
inhibition of inflammatory response by R-ter was mediated through
MAPKs pathway in OVA-induced asthmatic mice. As shown in Fig. 7C,
OVA-treated mice showed markedly upregulated p38 MAPK phos-
phorylation and significantly suppressed by R-ter. Conversely, S-ter
exhibited an increased p38 MAPK activation as compared with OVA
group, albeit no statistically difference. However, the phosphorylation
of ERK1/2 was not altered both in OVA and terbutaline-treated group
(Data not shown). Collectively, these data revealed that R-ter exerted an

anti-inflammatory effect on OVA-induced asthmatic mice through in-
hibiting the activation of p38 MAPK phosphorylation and NF-κB ex-
pression. Racemate exerted diminished effects whereas S-ter showed a
tendency of enhancement of p38 MAPK phosphorylation and sig-
nificantly promoted the activation of NF-κB in this mouse asthma
model.

4. Discussion

Short-acting β2-agonists, including albuterol and terbutaline, re-
main the first-line medications in alleviating asthma symptoms due to
their ability to promote bronchodilation. However, regular β2-agonists
use has been shown to result in a waning of efficacy, such as decreased
bronchodilating effect, increased AHR and cardiac disorders after a
high systemic exposure [28–30]. Racemic β2-agonists, as an equal
mixture of R-enantiomer and S-enantiomer, have raised concerns as to
the aforementioned detrimental effects after long term use. R-en-
antiomer of albuterol was reported to exhibit a superiority over race-
mate based on animal models and some human studies [31–34]. In
contrast, S-albuterol exerted the opposite effects in comparison with its
R-enantiomer[35,36]. Terbutaline is an analog of albuterol, which has
been found that R-ter was 200 times more potent than S-ter for β2-
receptor binding [10,37]. However, so far, few researches about the
pharmacological effects of terbutaline enantiomers have been pub-
lished.

In the present study, we utilized a mouse model of allergic asthma
induced by OVA to study the differential effects of R- and S-ter, as well
as racemic mixture, via. intranasal inhalation for consecutive seven
days, and explored the functional mechanisms involved in in-
flammatory responses. β2-agonists administered by inhalation enables
delivery active drugs targeted to the lung and consequently produces
bronchodilating effect [38,39]. Our results showed a higher con-
centration of active drug deposited in the lung after inhalation (Fig. 6).
R-ter preferentially retained in the system and appeared to govern the
absorption and distribution of racemate. Whereas S-ter exhibited a
greater elimination behavior in vivo than its counterpart R-ter. These

Fig. 5. Effects on the increased levels of OVA-sIgE
and Th2 cytokines release after seven days inhalation
treatment with R-, S- and rac-ter in OVA-induced
allergic mice. (A) OVA-sIgE in plasma; (B)
Interleukin (IL)-4 in BALF; (C) IL-5 in BALF; (D) IL-
13 in BALF. Data is shown as mean ± SEM,
(n=8–10). *p < 0.05, **p < 0.01, ***p < 0.001
vs control group. #p < 0.05, ##p < 0.01 vs OVA
group.

Fig. 6. Terbutaline concentrations in tissues after seven days inhalation treat-
ment with R-, S-, and rac-ter in OVA-induced allergic mice on day 28. Tissues
were obtained and terbutaline concentrations were measured by Waters TQS
mass spectrometer with a validated method. The concentrations of terbutaline
in tissues were calibrated by the corresponding concentrations of terbutaline in
plasma. Data is shown as mean ± SEM (n=8–10). *p < 0.05 vs S-ter/OVA
group. #p < 0.05 vs rac-ter/OVA group.
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results were consistent with the previously published reports on human
by L. Borgström [13,14]. Additionally, it was found that the differential
metabolic properties of terbutaline enantiomers were interestingly op-
posite to that of albuterol reported in the early researches [40,41].
Evidence suggests that the majority of β2-agonists is eliminated via.
kidney in an unchanged form [11]. In our results, high concentrations
of terbutaline in the kidney were observed (Fig. 6). The concentration
of S-ter in heart was similar to both R-ter and racemate, indicating S-ter
might be prone to accumulate in heart which should be taken concerns
in its cardiac effects.

AHR is a key feature of allergic asthma. We found that daily treat-
ment with R-ter and racemate via. inhalation throughout the antigen
challenge phase significantly decreased the baseline airway reactivity
and attenuated airway hyperresponsiveness to the inhalation of Mch
aerosol. While S-ter showed an increased exacerbation of airway hy-
perresponsiveness at different doses of methacholine when compared
with OVA group (Fig. 2). Moreover, double molar rac-ter administra-
tion exhibited a diminished bronchoprotective effect against Mch
compared with R-ter/OVA group, possibly ascribed to the counteracting
effect of S-ter. Similar findings report that S-albuterol also shows ex-
aggerated bronchial hyperresponsiveness to stimulus (Mch, OVA and
histamine) in various experimental animal models [31]. Increases in
intracellular calcium ions might provide a mechanistic explanation for
the airway hypersensitization induced by S-isomer of β2-agonists
[35,36].

Eosinophilic inflammation is a hallmark of asthma and correlates to
AHR and disease severity. Under basal conditions, eosinophils pre-
dominantly reside in tissues and in the bone marrow. In response to
inflammatory stimuli, the equilibrium shifts, and increased numbers of
eosinophils are observed migrating in the blood to the site of infection
[42]. Studies have demonstrated blood eosinophil count can serve as a
predictive biomarker of asthma severity [43]. We found that in this
mouse asthma model, a significantly augment eosinophilia in blood was
observed in OVA-treated mice, S-ter displayed a tendency of increased
eosinophilia in blood (Fig. 3B). In consistant with Henderson's result,

only R-ter was found to significantly reduced eosinophils influx into
BAL fluid (Fig. 3C). Many findings suggest that the Th2 cytokine IL-5 is
a well-known cytokine and critical for the development, mobilization,
survival and degranulation of eosinophils [44,45]. IL-4 and IL-13 might
be also related with pulmonary eosinophilia through affecting the eo-
sinophil chemotaxis, like CCL11 [46]. As shown in Fig. 5, BAL fluid
level of IL-5 was significantly reduced by R-ter which correlated with
the decreased eosinophil influx into BAL fluid. Conversely, S-ter showed
increased levels of IL-4 and IL-13 in BAL fluid. In this regard, Henderson
et al., found that R-albuterol significantly reduced BAL fluid level of IL-
4, not IL-5 and IL-13, and S-albuterol had a trend toward the reduction
of IL-4 [34]. This implies the effects of R- and S-ter on Th2 cytokines in
BAL fluid might be different from that of albuterol enantiomers. In
addition, previous studies suggest that IL-4 and IL-13 have potent ef-
fects on mucus secretion [47,48]. In our results, the enhancement of
increased IL-4 and IL-13 levels in BAL fluid by S-ter could result in
mucus hypersecretion in the bronchi of the lung which can be seen in
the histopathological data (PAS scores, Fig. 4D). Moreover, in Zhu's
research, IL-13 was partially TGF-β1-independent which might lead to
tissue remodeling [49]. Therefore, S-ter showed aggravated mucus
hypersecretion and increased smooth muscle thickness in this mouse
model might through IL-4/IL-13 signaling.

As shown in Fig. 5A, both R- and S-ter reduced OVA-sIgE levels in
plasma, but only reduction by R-ter reaches statististic significant. The
effects of terbutaline enantiomers on the level of OVA-sIgE in OVA-
induced mice were consistent with that of albuterol enantiomers in
Henderson's study. In their study, both R- and S-albuterol may decrease
allergen-induced pulmonary inflammation. However, we found that S-
ter showed no protection against OVA-induced airway inflammation.
While only R-ter efficiently inhibited airway inflammation and airway
remodeling induced by OVA (Fig. 4). MAPKs, especially p38 and ERK1/
2, are involved in airway inflammation and regulation of the in-
flammatory mediators, such as the activation of NF-κB [26,27]. NF-κB
regulates the expression of a wide range of genes involved in immune-
inflammatory responses, thus plays an important role in the

Fig. 7. Effects on p38 MAPK phosphorylation and NF-κB expression in lung tissue after seven days inhalation treatment with R-, S- and rac-ter in OVA-induced
allergic mice. (A) Western blot was applied to assess changes in protein expression of p38 MAPK, p-p38 MAPK, p65 and p-p65. GAPDH was used as an internal
standard. (B) Results of mRNA expression of NF-κB in lung tissue. Experiments were repeated at least in triplicate (n=3). (C) The p38 MAPK phosphorylation to total
p38 MAPK. Values are presented as mean ± SEM. (n=4) (D) The p65 NF-κB phosphorylation to total p65 NF-κB. Values are presented as mean ± SEM. (n=4).
*p < 0.05, **p < 0.01, ***p < 0.001 vs control group. #p < 0.05, ##p < 0.01 vs OVA group.
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pathogenesis of asthma [23–25]. In Keränen's study, the anti-in-
flammatory effects of both racemic albuterol and terbutaline are
mediated by MKP-1 expression and then inhibited p38 MAPK phos-
phorylation [50]. We next proceeded to test whether the inhibition of
inflammatory responses by R-ter was mediated through MAPKs/NF-κB
pathway in OVA-induced asthmatic mice. As shown in Fig. 7, R-ter
efficiently inhibited OVA-induced phosphorylation of p38 MAPK and
the expression of NF-κB. Meanwhile, racemic mixture exerted an in-
termediate inhibition effect. Whereas S-ter showed an enhancement of
p38 MAPK phosphorylation and significantly promoted NF-κB phos-
phorylation. Consistent with our results, Ferrada's reported that R-al-
buterol decreases NF-κB activity and exhibits anti-inflammatory effects
in activated T cells [51]. Furthermore, in Agrawal's study, S-albuterol
activates NF-κB pathway, exerting a pro-inflammatory effect on human
bronchial smooth muscle cells [36]. As stated above, we can confirm
that R-ter efficiently inhibits pulmonary inflammation through a
pathways involving suppression of p38 MAPK phosphorylation and NF-
κB expression. While S-ter is found to markedly increase the activity of
NF-κB transcription factor in this mouse asthma model.

Therefore, clinic use of short-acting β2-agonist racemic terbutaline,
as albuterol, may cause unwanted adverse effects. Such adverse effects
of S-enantiomer of β2-agonist should be taken full consideration in
clinical practice. However, the exact sites of action of S-albuterol or S-
ter is still unclear. Further researches to clarify the detailed action of S-
ter are needed.

5. Conclusion

In conclusion, in this present study, we demonstrate that the phar-
macological effects of racemic terbutaline reside in the R-enantiomer.
R-ter has a much more potent anti-inflammatory effect and alleviation
of AHR than racemic mixture. This is partially by effectively inhibition
of p38 MAPK phosphorylation and NF-κB expression. In contrast, S-ter
enhanced airway responsiveness to methacholine and exerts pro-asth-
matic effects. The results suggest that a low dose of R-ter is a promising
alternative medication for the treatment of asthma.
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