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ABSTRACT. Inhalation is a promising and challenging method in pharmaceutical and biological science
research. A stable environment is critical in dynamic inhalation administration. However, the
establishment of a stable inhalation system is very challenging. Indacaterol glycopyrronium bromide
inhalation powder (IM/GP mixed powder) is composed of indacaterol maleate and glycopyrronium
bromide powder to treat chronic obstructive pulmonary disease (COPD). The aim of this study is to build
suitable inhalation conditions and then to evaluate the pulmonary safety of this drug in Sprague-
Dawley(SD) rats. In the research, through the coordination of the atomization flow, air pump flow, and
scraper speed, aerosols were stabilized at 200 ± 20% mg/m3, and then rats were nose-only administered
with the IM/GP mixed powder, Ultibro, and lactose-magnesium stearate mixed powder at 2.6 mg/kg/day
for 14 days and 14 days of recovery period, respectively. After exposure, hematology, inflammatory
cytokines in rats bronchoalveolar lavage fluid (BALF) and serum, histopathological examination were
performed. Results showed that the stability of powder aerosols can be realized under the atomization
generation flow: 10 L/min, sampling flow: 2 L/min, system pumping capacity: 10 L/min and powder
scraper speed: 8–10 L/min, and there were no significant adverse effects on body weight, clinic signs,
hematology, and pathology in rats. Overall, the results suggested that the IM/GP mixed powder
inhalation at the dose of 2.6 mg/kg/d can be reached when the aerosol concentration is within the range
of 200 ± 20% mg/m3, and there were no pulmonary toxicity effects in rats.

KEY WORDS: Nose-only inhalation; Powder aerosols; Indacaterol glycopyrronium bromide inhalation
powder; Stability; Pulmonary toxicity.

INTRODUCTION

Nowadays, inhalation therapy is considered to be the
most promising method of administration for many drugs
over oral and other gastrointestinal routes (1). Dry powder
inhalation (DPI), as one of the effective lung delivery media,
has the following unique advantages: stable physical and

chemical properties at room temperature, low sensitivity to
microbial growth, and adjustable single inhalation dose (2).
For DPI preparations, the biggest challenge is their aerody-
namic features. The mass median aerodynamic diameter
(MMAD) and the geometric standard deviation (GSD) are
generally considered to be the most important particle-
related factors affecting aerosol deposition. Generally,
MMAD should be less than 6 μm, and only within 1–5 μm
can aerosol particles be widely distributed in the lungs to
achieve the purpose of treatment (3). Thus, these character-
istics have increased the technical requirements of the
manufacturing process. Besides, nebulizers and metered-
dose inhalers (MDI) are also widely used on the clinical
market to effectively deliver medicine molecules to the
human lungs (4–6).

In the current preclinical research of inhaled prepara-
tions, intratracheal instillation, oropharyngeal aspiration, and
tracheotomy are traditional methods used by researchers to
accurately deliver drugs to the target organs (7–10). However,
during the administration, animals need to be anesthetized
passively. In addition, these operations are traumatic to
animals in a certain extent. Therefore, the dynamic inhalation
exposure method has gradually become the preferred trend in
inhalation research due to that this exposure model can
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simulate the real inhalation states in a large degree and
reduce some other external damage factors to the animal
(11).

Currently, various types of dynamic inhalation systems
have been developed including whole body, head-only, and
nose-only exposure types to meet different experimental
needs (12, 13). Wong pointed out that animal environment,
exposure environment, inhalation dose, and biological re-
sponse of individual animals are the main factors in dynamic
inhalation experiments (14). Among them, exposure environ-
ment and inhalation dose are the two most difficult parts to
maintain balance in preclinical study. First, the exposure
environment affects the inhaled dose. Furthermore, it is
difficult to evaluate the accurate dose of drugs delivered and
deposited during exposure, because the inhaled dose is
related to the amount of air exposed to the inhaled
respiratory system as well as the test substances that are
efficiently absorbed or deposited (11, 14, 15). Besides, the
main mechanisms of fine particulate matter deposition in the
respiratory tract include deposition, impact and diffusion (16).
Although the dose of the drug is very important for the
evaluation of its efficacy and toxicity, there is a lack of ways to
fully estimate the deposited dose of inhaled drugs in the lungs
(17). Nevertheless, this challenge can be addressed by
creating a stable inhalation exposure environment, generating
stable and uniform aerosols, and choosing appropriate
methods to estimate dose. At present, the evaluation of
improved new inhalation drugs follows the principle of case
by case, and therefore there are no systematic and universal
guidelines for toxicology testing (18). All in all, a feasible and
stable inhalation exposure method is the prerequisite for
achieving the delivery dose of inhaled drugs, laying the basis
for scientific preclinical evaluation of inhaled preparations.

Chronic obstructive pulmonary disease (COPD) is the
main disease in the chronic respiratory system (19). It is
characterized by a persistent airflow limitation with dyspnea,
cough, and sputum production symptoms (20). This non-
communicable disease is affecting over 10% of the adult
population and causing 3.2 million deaths annually worldwide
(21). So far, the main drugs for the treatment of COPD
include Inhaled Bronchodilators, β2-Agonists, Anticholiner-
gics/Antimuscarinics/Muscarinic Antagonists, Inhaled Corti-
costeroids (ICS)(22).

Indacaterol brominated inhalation powder spray mixed
powder (IM/GP mixed powder) is a generic drug of Ultibro
(Novartis) to treat COPD through combination therapy of
bronchodilators. In recent years, increasing evidence has
proved that bronchodilator drugs alone is not effective
enough to control COPD symptoms (23). There are studies
showing that combination therapy has better efficacy in the
treatment of COPD (22, 24, 25). The 2020 Global Initiative
for Chronic Obstructive Lung Disease (GOLD) report stated
that combining bronchodilators with different mechanisms
and durations of action can increase the degree of
bronchodilation with lower risks of side effects compared to
increasing the dose of a single bronchodilator (26).

The present research work was carried out to build
suitable inhalation conditions through optimizing the param-
eter configuration of each device with an aim to achieve the
stability of the aerosol and meet up a series of standard
requirements of preclinical testing. The improved inhalation

exposure conditions were evaluated and verified through the
application of pulmonary safety evaluation after inhalation of
IM/GP mixed powder.

MATERIALS AND METHODS

Chemicals and Reagents

Indacaterol glycopyrronium bromide inhalation powder
(IM/GP mixed powder, 200501-B1-103942) was synthesized
by Respirent Pharmaceuticals Co., Ltd(Fig. 1). Capsules for
indacaterol glycopyrrolate inhalation powder mist (Ultibro,
STU97) were developed by Novartis Pharmaceuticals in
Switzerland. Lactose-magnesium stearate mixed powder-
magnesium stearate mixed powder (LAC, 10392601) was
obtained from Respirent Pharmaceuticals Co., Ltd.

Animal Husbandry

Healthy male and female Sprague-Dawley(SD) rats (6–7
weeks) were supplied by Vital River laboratory (Beijing,
China). The body weight range at the start of treatment was
256–280 g for males and 226–245 g for females. They were
housed for a 7-day acclimation period before study. Environ-
mental conditions were maintained as temperature within 23
± 3°C, humidity within 40 ± 10%, and 12 h light/dark cycle.
Animals had free access to standard rat chow and water.

This study has been carried out in compliance with the
guidelines from the China Food and Drug Administration
(CFDA). The animal study was approved by the Institutional
Animal Care and Use Committee (IACUC) of Jiangsu
Center for Safety Evaluation of Drugs, Nanjing Tech
University. Animals were maintained in accordance with the
Guide for the Care and Use of Laboratory Animals (27, 28).

Doses and Treatment Schedule

Sprague-Dawley (SD) rats (10/sex/group) were selected
using a computerized randomization procedure based on
body weight. Animals were exposed to IM/GP mixed powder
(test group), Ultibro (positive group), and LAC (vehicle
group) for 20 min for 14 days at the concentration of 200 mg/
m3 in the nose-only inhalation system.

Equipment and Inhalation Environment for Dry Powder
Administration

Inhalation exposure in rats was performed using the Tow
Systems Nose-Only Exposure Units (Tow Intelligent Tech-
nology Limited, China), which is a dynamic external inhala-
tion exposure system jointly developed by our research team
and Shanghai Tawang Technology Co., Ltd (Fig. 2).

DPI in powder state can be turned into tablet by
independent tablet press (Tow Intelligent Technology Lim-
ited, China) and then put into the dry powder generator
device, which is composed of 2 independent Wright dust
feeders. The inhalation equipment is 24 ports nasal-only
inhalation exposure tower. Each animal was placed in a single
plastic chamber with a diameter of 5 cm. Each chamber has
its own air supply and exhaust port. One end of it can be
removed and inserted with a nose piece. The chamber served
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as holding area for the animal accommodation and aerosol
exposure. The effective cavity volume of the exposed tower is
0.0013 m3, and the total amount of air flow through the
exposed tower is 27 L/min.

During the experiment, the whole exposure system
temperature was maintained at 20–26°C, the oxygen concen-
tration was ≥ 19%, relative humidity was 30–70%, and the
carbon dioxide concentration was ≤ 1%.

Inhalation and Exposure Monitoring

Aerosol concentrations were monitored in real time
during each exposure period (Tow Daco Software). Besides,
the 0.22-μm high-purity quartz membrane filter (Munktell,
Sweden) was chosen to collect dry powders from single
exposure port and through filter sampling to evaluate the
aerosol concentration. After sampling, the filters were

weighed on a microbalance (Yingzhan Mechanical and
Electrical Enterprise Co., Ltd., China). Aerosol concentration
was calculated using the following formula (29):

C mg=m3
� � ¼ filter sampling volume ðmgÞ=

sampling flow m3=min
� �

*sampling time minð Þ

Particle Size Analysis of Dry Powders

Particle size was monitored using an aerodynamic
particle sizer (Winner, China), which measures the aerody-
namic diameter of individual particles based on the particle’s
velocity immediately downstream of a flow accelerating
nozzle. One side of the detector was connected to the
exposure tower, and the other side was connected to the
computer. The particle sizer was connected to the inhalation

Fig. 1. Chemical structure of indacaterol maleate (a) and glycopyrronium bromide (b)

Fig. 2. Inhalation exposure pattern diagram
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exposure tower. The MMAD and GSD were determined by
accompanying computer software (Winner311XP Software,
Winner Inc, China). Particle size was determined for each
group at three distinct intervals on the sampling experiment
day: D1, D7, D14.

Observation and Measurements

Mortality and clinical signs were evaluated daily from the
beginning of the quarantine period. Each animal was
examined every week for any change in body weight, food
consumption and every day for behavior. Observations
included, but were not limited to the following: changes in
skin and fur, eyes and mucous membranes, respiratory,
circulatory, autonomic and behavior patterns.

Broncho-Alveolar Lavage Fluid (BALF) and Serum Analysis

Rats were euthanized with 20% urethane (Sinopharm
Chemical Reagent Co., Ltd, China) via intraperitoneal injection.
The right portion of the lungs of rats was immediately lavaged
twice with 5 mL of Ca2+, Mg2+ free phosphate buffered saline
(Qidu Pharmaceutical Co., Ltd., China). About 90% of the total
volume instilled was retrieved, and the volume was similar in all
groups. The collected BAL fluids were then centrifuged at 500 g
for 7 min at 4°C. Pro-inflammatory cytokine, i.e., tumor necrosis
factoralpha (TNF-α) and pro-fibrotic cytokines, i.e., interleukin-6
(IL-6), interleukin-6 (IL-8), and macrophage inflammatory
protein 1α (MIP-1α/CCL3) levels were quantified in BALF using
ELISA kits according to the manufacturer instructions
(Beyotime, China). The amount of cytokine was estimated using
the standard curve obtained from cytokine standards included in
the kits. All these inflammation-related cytokines have also been
tested in the serum. In addition, the total protein concentration in
BALF was determined by BCA protein assay kit (Beyotime,
China); the calculation method was the same as above.

Hematological Analysis

From the anaesthetized rats, 0.5 mL of blood collected
from the abdominal artery was added to a blood collection
tube containing an anticoagulant (K2EDTA) and analyzed
using a hematology analyzer (SIEMENS, ADVIA-2120i).
Plasma was separated from the collected blood by placing 2
mL in a tube containing 3.2% sodium citrate and centrifuging
at 2000 rpm for 10 min.

For the rat study, absolute and relative counts of basophilic
leukocyte (BASO), absolute and relative counts of eosinophil
(EOS), hematocrit (HCT) level, hemoglobin (HGB) level, lym-
phocyte level (LYM), mean corpuscular hemoglobin (MCH) level,
mean corpuscular hemoglobin concentration (MCHC), mean
corpuscular volume (MCV),mean plate volume (MPV),monocyte
(MONO) level, neutrophil (NEU) level, platelet (PLT) count,
platelet volume distribution width (PDW), total count of white
blood cell (WBC) count, WBC count, and red blood cell (RBC)
were measured at Day 14.

Histopathological Analysis

A complete gross necropsy was conducted on all animals
by visual inspection at the end of the exposure period (Day

14) and the recovery phase (Day 28). The extracted nasal
mucosa, throat, trachea, bronchus, lung, and tongue were
fixed in 10% neutral buffered formalin and embedded in
paraffin. The embedded tissue blocks were cut into 3-μm-
thick sections and stained with hematoxylin and eosin. The
stained sections were examined using a light microscope
(OLYMPUS, Japan).

Statistical Analysis

All the statistical data were presented as mean ± SEM.
Statistical analysis was done by performing one-way analysis
of variance, statistical significance was determined by
Bonferroni’s t test using SPSS 18 software (Chicago, USA),
and p values were calculated. A p value < 0.05 was considered
significant.

RESULTS

Inhalation Exposure Environment

The entire of the exposure system consists of 5 parts:
sample generator, exposure equipment, analysis module,
control module, and exhaust gas treatment module (Fig. 2).
During the experiment, the temperature of the entire
exposure system was maintained at 20–26°C, the oxygen
concentration was ≥ 19%, the relative humidity was 30–70%,
and the carbon dioxide concentration was ≤ 1% (Fig. 3).

Target Concentration

During the experiment, the exposure system was oper-
ated under these parameters: the atomization generation flow
rate: 10 L/min, sampling flow rate: 2 L/min, system pumping
capacity: 10 L/min, and powder scraper speed: 8–10 L/min,
which managed to stabilize aerosols. Good temporal concen-
tration stability was achieved during 14-day inhalation
exposure (Fig. 4).

After 14 days of nose-only continuous inhalation expo-
sure, the results of filter sampling are as follows: IM/GP
mixed powder, Ultibro, and lactose-magnesium stearate
mixed powder groups were 6 ± 0.6 mg, 6 ± 0.5 mg, 6.3 ±
0.2 mg on the D1, D7, and D14, respectively (Table 1).
During the inhalation exposure, the concentration of IM/GP
mixed powder, Ultibro, and lactose-magnesium stearate
mixed powder (as mg/m3) was determined gravimetrically,
and the data showed that the mean actual concentrations for
IM/GP mixed powder, Ultibro, and lactose-magnesium stea-
rate mixed powder were 198.28 ± 21.75 mg/m3, 196.65 ± 12.75
mg/m3, 204.91 ± 10.98 mg/m3, respectively (Table 1).

Particle Size Distribution of IM/GP Mixed Powder in the
Nose-Body Exposure Chamber

In our experiment, MMAD of the aerosols was 3.136,
3.012, 2.465, and 3.279 μm, respectively, and the GSD was
1.546, 1.58, 1.549, and 1.511, on the day before the formal
test, first day, the seventh day, and the last day of the
experiment (Fig. 5). The MMAD and GSD were within the
range recommended by the Organization for Economic
Cooperation and Development (OECD, 2018) (30).
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Animal Observations

None of the rats in the test groups died during the
exposure period. Nasal discharge, deep breathing, asthma,
cough, asphyxiation, and other abnormal signs were not
observed in the three groups (Table S1). The body weight
of rats showed a gradual increase compared with the first day
of the inhalation exposure, indicating that IM/GP mixed
powder did not have any adverse effects on food intake
(Table 2).

Hematology

Among all rats in the test groups, BASO, BAS%, NEU,
and NEU% showed statistically significant decreases in the
IM/GP mixed powder group compared with that of the
vehicle control group rats during the exposure period.
LYM% showed a statistically significant increase in the IM/
GP mixed powder group compared with that of the vehicle
control group rats during this period. There were no

significant differences between the test group and control
group, and all detection indicators were within the normal
range (Table 3).

Analysis of BALF and Serum

IL-1β, IL-6, TNF-α are the critical pro-inflammatory
cytokines in the development of acute lung injury (ALI)(31).
MIP-1alpha/CCL3 is also a pro-inflammatory cytokine that
promotes the metastatic activity of a variety of inflammatory
cells and also increases the secretory activity of inflammatory
cells (32). In BALF and serum, the concentrations of IL-6,
TNF-α, and MIP-1alpha/CCL3 did not show statistically
significant changes after exposure in the test substance, but
the concentration of IL-1β between the test group and
positive control group showed significant decrease trends
(Fig. 6a–d). In addition, the increase of protein concentration
in BALF is an important marker of damage to the barrier of
alveolus capillary in lungs (33). There were no significant
differences in total protein concentration in BALF (Fig. 6e).

Fig. 3. Real-time temperature (a), oxygen concentration (b), relative humidity (c), carbon dioxide
concentration monitoring (d)
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Gross and Histopathological Findings

No gross changes were found in the tongue, upper jaw,
nose, pharynx, throat, trachea, bronchitis, left, and right lung
leaves of rats. Then, H&E staining was used in this study to
access the pathological changes. Histopathological examina-
tion showed that mild inflammatory cell infiltration occurred
in tracheal mucosa layer in animal no. 1102 and in main
bronchial mucosa layer in animal no. 1201. The local
respiratory tract (nose, throat, trachea, main bronchus) of
other animals has complete tissue structure, no degeneration
or necrosis of epithelial cells in the mucosa, no edema and
inflammatory cell infiltration in the submucosa. There were
no obvious inflammatory cell infiltration, interstitial edema,
interalveolar and interstitial patchy hemorrhage, and
interalveolar septal thickening in lung tissues. In addition,
there were no abnormal symptoms in tongue as well (Fig. 7).

DISCUSSION

Nowadays, inhalation therapy has been used as the main
treatment method for patients with respiratory diseases (34).
This is due to the fact that the inhalation route offers a direct
part to the target organs, avoids the first pass effect in the
liver, is not affected by plasma protein binding, and has fewer
systemic complications, etc. (35). In this study, IM/GP mixed
powder is a generic version of ULTIBRO (Novartis), which
consists of 0.19% glycopyrronium (C19H28BrNO3) and
0.42% indacaterol (C24H28N2O3·C4H4O4). This dry pow-
der formulation is used in combination with bronchodilators

to treat COPD, with the clinically planned dosage of the test
substance once a day, one capsule of medicine (25 mg
powder/capsule) inhaled each time. In this study, rats
received test and control article by nose-only inhalation at
target doses of 2.6 mg/kg/d, which equal to about 1.2 times
the recommended human dose on a mg/m2 basis (human
body weight as 70 kg, rat body weight as 250 g) according to
the conversion of animal body surface area: human vs rat ≈
1:6 (36). Therefore, 2.6 mg/kg/d is the target dose for inhaled
administration in our study.

At present, most of the inhalation studies that have been
carried out mainly focus on the application of inhalation
equipment, but there are few studies on the improvement and
optimization of inhalation stability (37, 38). To achieve the
stability of the powder aerosol in the inhalation environment,
not only is it necessary to maintain the stability of the inside
of the exposure tower, but also the animal exposure tower
should also closely cooperate with the air pump and the
powder generating device. The former is to ensure that rats
can breathe steadily in the exposure chamber, and the latter is
to produce the aerosol concentration required to inhale the
target dose. Before the administration, the operator used the
Concentration Tester (Tow Intelligent Technology Limited,
China) to randomly select two holes in the exposure tower to
measure the aerosol concentration in the tower. When the
exposure tower is in a stable state, the powder generating
device was turned on, and the aerosol changes of the entire
exposure system were monitored in real time. By adjusting
the atomization generating flow rate, the system pumping
volume, and the rotating speed of the scraper in the powder

Fig. 4. Real-time dynamic monitoring of aerosols on the D1 (a), D7 (b), and D14 (c)
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generating device, the aerosol concentration is within the
range of 200 ± 20% mg/m3 to achieve the target
administration dose of 2.6 mg/kg/day according to the
previous mentioned formula.

The aerosol concentration affects the administered dose,
and its concentration was monitored in real time on Tow
Intelligent Software. In addition, this research chose a unique
0.22-μm high-purity quartz filter (Munktell, Sweden) with a
saturation rate of 99.95%, which can simulate the deposition
in animal lungs through sampling devices. And then the
inhaled powders were weighed to calculate the aerosol
concentration in exposure environment to further verify the
stability of the inhalation process. In the process of optimizing
the inhalation conditions, a common commercially available
filter membrane was previously used. However, we found that
when the drug delivery process was still in progress, the filter
membrane had reached the saturated state and could not
continue to deposit powder. Therefore, it was impossible to
verify the actual inhaled dose. The results of this experiment
show that under the conditions of atomization generation
flow rate: 10 L/min, sampling flow rate: 2 L/min, system
pumping capacity: 10 L/min, powder scraper speed: 8–10
L/min, and sampling time: 15 min with the cooperation of the
inhalation exposure system and the dry powder generator, the
concentration fluctuation of aerosol was kept within the range
of 200 ± 20% mg/m3 during the exposure period.

Ideally, the deposition of DPs in the lung directly
depends on the delivery system and physical properties of
DPs. The stability of the delivery system gives rise to drug

particles of appropriate sizes so that they can penetrate out of
the oropharynx, larynx and be deposited in the lungs (39).
The particle size, shape, and density are the most prominent
physical properties of DPs, which can directly influence the
lung deposition. As mentioned earlier, MMAD and GSD are
important indicators for evaluating aerodynamic diameter.
Specifically, only when the MMAD is within 1–5 μm can the
aerosol particles be distributed in the lung and when MMAD
is ≤ 3 μm can they widely be distributed in the lung. When
aerosol particles are ≥ 6 μm, they are mainly deposited in the
oropharynx, and when ≤ 1μm they are exhaled through
exhalation (40). In addition, the larger the GSD is, the more
aerosols are deposited in the respiratory tract. Generally,
aerosol with GSD < 2 is ideal, and the aerosol particles should
be as monodispersive as possible to increase deposition at the
desired site and to improve the therapeutic effect (41). In this
experiment, the particle size detection results showed that all
particle sizes are within the ideal range and met the aerosol
inhalation test requirements in the OECD TG412 (30).

To evaluate the respiratory toxic effects of repeated
exposure to IM/GP mixed powder, the experiment carried
out clinical observation, hematology, BALF analysis, inflam-
matory factor detection, and pathological detection. During
the exposure period, nasal discharge, rale, and deep respira-
tion were not observed in the three groups. These clinical
signs are usually emergency airway reactions caused by
external material stimulation. Besides, the body weight
showed increasing trends, and the feed intake was in a
normal state correspondingly. The hematological test results

Table 1. Aerosol Concentration, Sampling Time, and Volume

Groups Days Filter

membrane
weight
before
sampling
(g)

Filter
membrane
weight
after
sampling
(g)

Sampling
volume
(g)

Sampling
time (s)

Measured
concentration*
(mg/m3)

Test (IM/GP mixed powder) D1 0.1499 0.1553 0.0054 918.13 176.45
D7 0.1482 0.1543 0.0061 922.09 198.46
D14 0.1483 0.1549 0.0066 900.25 219.94

x–
0.1488 0.1548 0.0060 913.49 198.28

SD 0.0010 0.0005 0.0006 11.64 21.75
Positive control (Ultibro) D1 0.1485 0.1542 0.0057 923.34 185.20

D7 0.1502 0.1568 0.0066 941.11 210.39
D14 0.1510 0.1568 0.0058 895.23 194.36

x–
0.1499 0.1559 0.0060 919.89 196.65

SD 0.0013 0.0015 0.0005 23.13 12.75
Vehicle control (lactose-magnesium stearate mixed
powder)

D1 0.1493 0.1553 0.006 936.09 192.29
D7 0.1513 0.1577 0.0064 913.76 210.12
D14 0.1451 0.1515 0.0064 904.31 212.32

x–
0.1486 0.1548 0.0063 918.05 204.91

SD 0.0032 0.0031 0.0002 16.32 10.98

*Measured concentration of test substance (mg/m3 ) = (weight of filter membrane after sampling weight of filter membrane before sampling)/
sampling flow * sampling time; sampling flow is 2 L/min, sampling time is 15 min
IM/GP mixed powder: Indacaterol glycopyrronium bromide inhalation powder
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showed significant changes in the BASO, NEU, and LYM
level when the test group is compared with the vehicle group.
But there were no differences in hematological indicators
between the test group and the positive control group. This
can be explained by that the ingredients contained in IM/GP
mixed powder are foreign substances to the respiratory
system, so some hematological indicators fluctuate during
the inhalation process. All the indicators of the three groups
are within the normal value, which indicates that there is no
hematological abnormality during IM/GP mixed powder

inhalation. In the BALF analysis, there were no significant
differences in IL-6, TNF-α, MIP-1 alpha/CCL3, and protein
content. The concentration of IL-1β was significantly lower
than that of the other two groups in BALF and serum. IL-1β
is a pro-inflammatory factor, and this result may indicate that
the drug may potentially have better anti-inflammatory
effects. In the histopathological examinations, the inflamma-
tory cell infiltration of the trachea and main bronchial mucosa
lesions were individual cases, and the degree was relatively
mild, indicating that there was no direct correlation between

Fig. 5. Particle size distribution of IM/GP mixed powder. (a) Day Pre-1, (b) D1, (c) D7, (d) D14. v: cumulative volume
distribution
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the test substance and the control substance. No obvious
lesions were observed in each animal in each group during
the recovery period. In short, neither the test substance nor
the reference substance caused obvious local pathological
changes in the respiratory mucosa.

Therefore, from all the above results, we explored stable
inhalation conditions to assess the safety of IM/GP mixed
powder, and the dose at 2.6 mg/kg/day did not cause
pulmonary toxicity in rats, and there were no obvious adverse
changes found.

Table 2. Changes of Body Weights in the Rats Exposed to IM/GP Mixed Powder, Ultibro, and Lactose-Magnesium Stearate Mixed Powder

Groups Body weights (g,
x– ± s)

D1 D7 D14

Test (IM/GP mixed powder)a 267.80 ± 7.09 307.40 ± 13.70 337.40 ± 23.53
Positive control (Ultibro)a 265.40 ± 9.37 300.40 ± 15.44 331.00 ± 21.71
Vehicle control (lactose-magnesium stearate mixed powder)a 267.80 ± 6.38 303.80 ± 11.43 338.80 ± 10.11
Test (IM/GP mixed powder)b 234.20 ± 4.76 243.80 ± 8.96 252.00 ± 12.37
Positive control (Ultibro)b 231.00 ± 5.92 243.00 ± 7.38 254.60 ± 8.56
Vehicle control (lactose-magnesium stearate mixed)b 237.20 ± 5.76 248.00 ± 8.46 258.00 ± 6.40

The values are expressed as mean ± SEM (n=5 males and 5 females per group)
IM/GP mixed powder: Indacaterol glycopyrronium bromide inhalation powder
aMale
b Female

Table 3. Hematologic Parameters of Main Group Rats Exposed to IM/GP, Ultibro, and Lactose-Magnesium Stearate Mixed Powder

Hematology Groups

Test (IM/GP mixed powder) Positive control (Ultibro) Vehicle control (lactose-magnesium stearate mixed powder)

BASO/109.L−1 0.055 ± 0.243 0.055 ± 0.217 0.128 ± 0.937
%BAS/% 0.650 ± 0.138** 0.733 ± 0.186 1.567 ± 1.206
EOS/109.L−1 0.100 ± 0.029 0.092 ± 0.021 0.135 ± 0.069
EOS%/ % 1.283 ± 0.624 1.250 ± 0.266 1.833 ± 1.154
HCT/ % 47.583 ± 2.927 47.400 ± 1.528 47.583 ± 2.985
HGB /g/L−1 17.117 ± 0.768 17.067 ± 0.582 17.433 ± 1.082
LUC/109.L−1 0.065 ± 0.030 0.045 ± 0.010 0.063 ± 0.047
% LUC/ % 0.783 ± 0.319 0.633 ± 0.207 0.700 ± 0.283
LYM/109.L−1 7.133 ± 2.727 5.867 ± 1.179 6.483 ± 3.091
% LYM/ % 83.567 ± 3.252 79.367 ± 4.942 75.433 ± 6.716
MCH/Pg 20.717 ± 0.512 20.683 ± 0.694 20.767 ± 0.845
MCHC/g.dL−1 36.017 ± 0.954 36.000 ± 0.616 36.683 ± 0.956
MCV/fl 57.517 ± 2.745 57.517 ± 2.722 56.650 ± 2.247
MPV/fl 9.417 ± 0.264 9.283 ± 0.366 9.600 ± 0.219
MONO/109.L−1 0.183 ± 0.041 0.183 ± 0.041 0.217 ± 0.098
MON%/% 2.367 ± 0.550 2.217 ± 0.519 2.533 ± 0.781
NEU/109.L−1 0.917 ± 0.248 1.183 ± 0.387 1.383 ± 0.366
NEU%/% 11.367 ± 3.058 15.817 ± 4.822 17.950 ± 5.862
PLT/109.L−1 1099.167 ± 182.046 1125.500 ± 131.567 1192.667 ± 161.332
PDW/% 46.000 ± 1.099 45.983 ± 3.477 46.550 ± 1.244
PCT/% 1.038 ± 0.191 1.038 ± 0.097 1.148 ± 0.171
RBC/1012.L−1 8.277 ± 0.443 8.252 ± 0.448 8.422 ± 0.733
RDW/% 12.133 ± 0.734 12.000 ± 0.522 11.933 ± 0.625
WBC/109.L−1 8.460 ± 2.957 7.397 ± 1.376 8.415 ± 3.482

Thevalues are expressed asmean±SEM(5males and5 females per group). Significantly different frompositive control byDunnett test: * p<0.05, ** p<0.01,
*** p < 0.0001. Significantly different frompositive control byDunnRank Sum test: * p < 0.05, ** p < 0.01, *** p < 0.0001. Significantly different fromvehicle control
by Dunnett test: # p < 0.05, ## p < 0.01, ### p < 0.0001. Significantly different from vehicle control by Dunn Rank Sum test: # p < 0.05, ## p < 0.01, ### p < 0.0001
BASO: basophilic leukocyte, EOS: eosinophil, HCT: hematocrit, HGB: hemoglobin, LYM: lymphocyte, MCH: mean corpuscular hemoglobin,
MCHC: mean corpuscular hemoglobin concentration, MCV: mean corpuscular volume, MPV: mean plate volume, MONO: monocyte, NEU:
neutrophil, PLT: platelet count, PDW: platelet volume distribution width, PCT: plateletcrit, RBC: red blood cell, WBC: white blood cell
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CONCLUSION

In this study, the method for preclinical testing of dry
powder inhalation preparation was established successfully.
The stability of the improved nose-only inhalation exposure

system was validated through monitoring environmental
parameters and aerosol concentration changes, as well as
comparison of the target dose with the actual dose in the
evaluation process of the pulmonary toxicity of IM/GP mixed
powder. Besides, the results indicated that the IM/GP mixed

Fig. 6. Inflammatory cytokines analysis in BALF and serum (a–d) and protein concentration in BALF (e). The values are expressed
as mean ± SEM (n=3 males and 3 females per group). Significantly different from positive control by Dunnett test: *p < 0.05, **p <
0.01, ***p < 0.0001. Significantly different from positive control by Dunn Rank Sum test: *p < 0.05, **p < 0.01, ***p < 0.0001.
Significantly different from vehicle control by Dunnett test: #p < 0.05, ##p < 0.01, ###p < 0.0001. Significantly different from vehicle
control by Dunn Rank Sum test: #p < 0.05, ##p < 0.01, ###p < 0.0001

Fig. 7. Light photomicrographs of nasal tissues, throat, trachea, bronchus, lung tissues and tongue after 14 days
administration of IM/GP mixed powder, Ultibro, and lactose-magnesium stearate mixed powder by dynamic inhalation
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powder had no adverse symptoms in the respiratory system
and was non-toxic to lung tissue. Furthermore, these exper-
imental conditions and coordination parameters, which were
established to achieve stable dry powder inhalation, can
provide a good basis for the subsequent study of the tested
drug. Moreover, the equipment can also be opted for
investigations on inhalation toxicity of other substances in
rodents with an excellent performance, which is favorable for
future application.
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