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ABSTRACT

Treatment of respiratory disease with a drug delivered via inhalation is generally held as being benefi-
cial as it provides direct access to the lung target site with a minimum systemic exposure. There is
however only limited information of the regional localization of drug retention following inhalation.
The aim of this study was to investigate the regional and histological localization of salmeterol
retention in the lungs after inhalation and to compare it to systemic administration. Lung distribution
of salmeterol delivered to rats via nebulization or intravenous (IV) injection was analyzed with high-
resolution mass spectrometry imaging (MSI). Salmeterol was widely distributed in the entire section at
5min after inhalation, by 15 min it was preferentially retained in bronchial tissue. Via a novel dual-iso-
tope study, where salmeterol was delivered via inhalation and ds-salmeterol via IV to the same rat,
could the effective gain in drug concentration associated with inhaled delivery relative to IV, expressed
as a site-specific lung targeting factor, was 5-, 31-, and 45-fold for the alveolar region, bronchial sub-
epithelium and epithelium, respectively. We anticipate that this MSl-based framework for quantifying
regional and histological lung targeting by inhalation will accelerate discovery and development of
local and more precise treatments of respiratory disease.
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Introduction they lack the specificity to map the delicate and intertwined
sub-structures and cell types of the lung. Furthermore, meas-
urement of drug concentrations in plasma following inhal-
ation can, at best, be used to interpret the overall absorption
rate from lung to blood. In pre-clinical research, the primary
means of studying inhalation pharmacokinetics (PK) is quanti-
fication of drug in blood and homogenized tissue but equally
these data only supports conclusions around the rate of

absorption - all spatial information is lost in the sample proc-

Effective management of respiratory diseases with inhaled
corticosteroids (ICS) and bronchodilators demonstrate the
utility of the inhaled route of delivery to directly access the
target site while minimizing systemic drug exposure and side
effects (Labiris & Dolovich, 2003a,b). Still, the complexity and
heterogeneity of respiratory disease represent a major chal-
lenge for developing effective precision medicines (Pavord
et al, 2018), and hence, besides anti-infectives, no new

pharmacological classes of locally acting inhaled drugs have
been introduced for many decades (Stein & Thiel, 2017). We
hypothesize that an additional barrier to develop inhaled
treatments is the lack of understanding of the spatial distri-
bution of inhaled drugs. Without this information drug devel-
opment programs are at risk of failing clinical trials for
reasons related to the inadequate targeting of the diseased
lung sub-structures.

Clinical imaging techniques including single photon emis-
sion computed tomography (SPECT) and gamma scintigraphy
are unable to directly visualize biodistribution at required
resolution (Dolovich & Labiris, 2004; Backman et al.,, 2018).
These established analytical methodologies are inadequate as

essing. Hence, up to this point, pre-clinical drug research has
primarily focused on modulating physicochemical properties
of the drug to achieve drug retention in the lung to provide
a duration of pharmacological effect which is commensurate
with once or twice daily dosing (Cooper et al., 2012). Further
analysis has been practically impossible: manual dissection of
alveolar versus main airway tissue is not feasible in rodents,
broncho-alveolar lavage (BAL) provides no information on
drug in tissue itself, tissue digestion and cell-fractionation
risk compound de-localization, and quantitative auto-radiog-
raphy requires labeled compound. This means that there is a
significant analytical unmet need for researchers working in
drug discovery of respiratory diseases.
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Mass spectrometry imaging (MSI) is a technique that
acquires molecular image data with high specificity and sen-
sitivity while retaining spatial localization information
(Caprioli et al., 1997). This enables mapping of the local dis-
tribution of multiplexed, label-free, molecular species in tis-
sue sections at micro-meter scale (>5pm). MSI has been
previously applied to study the distribution of compounds in
lungs but with limited spatial resolution (Nilsson et al., 2010;
Marko-Varga et al., 2011; Prideaux et al, 2011; Sun et al,
2016; Matsumoto et al., 2017; Zecchi et al., 2013). MSI can
also describe the morphology of lung based on the molecu-
lar profile of tissue sub-regions as alveoli, airways or blood
vessels (Berry et al., 2011; Zemski Berry et al., 2017).

Salmeterol, a long-acting P,-adrenoreceptor agonist
(LABA), displays a biphasic PK profile typical for bronchodila-
tors (Cazzola et al, 2002). Concentration data from whole
lung homogenates after inhalation of salmeterol show fast
initial absorption followed by a slower absorption phase of
the drug retained in the lungs. The regional localization has
however never been established. The aim of this study was
to investigate the regional (bronchial versus alveolar) and
histological (epithelial versus sub-epithelial) sites of salme-
terol retention in the lungs after inhalation and to compare
the effects of route of administration on distribution using
MSI. By gaining knowledge of the regional localization of the
lung retention of a known bronchodilator, we are one step
closer to being able to target inhaled drugs to specifically
diseased lung sub-structures. This is critical for the develop-
ment of safe and efficacious treatments.

Methods and material
Chemicals

Salmeterol was obtained from the AstraZeneca compound
library and ds-salmeterol (98.2% chemical purity) from CDN
Isotopes (Quebec, Canada). All other chemicals were of ana-
lytical grade and all solvents were of HPLC grade.

Animals

Male Wistar-Han rats (Harlan, Horst, the Netherlands) weigh-
ing 300-400 g were housed in an Association for Assessment
and Accreditation of Laboratory Animal Care (AAALACQ)-
accredited animal facility in groups of six individuals at
18-22°C under a 12-h light/dark cycle with access to water
and chow ad libitum for at least 5days prior to the experi-
ments. The study was approved by the Animal Ethics
Committee of Gothenburg (134-2013).

Drug administration and tissue collection

For administration via nebulization, salmeterol was formu-
lated as a suspension (3um mass median diameter) in an
aqueous vehicle containing DPPE-MPEG 2000, polysorbate 80
and a citric acid buffer. As with clinical pressurized metered
dose inhaler (pMDI) products of water-soluble bronchodila-
tors, the suspension formulation was required in this study
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for delivering enough drug material into the lung in very
small volumes of droplet fluid. Jet nebulizer Swirler® (AMICI,
Spring City, PA) was used and the rats were dosed for
6 min to achieve a targeted lung deposited dose (LDD) of
700 pg/kg. The tail vein was used for intravenous (IV) admin-
istration, salmeterol and ds-salmeterol was formulated as a
solution in 3% dimethylacetamide in 28% 2-Hydroxypropyl-
B-cyclodextrin, and the dose was 7 mg/kg. In the rats receiv-
ing dual administration, salmeterol was first administered via
nebulization immediately followed by the IV dose.

At the time of sampling were rats anesthetized with iso-
flurane (FORENE®, Abbott Scandinavia AB, Solna, Sweden)
and a terminal blood sample was collected as previously
described (Boger et al., 2015) to isolate plasma and stored at
—20°C until analysis. The heart and lung were removed from
the thorax en bloc. Following removal of the heart the left
lobe was dissected out, snap frozen in a horizontal position
in dry ice-chilled isopentane and stored at —80°C until sec-
tioning. The remaining four lobes were stored at —20°C until
homogenization using Precellys bead-beating technology
(Bertin technologies, Montigny le Bretonneux, France) as pre-
viously described (Backstrom et al., 2016b). The plasma and
the homogenized lungs were analyzed by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) as previously
described (Backstrom et al., 2016b).

Sample preparation, MSI, and data analysis

Lungs were sectioned (10 pum) using a CM3050 cryo-micro-
tome (Leica Biosystems, Nussloch, Germany) and thaw-
mounted onto indium tin oxide coated glass slides (Bruker
Daltonics, Bremen, Germany) for matrix-assisted laser desorp-
tion/ionization (MALDI) MSI or onto Superfrost slides (Fisher
Scientific, Loughborough, UK) for desorption electrospray ion-
ization (DESI) MSI and histological examination. Sectioning
order and tissue position on slides were randomized in order
to avoid any influence of sample preparation or conditions
on MS measurement. Experimental blinding was not possible.
Tissue section slides were stored at —80°C until analysis.
Hematoxylin and eosin (H&E) staining was performed on
lung sections as previously described (Caldwell & Caprioli,
2005), imaged with Aperio CS2 digital pathology scanner
(Aperio Tech., Oxford, UK), and visualized with ImageScope
software (Aperio Tech.). MSI analysis of tissue sections were
carried out using MALDI time-of-flight (TOF) (rapifleX, Bruker
Daltonics) and DESI Q-Exactive (Thermo Fisher Scientific Inc.,
Bremen, Germany) mass spectrometers. For MALDI, lungs
were coated with dihydroxybenzoic acid (DHB) MALDI matrix
using the TM Sprayer (HTX Technologies, Chapel Hill, NC) as
previously described (Swales et al., 2014). For high spatial
resolution experiments, sublimation was used to apply DHB
(Hankin et al., 2007). Images were collected at spatial resolu-
tions 10-50 um in positive detection mode over a mass range
of 300-1000Da. FleXcontrol 4.0 and fleximaging 4.0 (Bruker
Daltonics) were used for MS parameter optimization and MSI
experiment set up, respectively. Data management, analysis,
and visualization were performed using SCiLS Lab MVS 2018a
software (SCiLS GmbH, Bremen, Germany). MS images were
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normalized to the total ion count (TIC) to compensate for sig-
nal instabilities and allow multiple experiment comparison.
Biological replicates (n=2) were used for all experiment
(time course) with at least two technical replicates per sam-
ple and shown in Supplemental Information. Exact masses
measurements are extracted from high spectral resolution
DESI-MSI dataset. Pearson correlation was used to compare
the distribution of molecular markers to salmeterol related
ions. Heterogeneity of salmeterol distribution was assessed
by comparing pixel-to-pixel variation of salmeterol ions (IV
versus inhaled) in whole lung (~50,000 mass spectra) and
relative standard deviation (r.s.d. in percentage) on mean
was generated. Significant differences between samples were
determined by using Student’s t-test (two sided) according to
the normal distribution nature of dataset. A p-value <.05 was
considered as significant. A bisecting k-means algorithm
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using a weak denoising and distance correlation as parame-
ters was applied to provide unsupervised clustering of MSI
data and corresponding segmentation map.

Results

Time course of inhaled salmeterol absorption and
change in spatial distribution pattern

Salmeterol was identified based of its mass to charge ratio
(m/2) from the protonated molecule (m/z 416.1, [M+H]™) in
positive ionization mode (Supplementary Table S1). No detec-
tion of endogenous species was observed at the same m/z
as salmeterol in control lung (between 416 and 416.2Da).
Lung sections were stained with H&E (Figure 1(a)) in order to
match the morphology of the tissue with MS images from
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Figure 1. (a) H&E staining of dosed lung sections for morphological evaluation. (b) Distribution of salmeterol at 5, 15, 30, and 60 min after administration via nebu-
lization using MALDI-MSI at 70 um spatial resolution (duplicate biological replicates). White denotes the maximal signal intensity per image and black the minimal
signal intensity observed. (c) Kinetic profile of salmeterol levels with overlay of its relative abundance from MSI (light grey) and its concentration from lung hom-

ogenate bioanalysis (dark grey). Intensity scale 0-100% Scale bar =6 mm.
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adjacent sections (Figure 1(b)). At the earliest time point,
5min, salmeterol was evenly distributed between the alveolar
and the bronchiolar regions whereas at 15 min and onwards
it was retained in a less uniform distribution and appeared to
co-localize with bronchioles (Figure 1(a,b) and Supplementary
Figure S1). The MSI relative abundance of salmeterol from
MS images correlated well with bioanalysis from tissue
homogenates, both showing the typical bi-phasic profile for
salmeterol (Figure 1(c)).

Impact of administration route on salmeterol
distribution

The distribution of salmeterol at 30 min after IV administra-
tion was extensive in the alveolar region, whereas after inhal-
ation it was co-localized with the tissue of the main airways
(Figure 2(a,b)). At a higher resolution, salmeterol clearly
underlines epithelium of bronchioles in the inhaled lung
(Figure 2(c)). Systemically administered salmeterol was mainly
located in the alveolar region (Figure 2(d)).

Dual-isotope administration study to quantify regional
and histological lung targeting by inhalation

Dual-isotope administration of inhaled salmeterol and IV ds-
salmeterol resulted in similar distribution patterns as after
single dose administration within lung tissue (Figure 3(a)), i.e.
highly localized for inhalation (Figure 3(b)) and more homo-
genous for IV (Figure 3(c)). To qualitatively evaluate the dif-
ferential distribution of salmeterol, a statistical analysis of MSI
data was performed. The pixel-to-pixel variation of salmeterol
signal (relative standard deviation, RSD in %) shows a signifi-
cant difference between the two ways of administrations
with a higher heterogeneity for inhaled delivery than for IV
(214% versus 75%, Figure 3(d)). Salmeterol isotopes were spa-
tially correlated with markers of lung structures using Heme
b (blood vessel marker), phospholipid PC (32:0) (alveolar
marker) and phospholipid PC (36:4) (bronchiolar marker)
identified based on their exact masses in Supplementary
Table S1. The Pearson correlation coefficients indicated that
inhaled salmeterol was correlated with bronchiolar marker
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whereas IV administered salmeterol was correlated with an
alveolar marker (Table 1, Supplementary Figure S2). Cross-val-
idation between DESI and MALDI confirmed good correlation
in terms of salmeterol distribution (Supplementary Figure S3)
and histological markers localization  (Supplementary
Figure S4).

High spatial resolution imaging and clustering analysis

The histological structure of a tissue is reflected in its
molecular composition which can be measured by MSI.
Therefore, mass spectra spatial segmentation was applied to
high spatial resolution images (10 um) for allowing local sal-
meterol quantification in bronchiolar sub-structures. Groups
of similar spectra were delineated on the tissue in a common
color (Figure 4(a,b)), then regions of interest (ROI) were
created following each segment providing quantitative
information about molecular abundances (Figure 4(c)). Using
non-supervised clustering it was seen that inhaled salmeterol
correlated with sub-epithelial and epithelial segments (Figure
4(d,f)) whereas the systemically given salmeterol was homo-
geneously distributed in the alveolar segment (Figure 4(e,f)).

Lung targeting factor calculation

The mean intensities of both salmeterol species were
extracted in the alveoli, sub-epithelium and epithelium
ROIs from the segmentation analysis (Figure 5(a) and
Supplementary Figure S5). After normalization against
respective plasma concentration the data clearly show that
inhalation compared to 1V, at similar plasma exposure, leads
to higher distribution in all investigated regions of the lung
(Figure 5(b)). The inhaled-to-IV ratio of normalized mean
intensities (lung targeting factor) indicates that the inhaled
route of delivery is associated with 5-fold higher targeting of
the alveolar region as compared to IV administration, and 31-
and 45-fold for the sub-epithelial and epithelial regions,
respectively (Figure 5(c)). The lung targeting factor calculated
from the mean intensity for the entire section, with no con-
sideration of regions, was 10-fold (data not shown).

Salmeterol [M+H]* m/z 416.1

Figure 2. (a) H&E staining of inhaled and IV dosed lung sections. (b) MALDI images of corresponding tissues at 35 um spatial resolution showing the differential dis-
tribution of salmeterol depending on administration route (duplicate biological and technical replicates). Inhaled salmeterol was preferably retained in bronchioles
whereas systemic dose was more widely detected within tissue 30 min after delivery. (c and d) Higher magpnification of a bronchiolar area in both conditions, the
different administration routes clearly display differential distribution. Intensity scale 0-100%. Scale bars =5 mm (black)/1 mm (white).
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Figure 3. (a) H&E staining of control and dually dosed (salmeterol for inhalation and ds-salmetrol for IV) lung sections. (b and c) Salmeterol (inhaled) and ds-salme-
terol (IV) distributions using MSI at 50 um of spatial resolution showing the differential localization of both administered compounds (duplicate biological and tripli-
cate technical replicates) at 30 min after delivery. Intensity scale 0—100% for both salmeterol versions. Scale bar = 1.2 mm. (d) Evaluation of salmeterol distribution
heterogeneity depending on administration route (IV versus Inhaled) based on pixel-to-pixel relative standard deviation (RSD in %) in the whole lung image.
A higher heterogeneity of the salmeterol signal is observed for inhaled compound than IV dosed (214% versus 75% in median, n = 6).

Table 1. Spatial correlation between tissue endogenous marker
(blood vessels, alveolar, and bronchiolar) and inhaled (salmeterol) and
IV (ds-salmeterol) compound distributions.

ds-Salmeterol Salmeterol
Heme B, blood vessel marker 5% 0%
PC (32:0), alveolar maker 14% 0%
PC (36:4), bronchiolar marker 7% 10%
ds-Salmeterol NA 2%
Salmeterol 2% NA

Percentages are calculated based on Pearson correlation factor from
the whole MS image of the lung (duplicate biological and triplicate
technical replicates).

Discussion

Local treatment of the lung via the inhaled route of adminis-
tration revolutionized the treatment of asthma in the 1970s
following the introduction of both selective B-agonist bron-
chodilators and ICS. The development continued with inhal-
ation device advancement, longer-acting drug molecules, as
well as the marketing of combinations products (Stein &
Thiel, 2017). From a pharmaceutical perspective, develop-
ment aims have remained focused on the treatment of the

lung as a whole with emphasis on aspects like refined formu-
lation (particle sizes) to better reach the peripheral regions of
the lung (Leach et al., 2009). However, the development of
new drugs for respiratory disease needs to move towards
precision medicine (Pavord et al., 2018). This has increasingly
highlighted that there are significant data- and knowledge-
gaps in our understanding regarding drug distribution across
lung sub-structures following inhalation. Such information is
required for tailoring inhaled drug molecules and formula-
tions to target the diseased sub-structures of the lung and/or
avoid excessive exposure of those parts of the lung with no
need for drug intervention. In the present study, we demon-
strate for the first time the spatial distribution of an inhaled
drug (salmeterol) showing selective lung sub-structural (bron-
chial) targeting using MSI. This was further appraised by sim-
ultaneous analysis of standard and deuterated salmeterol
administered by different routes.

Our study describes the homogenous distribution of
inhaled salmeterol in both the bronchiolar and alveolar
region at the earliest time point (5 min), whereas from 15 min
and onwards salmeterol was retained in a localized sporadic



manner preferentially in the bronchioles (Figure 1(b)). Thus,
the regional localization of salmeterol retention had been
established. These findings add substance to a range of con-
ceptual models of salmeterol retention and pulmonary select-
ivity. These models include the recognition that salmeterol
has a large unbound drug volume of distribution in the lungs
(Vuung) @and retention driven by lysosomal trapping as deter-
mined with a lung slice methodology (Backstrom et al.,
2016a,b). Similarly, micro-kinetic models suggest that the
retention of B-agonists is due to the interaction with the
phospholipid membrane to produce a depot for maintenance
of local efficacious drug concentrations around the target
receptor (Sykes et al., 2014). The multiphasic lung profile of
B-agonist bronchodilators (Figure 1(c)) has recently been
characterized with a pharmacokinetic model structure with
both a shallow (rapidly equilibrating) and deep (slowly equili-
brating) lung compartment (Hendrickx et al., 2017) where the
release of drug from the unidentified deep compartment
provides the lung retention. In contrast, Borghardt et al.
modeled another B-agonist, olodaterol, pharmacokinetics
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with three parallel pulmonary absorption processes, the slow-
est of which (t/, 21.8 h) was associated with 70% of the lung
deposited dose and therefore suitable for once daily dosing
(Borghardt et al., 2016). However accurately these models are
describing inhalation PK data that is generated at the whole
organ level, the histological/anatomical identity of the model
compartments has remained nebulous. The experiments of
the present study, however, strongly suggest that in order to
provide accurate predictions of local exposure to inhaled
drug it is required to use physiologically based pharmacoki-
netic (PBPK) models that include explicit and separate
descriptions of tracheobronchial and alveolar lung regions
(Backman et al., 2018).

Direct comparison of lung sections from different animals
dosed via inhalation and IV was difficult, as no comparable
structures could be found in the lung sections (Figure 2). In
order to adequately address the impact of administration
route, we performed a first-of-its-kind dual administration
study with the delivery of an inhaled dose of salmeterol and
a systemic dose of ds-salmeterol to the same animals.

Alveolar region

Epithelium

Figure 4. (a) H&E from dual dosed lung section focus on analyzed region. (b) Spatial clustering of high spatial resolution (10 um) MSI of corresponding region
showing similarities between tissue compartment molecular composition. (c) Region of Interest (ROI) generation from segmentation results corresponding to three
tissue sub-structures (triplicate biological replicates). MS Images of inhaled (d), IV administered salmeterol (e), and overlay of both distributions (f). Data shows dis-
crete localization of inhaled salmeterol to epithelium and sub-epithelium compared to IV dosed salmeterol within alveolar regions at 30 min after delivery. Intensity

scale 0-100% for both salmeterol versions. Scale bar =600 um.
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Figure 5. (a) Histogram of the mean intensity of salmeterol determined by MSI per segmented region, i.e. alveolar, sup-epithelium and epithelium, after inhalation
or systemic dosing (n = 3) at 30 min after delivery. (b) The mean intensity in each region was normalized against the plasma concentration in respective administra-
tion group (n=13). (c) The targeting factor is the ratio between inhalation and IV group in (b), in respective region, and it describes the gain with inhalation over

systemic dosing at equivalent plasma concentrations.
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This allowed for direct comparison of the distribution and
subsequently a deeper analysis of the observed heterogen-
eity following inhalation. The initial observation of hetero-
geneity following inhalation was confirmed by quantification
of the pixel-to-pixel relative the standard deviation (RSD in
%) in the whole lung section. For all scientific experiments
involving animals the principle of the 3Rs, replacement,
reduction, and refinement, are important considerations for
the use of animals in drug testing. When performing this
kind of dual administration study, we are using a method to
directly reduce the number of animals used by obtaining
more information from a single animal. Also, by combining
the two administration routes in one animal, we bring the
precision of comparison to a higher level and thus make bet-
ter use the experimental animal. Technical considerations for
the use of dual isotopes include having sufficient isotopic
purity of the deuterated drug.

Unsupervised segmentation of lung tissue sections (Figure
4(b,c)) of dual-administered animals allowed unbiased quanti-
fication of inhaled versus IV administered drug in segments
corresponding to bronchial epithelium, bronchial sub-epithe-
lial tissue, and alveolar bed. Following normalization of seg-
mental intensity with the measured plasma concentration of
the respective salmeterol species (Figure 5(b)), it became evi-
dent the heterogeneity observed for inhalation effectively
represented targeting of bronchial structures with drug levels
in bronchial epithelium and sub-epithelium being respect-
ively 45- and 31-fold higher than would be expected from
systemic dosing. This lung targeting factor represents a
means to express, for a defined location in the lung, the
effective gain in drug concentration that is associated with
inhaled delivery. Interestingly, the lung targeting factor for
the rapidly perfused alveolar bed was also substantial (5-
fold). The observation of having the highest exposure in the
bronchial epithelium is not unexpected as these are the first
cells to interact with the deposited drug. Additionally, the
thickness of bronchial epithelial and sub-epithelial layers and
the incomparably lower blood perfusion rate of bronchial
versus pulmonary (alveolar) circulations are factors likely con-
tributing to the observed bronchiolar retention. Hence, we
hypothesize that the interactions of salmeterol with lung tis-
sue involve non-specific binding and lysosomal uptake which
occurs across all regions, and the release of which is slowest
in the bronchial region results in the second absorption
phase (Figure 1(b)) and a steady and durable presentation of
free drug to the smooth muscle target cells. With the
assumption of equivalent non-specific binding of inhaled and
systemic salmeterol, it would be reasonable to expect that
the 45-fold targeting factor also translates to an equivalent
fold selectivity of bronchodilation over systemic side effects.
This is however not proven in the present study.

Finally, the pattern of approximately equivalent concentra-
tions in the epithelial versus sub-epithelial segments seems
pharmacologically reasonable as the sub-epithelial space con-
tains the smooth muscle target site. Other studies using
auto-radiography of extremely lipid-soluble toxicants such as
pyrene and benzola]pyrene in dog trachea have shown
pronounced preferential distribution in the epithelium versus
sub-epithelium (Gerde & Scott, 2001). This difference in

epithelial versus sub-epithelial distribution is likely related to
the physicochemical properties of the compounds and it
illustrates the potential to modulate these by chemical
design in order to target the (retention of) inhaled drug to
the diseased regions or histological structures of the lung.

In conclusion, we have developed an experimental frame-
work based on MSI of dual administration to determine with
regional and histological resolution the effective gain in drug
concentration (lung targeting factor) that is achieved by
choosing the inhaled route of delivery. Using this method-
ology, we showed for the first time how inhaled salmeterol is
selectively retained around its pharmacological target site in
the sub-epithelium. By profiling chemically dissimilar inhaled
drug molecules and the formulations thereof, we can now
start exploring how the spatial distribution of inhaled drug
can be modulated and optimized. This is a pre-requisite for
inhalation therapy to transition from blindly treating the lung
as a whole to precision inhaled medicine targeting the dis-
eases lung sub-structures.

Acknowledgements

We thank Marie Brannstrom and Anna-Pia Palmgren for assistance with
bioanalysis, Mikael Brills and Astrid Collin for assistance with administra-
tion of drug to animals, Colin Howes for discussions on the use of deu-
terated drug analog for dual detection in a sample, and Britta Bonn for
valuable scientific discussions.

Disclosure statement

The authors report no conflict interest.

Funding

This study was supported by AstraZeneca. PE and AN were supported by
the Swedish Research Council (Natural and Engineering Science #2014-
6215), the Swedish Foundation for Strategic Research #RIF14-0078, and a
Science for Life Laboratory (SciLifeLab) grant.

References

Backman P, Arora S, Couet W, et al. (2018). Advances in experimental
and mechanistic computational models to understand pulmonary
exposure to inhaled drugs. Eur J Pharm Sci 113:41-52.

Backstrom E, Boger E, Lundqvist A, et al. (2016a). Lung retention by lyso-
somal trapping of inhaled drugs can be predicted in vitro with lung
slices. J Pharm Sci 105:3432-9.

Backstrom E, Lundqvist A, Boger E, et al. (2016b). Development of a
novel lung slice methodology for profiling of inhaled compounds.
J Pharm Sci 105:838-45.

Berry KA, Li B, Reynolds SD, et al. (2011). MALDI imaging MS of phospho-
lipids in the mouse lung. J Lipid Res 52:1551-60.

Boger E, Ewing P, Eriksson UG, et al. (2015). A novel in vivo receptor
occupancy methodology for the glucocorticoid receptor: toward an
improved understanding of lung pharmacokinetic/pharmacodynamic
relationships. J Pharmacol Exp Ther 353:279-87.

Borghardt JM, Weber B, Staab A, et al. (2016). Investigating pulmonary
and systemic pharmacokinetics of inhaled olodaterol in healthy
volunteers using a population pharmacokinetic approach. Br J Clin
Pharmacol 81:538-52.

Caldwell RL, Caprioli RM. (2005). Tissue profiling by mass spectrometry: a
review of methodology and applications. Mol Cell Proteomics
4:394-401.



Caprioli RM, Farmer TB, Gile J. (1997). Molecular imaging of biological
samples: localization of peptides and proteins using MALDI-TOF MS.
Anal Chem 69:4751-60.

Cazzola M, Testi R, Matera MG. (2002). Clinical pharmacokinetics of sal-
meterol. Clin Pharmacokinet 41:19-30.

Cooper AE, Ferguson D, Grime K. (2012). Optimisation of DMPK by the
inhaled route: challenges and approaches. Curr Drug Metab
13:457-73.

Dolovich M, Labiris R. (2004). Imaging drug delivery and drug responses
in the lung. Proc Am Thorac Soc 1:329-37.

Gerde P, Scott BR. (2001). A model for absorption of low-volatile toxi-
cants by the airway mucosa. Inhal Toxicol 13:903-29.

Hankin JA, Barkley RM, Murphy RC. (2007). Sublimation as a method of
matrix application for mass spectrometric imaging. J Am Soc Mass
Spectrom 18:1646-52.

Hendrickx R, Lamm Bergstrom E, Janzen DLI, et al. (2017). Translational
model to predict pulmonary pharmacokinetics and efficacy in man for
inhaled bronchodilators. CPT Pharmacometrics Syst Pharmacol. [Epub
ahead of print]. doi: 10.1002/psp4.12270

Labiris NR, Dolovich MB. (2003a). Pulmonary drug delivery. Part I: physio-
logical factors affecting therapeutic effectiveness of aerosolized medi-
cations. Br J Clin Pharmacol 56:588-99.

Labiris NR, Dolovich MB. (2003b). Pulmonary drug delivery. Part II: the
role of inhalant delivery devices and drug formulations in therapeutic
effectiveness of aerosolized medications. Br J Clin Pharmacol
56:600-12.

Leach C, Colice GL, Luskin A. (2009). Particle size of inhaled corticoste-
roids: does it matter? J Allergy Clin Immunol 124:588-593.

Marko-Varga G, Fehniger TE, Rezeli M, et al. (2011). Drug localization in
different lung cancer phenotypes by MALDI mass spectrometry imag-
ing. J Proteomics 74:982-92.

DRUG DELIVERY 845

Matsumoto T, Kushida H, Matsushita S, et al. (2017). Distribution analysis
via mass spectrometry imaging of ephedrine in the lungs of rats orally
administered the Japanese kampo medicine maoto. Sci Rep 7:44098.

Nilsson A, Fehniger TE, Gustavsson L, et al. (2010). Fine mapping the spatial
distribution and concentration of unlabeled drugs within tissue micro-
compartments using imaging mass spectrometry. PLoS One 5:¢11411.

Pavord ID, Beasley R, Agusti A, et al. (2018). After asthma: redefining air-
ways diseases. Lancet 391:350-400.

Prideaux B, Dartois V, Staab D, et al. (2011). High-sensitivity MALDI-MRM-
MS imaging of moxifloxacin distribution in tuberculosis-infected rabbit
lungs and granulomatous lesions. Anal Chem 83:2112-18.

Stein SW, Thiel CG. (2017). The history of therapeutic aerosols: a chrono-
logical review. J Aerosol Med Pulm Drug Deliv 30:20-41.

Sun N, Fernandez IE, Wei M, et al. (2016). Pharmacokinetic and pharma-
cometabolomic study of pirfenidone in normal mouse tissues using
high mass resolution MALDI-FTICR-mass spectrometry imaging.
Histochem Cell Biol 145:201-11.

Swales JG, Tucker JW, Strittmatter N, et al. (2014). Mass spectrometry
imaging of cassette-dosed drugs for higher throughput pharmacoki-
netic and biodistribution analysis. Anal Chem 86:8473-80.

Sykes DA, Parry C, Reilly J, et al. (2014). Observed drug-receptor associ-
ation rates are governed by membrane affinity: the importance of
establishing “micro-pharmacokinetic/pharmacodynamic relationships”
at the beta2-adrenoceptor. Mol Pharmacol 85:608-17.

Zecchi R, Trevisani M, Pittelli M, et al. (2013). Impact of drug administra-
tion route on drug delivery and distribution into the lung: an imaging
mass spectrometry approach. Eur J Mass Spectrom (Chichester)
19:475-82.

Zemski Berry KA, Murphy RC, Kosmider B, et al. (2017). Lipidomic charac-
terization and localization of phospholipids in the human lung. J Lipid
Res 58:926-33.


https://doi.org/10.1002/psp4.12270

	Abstract
	Introduction
	Methods and material
	Chemicals
	Animals
	Drug administration and tissue collection
	Sample preparation, MSI, and data analysis

	Results
	Time course of inhaled salmeterol absorption and change in spatial distribution pattern
	Impact of administration route on salmeterol distribution
	Dual-isotope administration study to quantify regional and histological lung targeting by inhalation
	High spatial resolution imaging and clustering analysis
	Lung targeting factor calculation

	Discussion
	Acknowledgements
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /All
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


