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Evidence-based management of bronchial asthma and wheezing in children and adults recommends the employment
of inhaled corticosteroids (ICSs). Difficulty in using some inhalation devices for ICS delivery, such as pressurized
metered-dose and dry-powder inhalers, is common among young children and in the elderly, and for that reason, they
are replaced with nebulizers. We reviewed comparative studies that evaluated funisolide with other ICSs currently
available on the market, including beclomethasone dipropionate, fluticasone propionate, and budesonide. Moreover,
we assessed the physicochemical properties of these ICSs in determining drug fate in the lung. Data indicate that the
flunisolide output in respirable particles by any type of pneumatic nebulizer (traditional, open breath or breath-
enhanced) is superior to the output of other ICSs. This is principally attributed to the higher water solubility of flu-
nisolide. Furthermore, in vivo simulation studies demonstrate that the intersubject variability of the inhaled dose
among asthmatic children was much greater for suspensions of fluticasone propionate and beclomethasone dipropi-
onate than for those of flunisolide. The physicochemical properties and pharmacokinetic profile of flunisolide favor
its employment in nebulization.
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Introduction
Inhaled corticosteroids (ICSs) are anti-inflammatory drugs that

are largely indicated in the first-line management of subjects with
various respiratory diseases. Among ICSs, four are currently
accessible on the market for nebulization: budesonide (BUD), flu-
ticasone propionate (FP), flunisolide (FLU), and beclomethasone
dipropionate (BDP). These ICSs possess different chemical struc-
tures and distinct physicochemical properties that form the basis of
their different pharmacokinetic (PK) and pharmacodynamic (PD)
properties. To better comprehend the safety and efficacy of these
ICSs, it is important to examine the fate of drug molecules in the
body during nebulization and inhalation. ICSs exhibit therapeutic
effects after deposition and distribution in pulmonary tissues at the
site of action. Depending on the size of the particles, the delivery
device used as well as the patient respiratory pattern, distinct frac-
tions of the ICS are deposited in the upper respiratory tract
(oropharynx), central airways (bronchi and bronchiole), or deep
pulmonary tissues (alveoli) [1,2]. Deposition of the ICS in the
lungs allows the targeted delivery and induction of the desired
therapeutic effects. Guidelines for the treatment of respiratory dis-
eases as well as for aerosol therapy do not provide detailed guid-
ance on the choice of the most appropriate device in a particular
clinical setting [3]. Therefore, according to local practices and
accessibility, there is great inconsistency among countries in the
employment of different devices for administering aerosol therapy
[4,5]. An outstanding tendency in pediatric aerosol therapy is the
liberal decline in the choice of nebulizers in favor of pressurized
metered dose inhalers (pMDIs) and dry-powder inhalers (DPIs);
nevertheless, over 70 countries worldwide still use nebulization to
deliver ICSs for both children and adults for asthma and chronic
obstructive pulmonary disease [6]. In this article, we review our
existing knowledge of ICSs for nebulization with a focus on FLU
by responding to frequently asked questions regarding why this
drug is the most appropriate for nebulization.

Are all ICSs born equally?
ICSs are synthetic corticosteroid analogs created from basic

steroid molecules. In 1972, BDP became the first corticosteroid to
be developed as a therapeutic aerosol [7]. Formulations of ICS
products share numerous properties to enhance local potency and
minimize systemic exposure. Specific ICS molecules have distinc-
tive properties that affect their formulation and use. In terms of
pharmacology, they differ in physicochemical properties that dic-
tate their PK and PD characteristics. In the clinical setting, balanc-
ing favorable and unfavorable properties presents challenges in
determining whether a molecule offers significant advantages in
either efficacy or safety.

In general, the PK and PD properties of an ICS dictate its effi-
cacy and safety; nevertheless, because there are several character-
istics of individual agents that influence these properties, the glob-
al effect is sometimes uncertain and often controversial [1]. The
optimal ICS would be an agent that displays significant local and
sustained effects in the airways with negligible systemic effects
owing to limited bioavailability and prompt systemic clearance [8].

The preferred drug would exert selective topical effects with
minimal systemic absorption or rapid inactivation after absorption
[9]. Several PK and PD features of ICSs have been identified as
having a role in their overall efficacy and safety profile. Due to the
numerous properties that concomitantly influence ICS action and
safety, it is difficult to determine the precise effect of any distinct
property. For example, the receptor binding affinity of available

ICS agents varies 10–100-fold, and oral bioavailability varies 20-
fold. Although the protein binding of available agents is relatively
consistent, ranging from 71% to 99%, lipophilicity varies over
100-fold, and half-lives generally vary between 5 to 14 h. Perhaps
because of the similarities or the numerous differences among
molecules, no single agent seems to have significant advantages or
confers additional risks over any other in clinical practice.
Moreover, the behavior of the therapeutic formulation during
delivery can vary between devices.

The exponential relationship between in vitro glucocorticoid
receptor binding affinity and therapeutic dose for ICS is evidence
that more potent molecules can be administered at much lower
doses to achieve similar clinical efficacy. Furthermore, the struc-
tural features of ICS that give rise to more potent molecules also
drive lower systemic exposure, and together these factors can
improve the therapeutic index. Relative glucocorticoid receptor
binding affinity relative to dexamethasone (affinity of 100) is 2989
for fluticasone furoate (FF) DPI, 2100 for mometasone furoate
DPI, 1775 for FP DPI, 53 for BDP pMDI, 1345 for beclometha-
sone 17-monopropionate, 935 for BUD, 190 for FLU pMDI and 12
for oral prednisolone [7].

Enhanced inhaled ICS potency leads to greater lipophilicity,
slower dissolution and pulmonary absorption of inhaled drug par-
ticles with longer retention times in the airways. This also results
in a longer duration of action and permits less frequent dosing.
Once absorbed, more potent inhaled corticosteroids have higher
plasma protein binding, lower unbound fractions in the plasma and
larger volumes of distribution. These molecules are also good sub-
strates for drug-metabolizing enzymes and have high systemic
clearance, high first-pass metabolism and low oral bioavailability
of the swallowed dose [7]. 

A prolonged pulmonary residence time is apparent when the
elimination half-life following inhaled administration is signifi-
cantly longer than found following intravenous administration.
This tendency has been noted for the more lipophilic inhaled cor-
ticosteroids. The main consequence of this appears to be a longer
duration of action rather than greater efficacy per se, with the cor-
ticosteroid with the longest lung retention time (such as FF) being
suitable for once daily dosing, and those with shorter lung reten-
tion times (such as FP) requiring twice daily dosing regimens [7]. 

An advantage of ICSs is their high potency, which allows
occupancy of a glucocorticoid receptor at a lower dose than that of
less potent agents. The potency of topical corticosteroids varies
among different agents, and characterizing the relative potency of
available therapies is challenging and imperfect. For example, FP
is marketed in all pMDI, DPI and nebulization formulas and has a
high therapeutic index and efficacy [10,11]. For several years, FP
has been employed successfully for all severities of asthma and has
proven to be well tolerated. No clinically important systemic
effects are reported for its normal therapeutic dose range [10-13].
By contrast, pharmacokinetic studies have suggested hypothalam-
ic-pituitary-adrenal suppression with higher doses. However, those
high-dose studies involve normal volunteers [14-19] or subjects
with mild asthma who were receiving inappropriately high doses,
well in excess of those normally recommended to obtain disease
control [20,21]. In patients with moderate or severe asthma requir-
ing higher doses of ICSs, factors such as airflow obstruction and
ventilation-perfusion mismatch could alter drug deposition in the
lung and alter systemic absorption. Brutshe et al. [22] demonstrat-
ed through a double-blind, randomized, crossover study that the
systemic availability of FP is substantially less in patients with
moderate to severe asthma than in healthy controls. There is little
information on factors that influence the systemic bioavailability
of ICSs, especially for drugs with minimum oral bioavailability,
such as FP, in which drug delivery and pulmonary deposition have
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key roles. Almost all FP present in the systemic circulation is
absorbed in an unchanged active form via the lungs [23,24]. Once
present in the bloodstream, this drug remains potent, with a high
binding affinity to the extrapulmonary corticosteroid receptor.
Until now, despite the characteristic differences that arise in the
airways in asthma, it had been assumed that drug deposition, pul-
monary drug absorption, and systemic effects measured in healthy
individuals could predict outcomes in people with asthma. Asthma
is, however, characterized by reversible and nonhomogeneous air-
flow obstruction, leading to ventilation-perfusion mismatch.
Several studies, some by using three-dimensional imaging tech-
niques [25], have shown that the uniformity of deposition in the
lungs is greater in healthy individuals than in patients with airway
disease. It is suggested that the narrowing of airways in asthma
results in reduced penetration of the drug particles and subsequent-
ly increased deposition in the central rather than in peripheral air-
ways. In asthma, inflammation definitely involves large airways,
but histopathological evidence has clearly shown that the inflam-
mation involves small airways as well. Drug particles that are
deposited in the conducting airways are more subject to mucocil-
iary clearance than those deposited in the alveoli, which are com-
pletely absorbed. Consequently, for a drug with a relatively slow
dissolution rate in the lung, such as FP [24], drug deposited in the
airways is more likely to be removed from the lung by mucociliary
clearance and then swallowed, leading to a lower degree of sys-
temic exposure than that seen in healthy subjects.

How is a nebulizer chosen?
There has been substantial progress in drug delivery technolo-

gy over the last decades. New devices that are outstandingly
improved in delivering respirable drugs to the airways have been
promoted. Since the introduction of pMDIs, there has been a trend
of progressive decrease in the use of traditional nebulizers in favor
of smart and more portable devices. Nevertheless, in various coun-
tries, traditional nebulizers continue to be commonly employed,
somewhat for historical and economic motives.

Nebulizers allow drug delivery to very young children and
elderly adults through passive inhalation and are less reliant on
patient synchronization, cooperation and acceptance. Delivery of
ICSs by nebulization represents a valid and alternative method of
aerosol therapy for infants and elderly adults, who are unable or
refuse to use pMDIs with spacers or DPIs.

In a review article, Melani indicated that nebulizers may be
considered as an effective alternative to inhalers for delivering
ICSs and can be recommended to asthmatic and COPD subjects
who are unwilling or unable to use inhalers [6]. Results of the
review showed that nebulized BDP, FP and FLU are effective alter-
natives to nebulized BUD in asthma and COPD. From a pharma-
ceutical perspective, a primary advantage of nebulizers is the use
of water-based formulations, which are relatively simple to prepare
for aqueous soluble drugs making them less expensive compared
with the processing required for pMDI and DPI aerosol formula-
tions.

The cheapest and most commonly used devices are pneumatic
nebulizers characterized from old atomizers by their means of pre-
venting delivery and recycling of large particles [26]. Baffles or
impaction sites are assembled to block the primary spray emerging
from the atomizer jet. Cycling of the fluid and baffling control the
velocity, size and volume flow of the delivered drug, permitting the
release of a cloud of respirable particles [27].

New technical innovations for nebulizers have drastically
reduced drug wastage and increased output. Innovative categories
of nebulizers have been promoted, among which are the open vent,

breath-enhanced open vent, breath-activated devices and mesh
nebulizers [28,29]. Although ultrasonic nebulizers are more effi-
cient and compact than jet nebulizers, they are entirely inadequate
to deliver ICS suspensions.

Vibrating mesh technology is an alternative innovation to jet
nebulizers. Numerous recent electronic nebulizers that employ a
vibrating mesh or plate with multiple holes to generate monodis-
persing, fine-particle, low-velocity aerosol clouds are being
released in the market and are increasingly used to deliver specific
drugs. These devices are highly efficient in delivering aerosols to
the peripheral airways, such that the nominal dose of drugs to be
aerosolized could be substantially reduced. Moreover, the residual
volume of the formulation left in these devices after nebulization
is negligible, leading to prominent improvements in the cost-effec-
tiveness of administering costly medications. Since these devices
nebulize at a faster rate than conventional jet or ultrasonic nebuliz-
ers, the duration of each treatment is reduced. These devices effi-
ciently nebulize solutions and suspensions and have overcome
many of the limitations associated with forerunning nebulizers,
and they offer the adaptability to adjust the aerosol characteristics
according to the clinical need for which they are employed [30].

Jet and ultrasonic nebulizers entered the market several
decades before mesh devices. Therefore, the mesh nebulizer has
had to compete for a share of the pre-existing market since the
launch of the first mesh nebulizer in 1993. In an ever-growing neb-
ulizer market, perhaps as a consequence of lower prices and the
increase in respiratory diseases worldwide, the jet nebulizer con-
tinues to dominate the market in several countries. Moreover,
many pharmaceuticals have been developed and packaged for jet
nebulizer use; thus, mesh nebulizers are not designed as an imme-
diate substitution for jet nebulizers.

Drug formulations can have a key impact on the aerosol output
rate and the output of drug in respirable particles. Suspensions with
a high surface tension, such as BUD, can decrease the performance
of vibrating mesh nebulizers regarding the output rate and the
inhaled mass. Moreover, obstruction of mesh holes during nebu-
lization has been reported with drug suspensions [30]. 

The usage of mesh nebulizers to deliver ICS is scarce due to
the limited number of studies in this field and the lack of clinical
experience. In addition, their higher cost remains a limiting factor
in their expansion in the market. Moreover, even if the best nebu-
lizer is selected based on cost, ease of use, and clinical efficacy, a
critical factor is the patient’s ability to use the device.

A wide range of micro- and nanoemulsion-based formulations
have been proposed for oral, topical and parenteral administration,
which, by mimicking the physicochemical properties of solutions,
“solubilize” poorly water-soluble drugs in an aqueous formulation,
indicating potential for use in drug delivery systems [31,32].
Nanoemulsions, because of their high solubilizing and drug protec-
tion features have the potential to deliver active drug compounds
to the lungs. With the advantage of solution-like physicochemical
properties of nanoemulsions, it is hypothesized that nanoemulsions
perform as a solution when nebulized and will demonstrate
improved aerosolization performance over suspension formula-
tions. Amani et al. evaluated in vitro performance of a nebulized
nanoemulsion-based formulation containing budesonide with
respect to budesonide suspension formulation delivered from a jet
and mesh nebulizers. A smaller MMAD with improved aerosol
output was observed in the nanoemulsion preparations [31].

Mixing nebulizable medications for simultaneous inhalation is
an obvious way to reduce the duration of nebulization and is a
commonly used procedure. The problem of compatibility of
inhalation admixtures received little attention and has been sporad-
ically researched. Even if the admixtures are physically and chem-
ically compatible in the nebulizer, the aerodynamic behavior and
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out-put may be influenced by mixing [33]. Melani [34] evaluated
the effect of mixinig BUD or BDP with albuterol and ipratropium
bromide from an open-vent and breath-enhanced nebulizer.
Results demonstrated that mixing did not substantially reduced the
respirable mass of the examined drugs. In our previously study,
using a conventional and an open-vent nebulizer, we have demon-
strated that mixing FLU or BDP with salbutamol did not decrease
drug out or modified particle size [35]. Droplet and particle size
distribution in the delivered aerosol and incompatibilities arising
during nebulization of the admixtures should be addressed for each
mixture before prescription. 

Prescribing the most appropriate nebulized therapy should take
into consideration the available drug formulations, combinations,
and devices, as well as the patients’ pulmonary function, skills, and
preferences [36]. 

There are many challenges with the use of inhalers and nebu-
lizers, and no one device suits all patients [37]. Each nebulizer has
different technical properties that dictate its performance.
Knowledge of nebulization procedures and of the behavior of a
drug during nebulization is essential for drug-device matching.
Patient factors to consider in device selection include disease sta-
tus, physical and mental capabilities, past experiences with
inhalers, preferences and satisfaction with their inhalers [37].
However, several drawbacks have been reported with using nebu-
lizers including considerable heterodispersity in concertation of
delivered drug, device preparation, possible contamination,
lengthy treatment time, drug waste or high cost. In a nation-wide
survey Melani et al. demonstrated that the use of nebulizers in Italy
is widespread, with either occasional or regular use for upper or
lower airways diseases. However, the use and maintenance of
home nebulizers were heterogenous and not optimal [38]. 

Why is flunisolide appropriate for nebulization?
The physicochemical features of the preparation and its com-

portment during the process of nebulization are essential aspects to
be considered when prescribing inhalation therapy. Not all drugs
are appropriate for the nebulization process. Water solubility and
formulation viscosity govern the quantity of drug delivered in par-
ticles able to reach the therapeutic target. If a drug solution in a neb-
ulizer chamber is homogeneously distributed, each aerosol droplet
is likely to have a relatively uniform drug concentration during neb-
ulization. Nevertheless, water in the drug formulation evaporates
during nebulization, and consequently, the drug concentration in the
delivered cloud will increase [39,40]. Corticosteroids available for
nebulization, depending on their water solubility, may either be in
solution, such as FLU, or in suspension, such as FP, BUD and BDP.
Högger and Rohdewald rated the water solubility of ICSs at 37°C
as 140 μg/ml for FLU, 16 μg/ml for BUD, 0.14 μg/mL for FP and
0.13 μg/mL for BDP [41]. Most solution formulations are a mixture
of the active drug and a diluent forming a continuous phase. On the
other hand, suspensions form two phases become challenging to
nebulize. The high solubility of FLU yields a drug advantage in
nebulization. Studies comparing the output of different ICSs from
the same nebulizer are still lacking. In our previous studies, the out-
put from two nebulizers (traditional and open vent) for FLU, BDP,
and BUD delivery was investigated using a multistage liquid
impinger method [42-44]. The data showed that FLU output was
superior to that of the other two drugs. Moreover, the mass median
aerodynamic diameter (MMAD) of nebulized FLU was smaller
than that of BDP and BUD. The drug output in respirable particles
<4.3 µm as a percentage of the nominal doses of FLU, BUD and
BDP were 25.7%, 14.7%, and 11.5%, respectively, from the tradi-
tional nebulizer and 24.7%, 11.6%, and 7.2%, respectively, from the
open-vent nebulizer (Figure 1).

Figure 1. Output in particles <6.8 µm and <4.3 µm as percentages of the nominal dose of nebulized flunisolide (nominal dose 600 µg);
red bars, budesonide (nominal dose 500 µg); blue bars; beclomethasone DP (nominal dose 800 µg); green bars, from two different neb-
ulizers. The jet nebulizers used were Nebula (a conventional pneumatic device, Markos-Mefar, Bovezzo, Italy) and BimboNeb (an open-
vent nebulizer, Markos-Mefar) (data from references 47-49).
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In another study, we investigated the inhaled doses of three
ICSs delivered via nebulization for asthmatic children [45]. The
interaction of a child with a device has an overwhelming effect on
the inhaled dose. The aim of that study was to investigate whether
children with asthma inhale the same ratios of the prescribed dose
delivered by the same nebulizer for FP, BDP and FLU. A ‘breath-
enhanced, open vent’ nebulizer (Pari TurboBOY, Germany) was
used, and the following drug formulations were employed: FP sus-
pension (500 μg/2 ml nebule) BDP suspension (0.8 mg/2 ml neb-
ule) and FLU solution (30 mg/30 ml solution). The children inhaled
each of the drug preparations for 5 min. The results revealed that
the prescribed dose bears little resemblance to the proportion of
drug the children actually inhale and that this is largely dependent
on the formulation of the drug. Following nebulization, the chil-
dren in the study would have inhaled 13% of the prescribed dose
of FP, 21% of BDP and 25% of FLU. However, the percentage of
the dose inhaled by drug particles that were less than 5 μm and
therefore more likely to reach the lungs were only 5% and 8% of
the prescribed doses of FP and BDP, respectively. Hitherto, the
amount of FLU inhaled in particles less than 5 μm was significant-
ly greater at 16%. These variances were augmented further when
the amount of drug contained in particles less than 3 μm was com-
pared. Surprisingly, the variation in the quantity of drug inhaled
was larger among children who inhaled the suspensions of BDP
and FP than those of FLU. This fact has not been previously report-
ed and suggests that drug dispersion in the nebulizer mixture, drug
behavior during nebulization or the child’s breathing pattern
through the nebulizer may have noteworthy effects on the amount
of drug delivered from suspensions and that this is not predictable.
It is of interest that a currently discontinued preparation of BDP
resulted in very little drug exiting the nebulizer in particles small
enough to reach the lower airways [46,47]. and that this was asso-
ciated with a poor clinical effect [48,49]. Other factors, such as the
choice of nebulizer, may have a profound effect on the dose of neb-
ulized corticosteroids a patient may inhale. For example, in vitro
studies have demonstrated that the dose of budesonide that a 10-
year-old is likely to inhale from breath-enhanced, open-vent nebu-
lizers is almost four times greater than that from an open-vent neb-
ulizer and twice greater than that from a conventional nebulizer
[50].

How is nebulized flunisolide handled in the lungs?
The target of ICS treatment is to achieve an appropriate anti-

inflammatory outcome in the airways while outstandingly reduc-
ing adverse local and systemic effects.

Common means of retaining inhaled drugs in the lungs include
tissue entrapment (e.g., water soluble di-bases) and the slow disso-
lution of particles of poorly soluble drugs such as corticosteroids

[51]. For compounds with high water solubility, sustained local tis-
sue concentration and hence the therapeutic effect is influenced
mainly by the extent of tissue binding or tissue entrapment, which
is governed by molecular properties rather than material or formu-
lation properties. For slowly dissolving compounds, the extent of
the therapeutic effect is sensitive to the material properties govern-
ing the solubility and/or dissolution rate. This principle has been
demonstrated experimentally: a difference in systemic exposure
between two formulations with similar aerodynamic particle size
distributions was found to be consistent with the predicted differ-
ence in the dissolution rate [52]. A relationship between dissolution
rate and the rate of detection of drug in the plasma has also been
reported [53]. Dissolution in vivo is influenced not only by the
properties of the drug, such as solubility and specific surface area
- which can be controlled and measured in an in vitro setting - but
also by physiological factors, including the composition of airway-
lining fluid, permeability of the airway epithelium, and rate of par-
ticle clearance, all of which vary between different regions of the
lung. For example, epithelial permeability for many compounds
(depending upon the molecular properties) is significantly greater
in respiratory districts than in the conducting airways, and perme-
ation could conceivably substitute dissolution as the rate limiting
step as the deposition site moves from the peripheral to the central
lung. The causality between the rate of dissolution and the clinical
performance of an ICS is complex, but differences in the dissolu-
tion rate between ICSs with otherwise similar aerosol performance
(with potential effects on local and systemic bioavailability and
drug safety) have been demonstrated [54,55].

Sakagami et al. [56] evaluated the dissolution of various res-
pirable ICSs in ≤ 5.8 or 6.5 μm particles in a simulated lung lining
fluid. Dissolution in 10 ml of the simulated lung lining fluid was
determined over time in a Transwell dish. The results demonstrated
that while ICSs with high-to-intermediate solubility [FLU, triam-
cinolone acetonide (TAA) and BUD] were capable of first order
“sink” and complete dissolution in 6 h, ICSs with poor solubility,
including FP (FP, BDP, mometasone furoate, and ciclesonide),
resulted in pseudozero-order “non-sink”, slow and limited dissolu-
tion. The aerosol dissolution rate constant was well correlated with
solubility. For FP, but not for highly soluble FLU, dissolution was
kinetically aerosol mass dependent.

Wiedemann et al. evaluated the aqueous solubility and the rel-
ative affinity of some CSs (BUD, TAA, dexamethasone, and FLU)
for lung surfactant using a native extract of bovine lung (Survanta)
[57]. The aqueous solubility of the drugs at 37°C was 19.6, 35.8,
104, and 120 µg/mL, respectively. The quantity of drug dissolved
in Survanta was amplified with solubilization of 0.019, 0.023,
0.014, and 0.02 µg of the drug per µg of Survanta. The amount of
surfactant per kg of body weight was estimated to be between 8-24
mg [58]. The residence time of a drug in the lung is reliant on its
solubilization in the surfactant (Table 1).

Table 1. Solubility and dissolution of ICSs in water and in bronchial fluid in vitro.

ICS                                            Water solubility, µg/ml                  Solubilization in Survanta,                                 Dissolution time 
                                                              (ref 46)                     a native extract of bovine lung, µg/ml          (human bronchial fluid in vitro)
                                                                                                                          (ref 68)                                                        (ref 46)

Beclomethasone dipropionate                              0.13                                                                         -                                                                                      5 h
Beclomethasone 17-propionate                            15.5                                                                         -                                                                                        -
Triamcinolone acetonide                                          21                                                                        35.8                                                                                     -
Budesonide                                                                  16                                                                        19.6                                                                                 6 min
Flunisolide                                                                  140                                                                       120                                                                                 2 min
Fluticasone 17-propionate                                      0,14                                                                         -                                                                                      8 h
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Pulmonary residence time is governed by the release rate of the
inhaled particle, the degree of absorption of the dissolved drug
across the pulmonary membranes and the mucociliary clearance
[59]. The mean absorption times are 5-9 hours for FP and 0.3-1.8
hours for BUD [18]. The prolonged extracellular pulmonary resi-
dence of FP, as indicated by the rather prolonged mean absorption
time, is a result of its extremely low solubility. The formation of
intracellular ester depots is an alternative mean of protracting pul-
monary residence. Long residence times in the extracellular envi-
ronment have been estimated for FP and TAA, whereas BUD and
FLU tend to fade quickly [53,60]. These properties are correlated
to pulmonary solubility, which seems to be the rate-limiting step in
pulmonary absorption [60,61]. Laboratory studies have demon-
strated that a substantial portion of BUD undergoes intracellular
esterification [61]. Corticosteroids that lack the free C21 hydroxyl
group, such as FP and BDP, do not form free fatty acid esters [62].
The reversible esterification leads to the slow release of the active
drug at the targeted site of action [63]. FLU contains a free hydrox-
yl group at C21 and can potentially undergo esterification, as it
was demonstrated for ciclesonide and TAA [64]. FLU, TAA, and
ciclesonide all contain a free hydroxyl group at C21 and can poten-
tially undergo esterification. FLU, like BUD, is characterized by a
brief pulmonary residence time, and it is assumed that inside the
cell, it might be subjected to esterification due to the presence of a
free C21 hydroxyl group. The intrapulmonary retention time of
FLU is not known. In a study, we assessed the concentration of flu-
nisolide in rat lungs after inhalation using gas chromatography
[65]. Our study demonstrated a prolonged retention of inhaled
FLU in rat lung tissue. In particular, retention in the lung would
enhance the therapeutic index, either due to slow dissolution or the
ability to form esters in the airways. The study demonstrated reten-
tion of FLU in rat lungs. This may be attributed to nonspecific
binding processes, esterification, or gradient formation in the cell.

The absorption of drugs from the lungs to the systemic circu-
lation is generally rapid, with high bioavailability for compounds
with a wide range of physicochemical properties [66,67]. Different
regions of the lungs are thought to have varying permeabilities to
drugs according to their molecular properties, which dictate their
interaction with the extracellular environment, including the lining
fluid composition, cellular type and thickness, the extent and
dimensions of intercellular junctions, blood flow, and competing
clearance mechanisms. For example, the absorption of a small,
hydrophilic molecule in human subjects was greatly enhanced by
coapplying an absorption enhancer for a more peripheral delivery
[68]. Although they may be delivered predominately to central or
peripheral regions, current inhaled drugs do not exclusively target
a particular region of the lungs, and clinical absorption profiles are
composites of those of drug deposited and absorbed in different
regions.

Conclusion
FLU, which was discovered in 1965 and used initially for neb-

ulization, was approved in the United States in a CFC-pMDI for
the treatment of asthma in 1981. Flunisolide was subsequently
reformulated with a hydrofluoroalkane propellant. The reformulat-
ed flunisolide HFA with an integrated spacer is the most recent ICS
product for asthma on the market in the United States and is the
only product that combines an extrafine corticosteroid aerosol and
a built-in spacer. The physical and chemical properties of FLU
favor its prescription for nebulization. Clinical studies have
demonstrated that nebulized FLU, at the commonly prescribed
dosages, is efficient for asthma treatment in infants and that nonlo-
cal or systemic side effects have been reported [69].
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