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Abstract
Atrial fibrillation (AF) is the most prevalent cardiac arrhythmia, affecting approximately 335 million patients worldwide. 
Comprehensive pharmacological treatment of AF includes medications for rate or rhythm control and anticoagulants to 
reduce the risk of thromboembolism; yet, these agents have significant limitations. Oral anti-arrhythmic agents have a slow 
onset of action, and rapid onset formulations require hospitalization for intravenous therapy. Orally administered drugs also 
require high doses to attain therapeutic levels, and thus dose-related severe adverse effects are often unavoidable. Given 
the therapeutic benefits of inhaled drug delivery, including rapid onset of action and very low doses to achieve therapeutic 
efficacy, this review will discuss the benefits of novel pulmonary delivery of drugs for the management of AF.
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Key Points 

Atrial fibrillation (AF) is an exceedingly common car-
diac arrhythmia associated with increased mortality and 
decreased quality of life.

Currently available medication delivery systems are inef-
ficient and associated with dose-related adverse effects.

Pulmonary drug delivery is a novel delivery technology 
and provides effective therapeutic benefits at a very low 
dose of the delivered drug.

Direct delivery of drug into lungs can be used for man-
agement of AF with rapid onset of action and signifi-
cantly reduced dose-related adverse effects.

1  Introduction

Atrial fibrillation (AF) is the most prevalent cardiac arrhyth-
mia worldwide and is associated with increased mortality 
and decreased quality of life through its complications such 
as heart failure and stroke [1, 2]. It has been reported that 
more than 335 million people are suffering from AF globally 
[3]. More importantly, the incidence is rapidly rising owing 
to changing lifestyles and an increasingly aging global popu-
lation. AF results from abnormal electrical impulses in the 
atria, and the passing of these irregular signals to the ven-
tricles results in a rapid and abnormal heartbeat. While the 
exact cause of AF is uncertain, common risk factors include 
coronary artery disease, hypertension, cardiomyopathies and 
valvular heart disease, along with other comorbidities that 
impact the heart. Contemporary drug management of AF 
using currently available oral anti-arrhythmic drugs has a 
relatively slow onset of action, which reduces their effective-
ness for management of acute episodes of rapid AF, while 
rapid-onset intravenous formulations often require hospitali-
zation and intravenous cannulation for drug administration 
and monitoring of adverse effects. AF can lead to thrombo-
embolic phenomena such as stroke or myocardial infarction 
[4]. Oral vitamin K antagonist (warfarin) and novel non-
vitamin K antagonist oral anticoagulant (NOAC) drugs sub-
stantially reduce the risk of thrombus formation and clinical 
sequalae such as stroke [5–7]. The use of these drugs in 
clinical practice remains challenging as long-term use of 
oral anticoagulants has the potential to cause dose-related 
gastrointestinal bleeding and fatal intracranial hemorrhage. 
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To overcome these limitations and complexities, an alterna-
tive drug delivery system, such as the pulmonary route of 
anti-arrhythmic and anticoagulant delivery, may be consid-
ered, as this route of drug delivery can produce rapid onset 
of action and efficient therapeutic benefits at very low doses 
[8, 9]. Pulmonary drug delivery avoids first-pass metabolism 
of drugs and any associated toxicities typical to oral dosage 
forms. The inhaled drug delivery system may also be used 
as an efficient route for delivering drugs, having systemic 
activity owing to the lungs’ large surface area, with thin 
vasculature for drug absorption, and therapeutic action at 
a greatly low dose. Therefore, this mini-review will briefly 
discuss the pathophysiology of AF as well as the available 
treatment options and their limitations. Finally, it will high-
light and discuss the benefits of inhaled drug delivery for 
improved therapeutic benefits in AF at a much lower dose 
compared with those required for oral drug delivery.

2 � Pathophysiology

Emerging evidence suggests that several pathophysiologi-
cal mechanisms may underlie AF, including structural and 
electrical abnormalities, tissue remodeling and inflammation 
[10]. It is well recognized that when the atrial tissue devel-
ops electrical or structural defects, the atrial contractions 
become irregular, with an uncoordinated flow of blood into 
the ventricles. Thus, AF can contribute to large variations 
in blood pressure and cardiac output. Furthermore, several 
triggers, like single rapidly firing foci in the atria, may cause 
AF [10], which ultimately produces fibrillatory conduction 
through the heart [10]. Several studies have reported that this 
rapid focus firing occurs most frequently in the pulmonary 
veins, which can instigate repetitive firing or, in some cases, 
episodic re-entrant activation of the foci in the veins [11]. 
The exact mechanisms underlying AF initiation due to rapid 
firing have not been well understood; however, they may 
involve increased automaticity, micro-reentry or triggered 
activity [12]. Additionally, the focal rapid firing activity in 
the atria seems to be the cause of paroxysmal AF and is 
the rationale behind pulmonary vein isolation as a treatment 
option. Fibrosis in the atria was reported to create abnormal 
substrates that can further prolong AF and promote ectopic 
activity and/or re-entry [13], which can potentially induce 
the creation of re-entrant circuits that will further propa-
gate AF. Moreover, electrophysiological changes can also 
occur within minutes of AF onset, shortening the refractory 
period and increasing the likelihood of persistent AF. Mul-
tiple risk factors have been identified to increase the risk of 
AF, including genetic factors, obesity, extreme endurance 
exercise and alcohol and caffeine consumption [10].

3 � Pharmacotherapy and Limitations 
of Current Treatment

3.1 � Antiarrhythmic Drugs

Pharmacological agents in the management of AF focus on 
controlling the ventricular response rate or restoring normal 
sinus rhythm. Controlling ventricular rate with atrioventricu-
lar nodal-blocking agents such as digoxin, beta-blockers and 
calcium channel blockers is most commonly used in patients 
with persistent or chronic AF with minimal symptoms. Nev-
ertheless, oral formulations of these drugs have a relatively 
slow onset of action and patients frequently require intrave-
nous loading doses to rapidly achieve therapeutic levels. For 
example, oral loading of digoxin is recommended over 7–10 
days, while intravenous loading typically required 1 g over 
24 h in divided doses. Moreover, digoxin requires moni-
toring of therapeutic levels, owing to safety concerns, and 
hospitalization due to toxicity remains common [15][15]. 
Similarly, oral beta-blockers and calcium channel blockers 
have relatively slow onsets of action and time and have high 
first-pass metabolism, and peak plasma concentrations vary 
widely among individuals. Intravenous formulations offer 
more rapid onset of action, yet, require intravenous access, 
hospitalization and cardiac monitoring for adverse events 
such as bradycardia.

Restoring normal sinus rhythm is often used for new-
onset AF or in those who have ongoing symptoms despite 
rate control, whereby antiarrhythmic drugs such as fle-
cainide, amiodarone and sotalol are used in an attempt to 
revert and maintain sinus rhythm and alleviate symptoms 
[14]. Among these, flecainide, a sodium channel blocker, has 
a promising safety profile in AF patients without structural 
heart disease [18]. Oral administration has bioavailability 
of around 90–95% and will achieve cardioversion at a rate 
of 50–60% and 75–85% at 3 h and 6–8 h, respectively, and 
100-mg oral tablets have a peak plasma concentration of 
0.138 μg/mL in 3.36 h [20, 21], which is a very long onset 
of action. Oral flecainide undergoes remarkable first-pass 
metabolism, which reduces its therapeutic potential [19]. 
Amiodarone can be used in those with structural heart dis-
ease, but has poor oral bioavailability, with extensive inter-
subject variation [23]. The first-pass metabolism in the gut 
and liver is responsible for determining the systematic bio-
availability. The remaining unused drug accumulates in tis-
sues, particularly the adipose tissue, and in highly perfused 
organs such as the liver, lung, kidney, spleen and heart and 
causes toxic effects such as pulmonary fibrosis with long-
term use [24–26]. A typical 200-mg oral tablet can reach a 
peak plasma concentration of 0.1437 μg/mL in up to 7.6 h 
[23]. Intravenous loading and infusions are often required to 
ensure rapid antiarrhythmic effects, with reversion rates of 
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95% with high-dose (> 1500 mg/day) intravenous loading 
and infusion [14].

Sotalol inhibits the inward potassium ion channels and 
extends the duration of action potential and refractory peri-
ods [29]. Sotalol is also a non-selective beta-blocker that 
reduces the rate and force of contraction [29]. When admin-
istered orally in the form of 80- to 120-mg tablets, the bio-
availability is 90–100%, with an elimination half-life of 12 
h [30–32]. An oral tablet with an 80-mg dose will achieve a 
peak plasma concentration of 0.61 ± 0.16 μg/mL in 2.12 h 
[31]. Due to this drug’s non-selective beta-blocking action, 
adverse effects such as bronchospasms, excessive brady-
cardia and pro-arrhythmias such as torsades de pointes can 
result [30, 31].

3.2 � Anticoagulation Therapy

Warfarin and NOACs are widely prescribed for the preven-
tion of stroke in patients with non-valvular AF (NVAF) [15]. 
The marketed NOACs include apixaban, dabigatran, edoxa-
ban and rivaroxaban, which are available in a range of doses 
for a range of indications. However, the use of these antico-
agulants with currently available dosage forms is associated 
with limited effectiveness and an increased risk of dose-
related major bleeding [1, 2, 6]. Warfarin is recommended 
in clinical guidelines for the management of valvular AF and 
NVAF although long-term use requires frequent blood tests 
and involves the difficulty of achieving stable international 
normalized ratios, making therapy complex for physicians 
and patients. Due to the potential risk of blood clots and 
stroke associated with different types of NVAF, it is not clear 
whether the direct oral anticoagulants can replace warfarin 
[7].

3.3 � Limitations of Current Treatment

Although current treatment options for AF have been used 
in clinical practice for an extended period of time, some 
unavoidable limitations still exist. For example, rate con-
trol medications are not always effective in adequately con-
trolling the heart rhythm, and rhythm control medications 
can fail or worsen arrhythmias in some patients. Catheter 
ablation of AF is markedly reducing the burden of AF and 
improves mortality in those with left ventricular dysfunc-
tion. Nevertheless, ablation is invasive and is associated 
with a clinically significant risk of early complications [16]. 
Moreover, about half of patients undergoing AF ablation 
have recurrence of AF of sufficient severity to warrant re-
hospitalization over time; thus, this is not a cure or replace-
ment for pharmacological therapy [17]. Furthermore, anti-
coagulation reduces but does not eliminate the embolic risk 
of AF [6] and is associated with a risk of bleeding [18]. 
While left atrial appendage closure devices can reduce the 

risk of embolic events in NVAF without using anticoagu-
lation, they are associated with a risk of serious adverse 
events [19] and are generally recommended only for those 
who have an appropriate reason to seek a nondrug alterna-
tive. Therefore, additional research with newer agents and/
or better delivery systems for existing drugs may improve 
the effectiveness of these currently approved drugs for the 
management of AF.

4 � Advanced Drug Delivery Technology 
for AF

Studies in developing advanced drug delivery technology 
have not progressed for the treatment of AF. The sub-opti-
mal nature of current treatment strategies for AF presents 
the need to develop more efficient and advanced options 
that may help to eliminate some of the many adverse effects 
seen by traditional therapy. Recently, cardiovascular gene 
therapy has been explored as a potential alternative over 
typical drugs and catheter-based ablation therapies. Several 
gene therapy targets have already been identified as relevant 
to the control of rate or rhythm of the heart during AF. For 
rate control, through genetic modification of the atrioven-
tricular node, there is a proposed reduced conduction and 
thus ventricular response rate to AF [4]. The proposed vector 
would be delivered by arterial perfusion, which is desirable 
as there is minimal invasiveness and the method is practical 
with current standard clinical approaches. A disadvantage, 
however, is the limited efficacy involved with whole nodal 
transduction [4]. Rhythm control through modification of 
atrial muscle to become a substrate less supportive of AF has 
also been investigated [20]. Many studies so far have been 
conducted in large animal models, making the easy transi-
tion to human studies more promising than the outcomes 
obtained from small animals. However, the vector used (such 
as adenovirus) can present limitations such as the induction 
of strong inflammatory responses and subsequent clearance 
of the vector and limits gene expression [4].

5 � Pulmonary Drug Delivery Technology 
and Advantages

Pulmonary drug delivery technology is the most suitable 
route of drug administration as it delivers drugs deep into the 
lungs, avoids first-pass metabolism and produces therapeutic 
benefits at a very low dose of the delivered drugs (Fig. 1). 
Currently, oral medications for the management of AF have 
a relatively slow onset of action and are also associated with 
dose-related adverse effects. There are three main categories 
of device available for lung delivery of drugs, i.e., metered 
dose inhalers (MDIs) (Fig. 1a), dry powder inhalers (DPIs) 
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(Fig. 1b) and nebulizers. The MDI formulations are solu-
tions or suspensions of drugs in liquified hydrofluoroalkane 
or propellant. The DPI formulations consist of either the 
agglomerated forms of the micronized drug particles (< 5 
µm) with controlled flow properties or the large carrier-
based powder mixtures. The micronized drug particles (< 
5 µm) are highly cohesive with reduced flowability, which 
affects the aerosolization performance of the powder. There-
fore, large carriers (preferably lactose powder) are used to 
enhance the flowability of the formulations. The nebulizer 
formulations are aqueous solutions or suspensions of drugs, 
which are delivered as a large dose. As presented in Fig. 1, 
the lung-deposited drug can be translocated into the heart 
through the air–blood pulmonary barrier, avoiding first-pass 
metabolism and any associated toxicities typical to oral 
ingestion. Furthermore, the profuse vascular nature of the 
lungs, as well as relatively low levels of proteolytic enzymes, 
presents the opportunity for the drug to enter the systemic 
system more rapidly at very low doses compared to those 
required for oral delivery [21]. A successful drug would have 
both an appropriate inhalable formulation [22, 23] and stable 
aerodynamic properties [24]. Factors such as the varying 
anatomy between human respiratory tracts, inhalation flow 
rate and drug particle size (< 5 µm) must also be considered 
for the efficient delivery of drug. The drug particle size must 
be < 5 µm for efficient delivery of the drug deep into lungs 
for appropriate absorption. Effective drug delivery to the 
lungs using inhaled formulations is dependent on the drug 
particle formulation, the delivery device and the patient’s 
inhalation force.

6 � Inhaled Drugs for the Management of AF

The inhaled route, with potential advantages for delivering 
antiarrhythmic drugs for rapid conversion of AF, is progress-
ing [25]. Preclinical and clinical studies of the inhaled drugs 
for potential application in the management of AF are sum-
marized in Table 1.

Among the antiarrhythmic drugs, flecainide is the most 
investigated drug for pulmonary delivery, with significant 
success in preclinical studies [25–30]. Tessarolo et al. dem-
onstrated that the intratracheal instillation of flecainide rap-
idly terminated AF through multimodal effects such as slow-
ing down of atrial conduction velocity and decreasing AF 
frequency at a reduced dose [31]. Inhaled cyclodextrin com-
plexed flecainide formulation was found to accelerate the 
conversion of AF to sinus rhythm in a dose-dependent mode 
and shortened the duration of AF. The authors suggested that 
flecainide complexed with cyclodextrin formulation effec-
tively terminated AF by slowing down the atrial conduction 
velocity as well as decreasing the frequency of AF. The peak 
plasma level of flecainide complexed cyclodextrin formula-
tion was achieved within 2 min of intratracheal instillation. 
The authors emphasized that the rapid increase in plasma 
drug levels upon inhalation optimized its anti-AF effects at 
a low dose, with reduced adverse effects versus an oral for-
mulation. These excellent outcomes proved the applicabil-
ity of inhaled formulations for the efficient management of 
AF. Intratracheal instillation of this drug in Yorkshire pigs 
showed fast absorption of the delivered drug and increased 
the concentration of drug in pulmonary veins and the left 
atrium, resulting in the termination of AF [26]. Marum et al. 
[29] investigated the reduction of AF by rapid administration 
of a low dose of flecainide, by intratracheal or intravenous 
routes in pig models. They found a similar reduction of AF 
duration with both intratracheal and intravenous administra-
tion of the drug. The authors concluded that the rapid deliv-
ery (inhalation or intravenous) of a low dose of flecainide 
optimized the plasma drug concentration profile for effective 
conversion of AF. In Stocco et al.’s study, low-dose inhaled 
flecainide was shown to allow flecainide to reach systemic 
circulation in 2 min, with a pharmacokinetic profile similar 
to that of an intravenous route. The authors concluded that 
the inhaled flecainide was safe and well tolerated [28]. The 
outcomes of the above investigations indicate that the pul-
monary delivery of flecainide is a promising avenue in the 
therapeutic approach for the treatment of AF.

The clinical application of flecainide has recently been 
investigated in 101 patients with symptomatic onset of AF 
less than 48 h. An inhaled 120-mg dose produced cardio-
conversion in 48% of the patients 8 min after the end of 
inhalation [32]. The peak plasma concentration (386 ± 209 
ng/mL) occurred with a 120-mg dose within 3 min of inha-
lation. This is the first clinical study to reveal that inhaled 
flecainide has the potential to be a practical application for 
rapid conversion of AF to sinus rhythm. A comprehensive 
phase 3 clinical trial (identifier # NCT05039359) involving 
400 participants is ongoing, and more data will be published 
in future.

The pulmonary delivery of the beta-adrenergic blocker 
metoprolol was found to terminate AF in a pig model [30]. 

a

b

Inhalable drug formulation Delivery devices Drug deposition into lungs

Fig. 1   Direct delivery of drug deep into lungs from inhalable formu-
lation. a and b represent the drug delivery from dry powder inhaler 
(DPI) and metered dose inhaler (MDI) formulations, respectively.
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The authors demonstrated that the inhaled metoprolol effi-
ciently reduced the ventricular rate and enhanced conversion 
to normal sinus rhythm. Additionally, the inhaled metopro-
lol was also found to reduce AF dominant frequency by 31% 
compared to that of control (sterile water). Belardinelli et al. 
patented the inhaled formulations of metoprolol and flecainide 
for the treatment of heart conditions such as cardiac arrhyth-
mia, atrial arrhythmia and AF [33]. Further details of the 
inhaled antiarrhythmic drugs for rapid changes of AF have 
been reported [25].

Recently, inhalation of < 50-nm calcium phosphate (CaP) 
nanoparticles loaded with a peptide dyed with cyanine 7 
(Cy7) was found to show rapid translocation of CaP from the 

pulmonary tree to the bloodstream and to the myocardium, 
where the peptide was released very quickly in an animal 
model [34]. The authors demonstrated that drug administra-
tion via inhalation was a more efficient delivery method in the 
rapid delivery of Cy7-loaded CaP to the myocardium com-
pared to oral and parenteral delivery. Oral delivery did not get 
the drug into the target 40 min after administration. This is a 
very encouraging effect of the inhaled drug delivered into the 
heart via the lungs and is considered a pioneering method for 
the management of heart diseases. Inhaled amiodarone was 
found to induce transient pulmonary inflammation with lit-
tle damage to the lungs of Wistar rats [35]; however, further 
investigations are warranted to understand the suitability of 

Table 1   Inhaled delivery of drugs for the management of AF

AF atrial fibrillation, IV intravenous/intravenously

Drug names Inhaled technology employed Experimental model Outcomes References

Flecainide acetate Inhalation of solution by a nebulizer Adult 101 patients 
with < 48 h onset 
of AF

Inhaled 120-mg dose produced cardioconversion 
in 48% of the patients 8 min after the end of 
inhalation. Inhaled delivery was safe, and the 
peak plasma concentration of 389 ng/mL was 
achieved with 120-mg dose within 3 min after 
completion of the inhalation

[32]

Flecainide Intratracheal instillation Yorkshire pigs Conversion of AF to normal sinus rhythm 
occurred within 3–6 min of the administered 
drug. Pulmonary administration of this drug was 
effective in terminating AF

[26]

Flecainide 
containing 
cyclodextrin

Intratracheal instillation Yorkshire pigs Intratracheal delivery of 1.0-mg/kg dose produced 
approximately 1100 ng/mL plasma drug con-
centration in 2.6 min. The conversion of AF to 
sinus rhythm using inhaled flecainide was dose 
dependent. AF was terminated through multi-
modal effects at a reduced dose. Cyclodextrin 
helped increase the solubility of the drug and 
achieved the required plasma concentration in 
2.6 min

[31]

Flecainide acetate Yorkshire pigs The plasma concentrations of the drug were 1688 
ng/mL and 2808 ng/mL with intratracheal instil-
lation with 0.75- and 1.5-mg/kg doses, respec-
tively, in 2 min. Comparable pharmacokinetic 
profile of flecainide observed both from inhaled 
and IV administered formulations

[28]

Flecainide Intratracheal administration Yorkshire pigs Intratracheal or IV flecainide delivery achieved 
the required plasma drug concentration levels 
(1600–1900 ng/mL) with 1.5-mg/kg dose in 2 
min and reduced the negative inotropic burden

[43]

Flecainide Intratracheal instillation Yorkshire pigs The inhaled flecainide (1.5 mg/kg) produced a 
rate-dependent predominant effect on atrial 
compared with ventricular depolarization dura-
tion in 2 min after administration and facilitated 
AF conversion to sinus rhythm with reduced risk 
of ventricular proarrhythmia

[44]

Metoprolol Intratracheal administration Yorkshire pigs Inhaled metoprolol caused a 2- to 3-min reduction 
in AF duration and accelerated AF conversion. 
The inhaled metoprolol was found to reduce AF 
dominant frequency by 31% compared to that of 
control (sterile water)

[30]
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the inhaled delivery of this drug to overcome the dose-related 
adverse effects of oral administration.

Pulmonary delivery of anticoagulants was demonstrated 
to be a safe and beneficial route for treatment [36–38]. Very 
recently, Abdur Rashid et al. developed inhaled edoxaban 
(EDX), which showed very promising anticoagulation effects 
at a greatly reduced concentration (3 μg/mL) in 20 min [8]. It 
can be highlighted that the required therapeutic concentration 
of 256 ng/mL (0.26 μg/mL), which is obtained from 60 mg of 
orally administered EDX, can be attained by lung delivery of 
208–309 μg of EDX for anticoagulation effect. Lung delivery 
of heparin for idiopathic pulmonary fibrosis (IPF) is well docu-
mented [37]. Inhaled low molecular weight heparin (LMWH) 
from DPI formulations has been reported as an alternative to 
multiple parenteral administration [39]. Additionally, the DPI 
formulation of LMWH showed better absorption compared 
to that of an inhalable solution formulation [40]. The DPI 
formulation produced an approximately 1.5-fold increase in 
the bioavailability (41.6%) compared to the liquid formula-
tion (32.5%). Inhaled anticoagulant therapy in both preclinical 
and clinical studies was found to increase the survival of the 
patients and decrease the morbidity [41]. Inhaled heparin was 
also found to be effective and safe for the patients with asthma 
and chronic obstructive pulmonary disease (COPD). The pul-
monary route for unfractionated heparin delivery was also 
reported as the most suitable for obtaining anti-inflammatory, 
antioxidant and mucolytic effects in the patients with asthma 
and COPD [42].

7 � Conclusion

Currently available medications for the management of AF 
have a relatively slow onset of action and require high doses 
via the oral route, which causes an increase in drug concen-
tration in the systemic circulation, with considerably long 
elimination half-lives that together result in dose-related 
adverse effects. This mini-review has demonstrated the pos-
sibility of developing an inhaled drug delivery system for 
the treatment of AF at very low doses, which potentially can 
achieve a rapid therapeutic effect and significantly reduce 
the dose-related adverse effects seen with oral drug delivery. 
Although preclinical studies and some clinical studies have 
been performed, wider clinical investigations are warranted 
to draw a comprehensive conclusion. Based on the evidence 
presented, we believe that this novel delivery approach will 
have significantly improved efficacy and clinical outcomes 
over current strategies in the management of AF.
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