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Abstract: Cell Signaling pathways form an integral part of our existence that allows the cells to comprehend a
stimulus and respond back. Such reactions to external cues from the environment are required and are essential to
regulate the normal functioning of our body. Abnormalities in the system arise when there are errors developed in
these signals, resulting in a complication or a disease. Presently, respiratory diseases contribute to being the third
leading cause of morbidity worldwide. According to the current statistics, over 339 million people are asthmatic,
65 million are suffering from COPD, 2.3 million are lung cancer patients and 10 million are tuberculosis patients.
This toll of statistics with chronic respiratory diseases leaves a heavy burden on society and the nation's annual
health expenditure. Hence, a better understanding of the processes governing these cellular pathways will enable
us to treat and manage these deadly respiratory diseases effectively. Moreover, it is important to comprehend the
synergy and interplay of the cellular signaling pathways in respiratory diseases, which will enable us to explore
and develop suitable strategies for targeted drug delivery. This review, in particular, focuses on the major respira-
tory diseases and further provides an in-depth discussion on the various cell signaling pathways that are involved
in the pathophysiology of respiratory diseases. Moreover, the review also analyses the defining concepts about
advanced nano-drug delivery systems involving various nanocarriers and propose newer prospects to minimize
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the current challenges faced by researchers and formulation scientists.
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1. INTRODUCTION

Cell signaling or communication among the cells is one of the
key factors in understanding both cellular mechanisms and system
functioning [1-6]. There are various cell signaling pathways that
are involved in a myriad of specific mechanisms in the body, rang-
ing from an antigen triggered antibody response to targeted cells
responding to particular hormones. The cells in the body are con-
stantly connected to each other in order to maintain the coordina-
tion and regulated response throughout [7, 8]. However, any dys-
functionality in such a cellular signaling process leads to abnormal-
ity or disease. In most cases, cellular interaction involves the bind-
ing of a targeted molecule to a specific receptor that is present on
the plasma membrane. This triggers a cascade of reactions to regu-
late the external stimuli and thereby influence cellular behavior [9].
Cytokine receptors, G protein-coupled receptors (GPCRs), Recep-
tor tyrosine kinase (RTKs) and Transforming growth factor- beta
(TGF-B) is the common receptor involved in cell signaling [10].
These receptors involved in cell signaling, generally perceive the
on-going information over the cell surface and communicate it to
the nearby cells. Standard cascade signaling reactions are usually
triggered within the nucleus, which further regulates the transcrip-
tion factors and amends regulation of genes as well as cellular re-
sponses [9].
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These cell signaling pathways are the primary regulators of the
normal functioning of the cellular system. Hence, any changes in
these cell signaling pathways may result in aberrations in the body
[11-14]. Approximately, 8.3% of the global population suffers from
chronic respiratory diseases (CRDs), due to the aberrant functioning
of the respiratory system [15]. These CRDs, namely, asthma,
Chronic Obstructive Pulmonary Disease (COPD), tuberculosis (TB)
and lung cancer occur because of i) causative environmental fac-
tors, ii) microbial infections, iii) genetic make-up and iv) the life-
style of the individual [16—19]. CRDs demonstrate the involvement
of a chemical entity, foreign agent, interleukins, oxidative agent or
proteins, which are directly or indirectly associated with these cell-
signaling pathways, and therefore, can serve as the active target for
treating these CRDs. Targeting cytokines for CRDs can be a poten-
tial therapeutic intervention via blocking antibodies or therapeutic
proteins. An emerging role of IL-4, IL-5 and IL-13 was found as
anti-cytokine therapies for asthma [20]. Anti-IL-5 antibody has
been found to be effective in reducing eosinophil numbers in blood
and sputum, however, it was found to be substantially less effective
at reducing eosinophil numbers in the lung and had a modest impact
on lung function [21]. A recent study showed the role of neuroim-
mune semaphorin 4A in downregulating asthma severity by regula-
tion of IL-13. Several therapeutics targeting the tumour necrosis
factor (TNF)-a pathway have been developed and used in clinical
trials. Therapeutics such as mouse/human IgG1 antibody against
TNF-B, infliximab have been found to be effective in asthma com-
pared to COPD [22].
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The role of NLRP3, caspase-1 and IL-1p responses has been
found to be elevated in the lungs of Chlamydia infection-induced
experimental severe steroid-resistant asthma [23] and the sputum
NLRP3 and IL-1p expression correlate to key clinical parameters of
human severe steroid-resistant asthma, including increased numbers
of neutrophils in the airways, and reduced lung function. The func-
tional roles and potential for therapeutic targeting of NLRP3,
caspase-1 and IL-1f in experimental severe steroid resistant asthma
by intranasally administering MCC950 (a potent and highly selec-
tive NLRP3 inflammasome inhibitor, ac-YVAD-cho (a selective
caspase-1 inhibitor) or neutralising anti-IL-1$ monoclonal antibody
during Chlamydia and Haemophilus infection-induced severe ster-
oid-resistant asthma. The elevated lung IL-1p response was sup-
pressed by treatments, and this was associated with the suppression
of steroid-resistant neutrophilic airway inflammation and airways
hyper-responsiveness. Therefore, targeting the exaggerated NLRP3
inflammasome response component in severe steroid-resistant
asthma is a novel therapeutic approach and suggests the clinical
preference as it allows IL-1p processing through other mechanisms
for protection against infections [24].

Furthermore, several known inflammatory target proteins in-
cluding matrix metalloproteinase-9 (MMP-9), intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-
1), cyclooxygenase-2 (COX-2), and cytosolic phospholipase
A, (cPLA;) have been associated with airway and lung inflamma-
tion in response to different stimuli [25]. The environmental insults
can reach the lung through airways or pulmonary and systemic
circulations. The responses by circulating and resident cells is regu-
lated by different inflammatory signaling pathways, such as Src
family kinases (SFKs), protein kinase C (PKC), nicotinamide ade-
nine dinucleotide phosphate (NADPH)/reactive oxygen species
(ROS), PI3K/Akt, MAPKs, nuclear factor-kappa B (NF-«B), acti-
vator protein-1 (AP-1) and activator of transcription proteins (JAK-
STAT) [26-28]. These signaling pathways regulate inflammatory
signaling pathways and target proteins involved in airway and lung
inflammation [29, 30].

Current traditional approaches employed in the treatment and
management of these CRDs have become ineffective, as they were
originally designed to only adhere and function on the general site
[31, 32]. Extensive research on how these respiratory diseases de-
velop under different pathological conditions, along with the vari-
ous factors that come into play, has uncovered the variability
among these diseases and has assisted scientists and researchers in
comprehending the role of cell signaling pathways [29, 33, 34].
This review focuses on understanding the function of cell signaling
pathways and their synergy with CRDs. Additionally, it will also
speculate on various nano-drug delivery systems and nanocarriers
currently employed and attempts to propose newer prospects for
minimizing the challenges in the near future.

2. GLOBAL PREVALENCE OF MAJOR RESPIRATORY
DISEASES

Globally, CRDs are becoming one of the leading causes of
morbidity and mortality. Additionally, the rate of CRDs is exponen-
tially increasing and advancing in all socioeconomic classes, as
well as regions [35]. According to the World Health Report, the
disability, morbidity, and mortality attributed to these CRDs ac-
count for up to 8.3% of the global burden. Moreover, most of the
deaths caused by these CRDs occur in developing countries [15,
36-38]. The four most prevailing chronic respiratory diseases are
pictorially illustrated in Fig.1., and their key features are discussed
below:

Asthma is a chronic inflammatory disease of the upper airways,
characterised by airway hyper-responsiveness (AHR), airflow ob-
struction and eosinophilic infiltration [39]. Common symptoms of
this disease range from a persistent cough, dyspnea to wheezing.
Allergy is reported to be one of the major causes of asthma. Here,
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the bronchioles of the upper airways get inflamed, as well as nar-
rowed because of edema. It is further associated with remodeling of
the smooth muscles and mucus production [40]. According to the
consensus of the Global Burden of Disease-2016 (GBD), there are
around 339 million people worldwide, who are suffering from
asthma, which is higher by 3.6% from the report published in 2006
[41, 42]. Globally, asthma ranks as the 231 leading cause of mortal-
ity [43].

COPD is a progressive inflammatory lung disease character-
ized by persistent airflow limitation, caused primarily by inhaling
smoke or noxious particles. The primary symptoms of COPD are
recurrent incidences of dyspnea, wheezing and cough (with or
without mucus) [44]. COPD causes enlargement of air spaces in the
bronchioles, disrupting the lung tissues, and eventually resulting in
difficulty to breathe. As per the 2016 statistics, around 328 million
people suffer from COPD worldwide [45]. It has been reported that
COPD accounted for 3.17 million deaths in the year 2015 alone, of
which, more than 90% of people belong to developing countries.
Globally, COPD holds the 10™ position as the leading cause of
mortality [46].

Lung Cancer, a chronic respiratory disease, is caused by a
mutation in the protective gene or due to DNA damage resulting
from persistent smoking or indirect inhalation [47]. Other causes
may be air pollution, workplace exposure to certain chemicals such
as asbestos, nickel, chromium, radioactive gases like radon etc.
[48-51]. The hallmark of lung cancer, like most other cancers, is
characterized by abnormal and uncontrolled cell division, which
invades nearby tissues, primarily in the lining of air passages [52].
On the basis of histology, they are further classified as non-small
cell lung cancer (NSCLC) and small cell lung cancer (SCLC).
Moreover, NSCLC is further sub-classified into three sub-groups,
namely, Adenocarcinoma (AD), Squamous-cell cancer (SQ) and
Large-cell cancer (LC) [53]. The symptoms observed in patients
suffering from lung cancer involves loss of appetite, chest pain,
cough, compromised immune system, wheezing, and heavy sputum
production [54]. As per the available consensus, lung cancer is one
of the leading causes of death and accounts for around 1.4 million
deaths every year. According to the WHO (2018), there have been
1.76 million deaths worldwide due to lung cancer. The highest
prevalence of this disease is recorded in developing countries [55].
Globally, lung cancer holds the 5™ position as a leading cause of
mortality [42].

Tuberculosis (TB) is a chronic infectious disease caused by the
bacterium, Mycobacterium tuberculosis. The bacterium usually
infects the lungs first, then slowly, they affect the other organs like
genito-urinary tract, lymph nodes and the skeletal system [56].
Moreover, it spreads to other people through cough, sneeze or
physical interaction. This infectious disease shows symptoms like
cough with sputum that contains or stained with blood, fatigue,
fever, loss of weight and night sweats [57]. Globally, TB has been
accounted for over 1.5 million deaths in 2018 alone, and about 10
million people are still prone to TB. Moreover, the burden of TB is
mostly in developing countries. Multi-Drug Resistant TB has
evolved as a major threat to public health [58]. Globally, TB holds
the 9™ position as the leading cause of mortality [59-61].

Interstitial Lung Disease (ILD) is a wide group of pulmonary
diseases that include more than 100 disorders which cause scarring
and fibrosis of the lung [62]. The characteristic manifestations of
ILDs are variable and include respiratory symptoms (cough, dysp-
nea), reduced pulmonary capacity, chest x-ray abnormalities and
pathological fibrosis. ILDs can be categorised into individual disor-
ders according to some of those specific clinical, radiological and
histopathological characteristics [63]. For example, granulomatous
inflammation is characteristic of sarcoidosis whereas pulmonary
fibrosis and lung distortion are unique to idiopathic pulmonary
fibrosis (IPF) [64]. The most common ILD is IPF, with an estima-
tion of approximately 3 million people suffering from IPF world-
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Fig. (1). Overview of the common chronic respiratory diseases. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).

wide and 130 000 persons in the United States [65]. ILDs are idio-
pathic disorders in most cases, meaning the cause of lung damage
and resulting fibrosis is unclear [62].

3. TARGETED CELL SIGNALING PATHWAYS INVOLVED
IN RESPIRATORY DISEASES

There are numerous cell signaling pathways involved in regu-
lating the normal functioning of the cell. Most of these cell signal-
ing pathways are activated by external signals that transfer informa-
tion within the cell from its surface to the effector site [66—68]. The
focus of this review revolves around the cell signaling pathways
that are primarily involved in respiratory diseases. The major cell
signaling pathways (Fig. 2) are summarized below:

4. AKt/PKB/PI3K SIGNALING PATHWAY

Akt/PKB/PI3K signaling pathway is an intracellular signaling
pathway having a vital role in regulating the various cellular func-
tions like development, growth, metabolism, proliferation, protein
synthesis, survival and transcription [69]. The Akt/PKB/PI3K gets
activated either by growth factors, hormones or nutrients [70]. The
reaction cascade is triggered by external stimuli on the interaction
with any of the receptors, namely, B and T cell receptors, cytokine
receptors, G-protein-coupled receptors (GPCR), integrins and tyro-
sine kinase [71]. This interaction activates PI3K and triggers the
generation of phosphatidylinositol-(3,4,5)-trisphosphates  (also
known as PIP3) via phosphorylation. After that, the synthesized
PIP3 binds with the pleckstrin homology (PH) domain of Akt for
facilitating its transfer to the plasma membrane [72, 73]. In the
plasma membrane, Akt gets phosphorylated by Phosphoinositide-

dependent kinase 1 (PDK1) at Thr308, which partially activates the
Akt. The phosphorylation of Akt at Ser473 via mTORC2 com-
pletely activates the function of the enzyme and regulates the nor-
mal functioning of the cellular processes [74, 75].

5. JAK-STAT SIGNALING PATHWAY

JAK-STAT is another intracellular signaling pathway that regu-
lates and controls cellular functions like development and homeo-
stasis [76]. This pathway gets activated by the interaction of cytoki-
nes (i.e., interferons) with receptors like epidermal growth factor
receptor (EGFR), GPCR, and platelet-derived growth factor recep-
tor (PDGFR) [77]. This interaction phosphorylates the JAKs asso-
ciated with these receptors on the cytoplasmic side. Hence, these
phosphorylated JAKs further phosphorylates the tyrosine residues
of the receptor to generate the docking site for Src Homology 2
(SH2) domain of STATSs [78]. These docked STATSs get phosphory-
lated by JAKs associated with tyrosine residues located at the C-
terminal end. After the phosphorylation of STATs via SH2-
phosphotyrosine interaction, it dissociates itself from the receptor
[79, 80]. Dimerized STATS are then imported into the nucleus with
the help of importin-a (i.e., Imp- o). After these events, STATs
attach themselves to the promoter region via the DNA-binding do-
main, which further regulates the transcription of genes essential for
cellular processes [81].

6. MAPK SIGNALING PATHWAY

The MAPK signaling pathway is associated with various differ-
ent pathways and aids in regulating several important cellular proc-
esses like apoptosis, metabolism, proliferation and transcription
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Fig. (2). The classical representation of major cell signaling pathways involved in chronic respiratory diseases. Here, 1- TNF receptor, 2- Integrin receptor, 3-
PAMPs receptor, 4- EGF receptor, 5- Interleukin receptor, 6- Tyrosine kinase receptor, 7- PGF receptor, 8- Cytokine receptor, 9- GPC receptor. (4 higher
resolution / colour version of this figure is available in the electronic copy of the article).

[82, 83]. These different downstream processes get activated by the
final MAPK component attached to any of the three signaling
pathways like Extracellular-signal regulated kinase (ERK) pathway,
c-Jun-N-terminal kinase (JNK) pathway and p38 pathway [84].
External stimuli activate this signaling pathway. The pathway pri-
marily acts on one of the 14 different types of MAPK kinase
kinases (MAPKKKs). On activation, these MAPKKKs further
phosphorylate one of the 7 types of MAPK kinases (MAPKKs).
Sequentially, the phosphorylated MAPKKSs further continue to
phosphorylate one of the 12 MAPKs for eliciting the cellular re-
sponses [82].

7. NF-kB SIGNALING PATHWAY

NF-kB signaling pathway is activated by different external
stimuli, namely, interleukin-1 (IL-1), pathogen-associated molecu-
lar patterns (PAMPs) and tumor necrosis factor-alpha (TNF-a),
responsible for regulating different cellular processes like apopto-
sis, inflammation and proliferation [85]. This pathway is usually
initiated by the interaction of external stimuli with a TNF receptor.
On activation, p50 and p65 isoforms of NF-kB form the dimer and
recruit the signaling complex on the membrane [86]. The signaling
complex comprises the inhibitors of NF-kB (IkB) kinase, i.e., IKKa
and IKKp. These IKKa and IKKf form the dimer for phosphorylat-

ing the IkBa subunit, which later aids in retaining the p50/p65 iso-
mers within the cytoplasm [87]. Proteasome then acts on it and
degrades the phosphorylated IkBa, liberating the homodimer of
p50/p65 isomers. The homodimer of p50/p65 isomers is then im-
ported inside the nucleus to regulate the transcription of genes es-
sential for cellular processes [88].

8. ASSOCIATION OF TARGETED CELL SIGNALING
PATHWAYS WITH MAJOR RESPIRATORY DISEASES

The cell signaling pathways have the key responsibility to per-
form important cellular functions. However, any change or altera-
tion in these cell signaling pathways causes a defect, which eventu-
ally leads to the development of diseases [11]. There are huge
variations in the nature of the pathogenesis, of how each disease
gets induced. In a few cases, pathogenic organisms also interfere
with these cell-signaling pathways. Thus, tracing the defects in
these cell-signaling pathways will also explain the synergism be-
tween CRDs and cell signaling pathways [89].

Acute respiratory distress syndrome (ARDS) is a systemic in-
flammatory disease where lungs and other organ systems are in-
volved [90]. This causes increased inflammatory cytokines such as
IL-1B, TNF-a, IL-6, and IL-8 in bronchoalveolar lavage fluid and
blood [91]. Development, progression and recovery of ARDS have
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been related to TLR signaling pathways. An extracellular matrix
glycosaminoglycan, Hyaluronan is produced after tissue injury,
which further leads to development of inflammatory response in
ARDS via TLR2 and TLR4, and at the same time, promotes recov-
ery from ARDS [91]. TLR3 mediates hyperoxia-induced ARDS
and TLR2 mediates hemorrhage induced ARDS [92]. Studies have
shown the role of inflammasomes in inflammation during acute
lung injury. NLRP3 inflammasome interacts with extracellular
histones and leads to the development of hypoxemia-induced
ARDS [93]. Once, ARDS results in systemic inflammation; there is
a release of mitochondrial components, including mitochondrial
DNA, formyl peptides in the circulation, causing cellular damage
[94].

Asthma, a chronic inflammatory disease, is triggered by IL,
which are found to be involved in cell signaling pathways like
Akt/PKB/P13K, JAK-STAT, MAPK, and NF-«kB signaling path-
ways [95]. During the pathogenesis of this disease, IL-4/13 causes
the phosphorylation of JAK, which activates the STAT transcrip-
tion factor and elicit the expression of inflammatory mediator
genes. Moreover, there is a production of cyclooxygenase-2 (COX-
2) and Inducible Nitric Oxide Synthase (iNOS) in the NF-xB sig-
naling pathway during pulmonary inflammation [96]. Additionally,
the upregulation in the levels of IgE and IL-4 is also observed in the
MAPK pathway in asthma [97]. Furthermore, miR-107 is found to
be indirectly involved in the inflammatory response of asthma [98].
Association of these inflammatory proteins with asthma and their
involvement with cell signaling pathways exhibit a wide range of
potential therapeutic targets.

COPD, a progressive inflammatory lung disease, is found to
involve known inflammatory proteins like COX-2, cytosolic phos-
pholipase A2 (cPLA2), intercellular adhesion molecule-1 (ICAM-
1), metalloproteinase-9 (MMP-9) and vascular cell adhesion mole-
cule-1 (VCAM-1) that are associated with cell signaling pathways
[99]. An increase in the level of MMP-2/9 serves as the marker for
COPD [100]. Protein Kinase C (PKCs) is another intermediate
involved in CRD like COPD [101]. ROS development also triggers
the inflammatory reaction by activating the NF-xB or Akt/PKB/
PI3K. PI3K plays a major role in the expression of multiple in-
flammation-related genes [102]. The synergism between these in-
flammatory proteins and cell signaling pathways portrays their
association with COPD and allows us to better understand this
chronic disease.

Lung cancer, a chronic respiratory disease, is elicited due to a
mutation in the tyrosine kinase domain of the cell signaling path-
way [103]. Overexpression of EGFR is also found to play a critical
role in carcinogenesis, especially in NSCLC [104]. Additionally,
the mTOR pathway is reported to be involved in carcinogenesis.
MAPK pathway is the major pathway that is found to play a sig-
nificant role in the pathogenesis of lung cancer [105]. The expres-
sion of MAPK phosphatase 1, as well as mutations in phosphoinosi-
tide-3-kinase and catalytic alpha polypeptide (PIK3CA), are the
determining factors in lung cancer. Moreover, there is significant
involvement of Akt/PKB/PI3K and NF-kB signaling pathways
[106]. Furthermore, the expression of peroxisome proliferator-
activated receptors in lung cancer serves as a biomarker for lung
cancer [107]. The involvement of the proteins and receptors plays a
significant role in the onset of disease in an individual.

Tuberculosis, an infectious disease, triggers alterations in dif-
ferent inducers involved in cell signaling pathways like
Akt/PKB/PI3K, JAK-STAT, MAPK and NF-«B [108, 109]. Plei-
otropic cytokine and TNF-a are the chief proinflammatory media-
tors that are involved in the establishment of TB infection [110].
Additionally, the interaction of M. tuberculosis receptors with the
host pattern recognition receptors has been understood as the prin-
cipal reason to elicit the production of cytokines like CXCL2/3(C-
X-C motif chemokine ligand 2), CCL2/5 (C-C Motif Chemokine
Ligand 2) and interleukins (IL8) [111]. The receptor-interacting
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serine/threonine-protein kinase 1 (RIPK1) has also been found to
promote the activation of MAPKs and NF-«B signaling pathway. In
normal conditions, RIPK1 ubiquitination via cellular inhibitor of
apoptosis protein 1 (cIAP1) protein takes place, and it works as an
anti-apoptosis effector. However, any alteration in the ubiquitina-
tion of RIPK1 causes apoptosis [34]. Therefore, the involvement of
different proteins and receptors shows and highlights the role of
these signaling pathways in the progression of diseases.

Idiopathic pulmonary fibrosis (IPF) results in alveolar remodel-
ling and loss of pulmonary function, further leading to respiratory
failure and death within 5 years of diagnosis [112]. IPF pathogene-
sis comprises of fibrotic remodelling, inflammation, and loss of
lung architecture [113]. Experimental mouse models have shown
alveolar remodelling and fibrosis along with activation of TGF-f,
TGF-0, and the mTOR/PI3K/AKT pathways [114, 115]. RNA
sequencing analysis of IPF shows the activation of Hippo/YAP
pathway genes and inhibits the S4V1 and MST2 pathway. It also
causes activation of mTOR/PI3K/AKT signaling, including in-
creased MLSTS and decreased phosphatase and tensin homology
(PTEN) expression, indicating potential interactions between YAP
and mTOR signaling pathways [116].

All CRDs demonstrate the involvement of a chemical entity,
foreign agent, interleukins, oxidative agent or proteins, which are
directly or indirectly associated with these cell-signaling pathways,
and therefore, can serve as the active target for treating these CRDs.

9. NEED FOR DRUG DELIVERY APPROACHES TO TAR-
GET CELL SIGNALING PATHWAYS IN RESPIRATORY
DISORDERS

Acute respiratory distress syndrome (ARDS) is characterised by
a heterogeneous group of lung diseases along with acute lung injury
in critically ill patients, leading to high mortality rates. A number of
molecules are associated with the molecular pathology of ARDS.
These include Nod-like receptors, Toll-like receptors and down-
stream signaling molecules such as NF-«kB, inflammasomes, and
effector molecules like IL-18, IL-1B, and TNF-a. Multiple targets
have been identified and evaluated for developing potential thera-
pies for ARDS. Targeting key molecules like NF-kB suppresses
inflammation of the lungs but has significant limitations since inhi-
bition of NF-kB is immunosuppressive and affects host immunity
[117].

Nanobiotechnology has proved to be the basis of innovative
techniques for delivering drugs to the site of inflamed organs, in-
cluding lungs. Nanoscale drug delivery systems are capable of im-
proving the pharmacokinetics as well as pharmacodynamics of
agents, resulting in an increased bio-distribution of therapeutic
agents to the site of action and thus improving efficacy of the drug
with reduced toxicity [36, 118-128]. MAPK inhibitor ARRY-
142886 and the PI3K inhibitor PX-866 is reported to regulate pul-
monary fibrosis progression, preserving vital physiological parame-
ters, in a transgenic mice model that overexpressed the ‘transform-
ing growth factor’ and developed spontaneous pulmonary fibrosis,
[129]. Administration of the mTOR (mammalian target of rapamy-
cin) inhibitor rapamycin in this model inhibited the progression of
pulmonary fibrosis by preventing the activation of the EGFR sig-
naling pathway [130].

Administration of bio-therapeutic agents systemically allows
barely a small amount of drug to reach the targeted site, as the ma-
jor part of the drug remains distributed in tissues apart from the
primary target site. Targeted delivery to a particular organ or tissue
may increase the accumulation of drug at the site of action, result-
ing in improved safety and efficacy [13, 121, 122, 126, 131]. It was
reported that targeting plasmalemma vesicle-associated protein
(PV1), which is present on the lung endothelial cells, can enhance
drug accumulation and thereby improve pulmonary fibrosis state. In
a mouse model with idiopathic pulmonary fibrosis (IPF), induced
by bleomycin, the fibrosis, as well as collagen content, were found
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to be significantly reduced when Prostaglandin E2 (PGE2) conju-
gated aPV1 was administered, while no such effects were observed
with a non-targeted PGE2 antibody conjugate. The results demon-
strate that PV1 targeting can be an effective mode for delivering
therapeutics to lung tissues, and this approach can be very helpful
in the treatment of several lung diseases [16, 132]. Considering all
the above preclinical and translational evidences, there is an emerg-
ing need for advanced drug delivery systems, which can encapsu-
late identified biological moieties to target diseases such as ARDS,
pulmonary fibrosis, etc. Fig. 3.
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Delivery Systems. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

10. LIPOSOMES

Liposomes are small artificial amphiphilic structures made of
cholesterol and various phospholipids [133, 134]. The amphiphilic
characteristics of phospholipids enable them to dissolve in both
hydrophobic and hydrophilic drugs. Based on the nature of the
drug, these particles can either lodge themselves in the liposome
core membrane or in the lipid-aqueous interface [135, 136].

Liposomes have been used as carriers to deliver drugs to treat
respiratory infections caused by multi-drug resistant Pseudomonas
aeruginosa. In one study, transport of colistin and ciprofloxacin
liposomes across in Calu-3 cell monolayer indicated that liposomes
can prolong the time of drug retention on the lung epithelial surface
[137]. Several other studies have also demonstrated the capability
of liposomes in prolonging drug retention time and increasing drug
concentration in the desired site. Chen et al, reported that the
transport rate of liposomal salbutamol into airway epithelial cells
was slower than free salbutamol, and in vivo studies demonstrated
the duration of anti-asthmatic effect of encapsulated salbutamol
being prolonged by two times in comparison with free salbutamol
solution [61, 138].

Pandolfi et al. used liposomes containing hyaluronic acid (HA-
liposomes) for inhalation treatment of collagen tissue disease-
associated interstitial lung fibrosis (CTD-ILDs) and bronchiolitis
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obliterans syndrome (BOS). They prepared two HA-liposomes with
different HA molecular weights (MW) and a plain liposome (LIP)
to study the effects of HA MW on the targeting efficiency of lung
fibrotic cells and inflammatory effectors. Results of real-time qPCR
showed that treatment of human THP-1 cells with the above-
mentioned liposomes significantly reduced levels of pro-
inflammatory cytokines, namely, IL-1p and IL-12, while TGF-$
was increased. Furthermore, both LIP and LIP-HA of lower MW
increased IL-8 release, while, there was no increase in observed IL-
8 levels following the treatment with LIP-HA of higher MW [139].

In another in vitro study, quercetin, a natural flavonoid, was
encapsulated in T7 surface-functionalized liposomes (T7-QR-lip) to
target transferrin receptors of lung tumor cells. The study indicated
that a 2% peptide density for T7-QR-lip resulted in a significant
inhibition in lung tumor spheroids growth. Inhibition of tumor
growth and prolongation of lifespan after T7-QR-lip treatment
through pulmonary administration was also confirmed with in vivo
studies [140].

11. NANOSTRUCTURED LIPID CARRIERS

Nanostructured lipid carriers (NLCs) are the second-generation
lipid nanoparticles prepared from a mixture of solid lipids (e.g.,
Precirol ATO 5) and spatially incompatible liquid lipids (e.g.
Squalene) by melt-emulsification. NLCs have been explored as an
alternative drug carrier combining the advantages of solid lipid
nanoparticles with high encapsulation efficiency and reduced drug
leakage [141-149] as a result of their lipophilic and bioadhesive
properties. NLCs demonstrate increased residence in the lung and
sustained release of the entrapped drug from the lipid matrices
[150]. NLCs have been found suitable for the delivery of different
drugs and siRNAs. Lipophilic drugs can be loaded into the inner
core of NLCs. In addition, the surface of the NLCs can be modified
with polyethylene glycol polymer for targeted drug delivery. NLCs
containing paclitaxel and siRNA targeted to multidrug resistance
protein 1 and B-cell lymphoma 2 mRNAs for inhalation chemo-
therapy of lung cancer demonstrated therapeutic efficacy. In the
treatment of lung cancer with LHRH-targeted NLCs, it was demon-
strated that the NLCs predominately accumulated in the lung tumor
tissues with a minimal concentration of the NLCs in healthy tissues
[151].

Several studies have used NLCs to treat respiratory inflamma-
tory conditions such as asthma and COPD. Montelukast is a leukot-
riene receptor antagonist used to prevent wheezing and asthma-
induced coughing. Inhalable montelukast-loaded NLCs have shown
improved systemic bioavailability and therapeutic outcomes when
compared to free montelukast in vivo. Rosuvastatin, which is used
in the management of high LDL and cholesterol has been investi-
gated for the treatment of airway remodeling in COPD. In this
study, rosuvastatin has been formulated as an NLC dry powder for
inhalation. The study demonstrated that rosuvastatin NLC success-
fully bypassed the macrophage clearance in vivo, leading to a
higher concentration of the drug in the lung, highlighting the poten-
tial of the formulation for lung targeting and further for COPD
treatment [152, 153]. In another in vitro study carried out in a bron-
chial epithelial cell model associated with corticosteroid resistance,
NLCs containing fluticasone increased the effectiveness of flutica-
sone by improving the corticosteroid mediated effects and de-
creased its side effects [154], which is one of the major problems
with the existing treatment options [155].

Metal-based complexes have displayed promising activity
against tuberculosis. Specifically, copper and ruthenium complexes
have shown excellent antimicrobial potential in tuberculosis. How-
ever, the low solubility of metallic compounds makes their applica-
tion unfeasible. In a study by Sato et al, copper complexes were
incorporated into the structure of NLCs. This formulation demon-
strated enhanced antimicrobial activity against M. tuberculosis
[156]. For ruthenium complexes, incorporation into the NLC struc-
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ture resulted in increased bioavailability of ruthenium along with
reduced toxicity [157].

Rifabutin was studied in another study, where the drug was
loaded in NCLs for selective delivery to infected alveolar macro-
phages in vitro. This was achieved by two strategies; optimizing
particle size for macrophage uptake and attachment of mannose
ligand. The results of this study demonstrated NLCs as a promising
strategy for the delivery of rifabutin in TB infection [158].

12. DENDRIMERS

Dendrimers are a family of three-dimensional, nano-sized
polymers characterized by a compact spherical structure [159]. The
molecular structure of a dendrimer revolves around a central atom
or group of atoms known as the core. The branches of other atoms
called 'dendrons' expand from this central structure through a range
of chemical reactions. Dendrimers can transport molecules by their
surface receptors or encapsulate them through cavities between
their branches [160]. Several in vitro and in vivo studies have used
dendrimers as carriers to enhance uptake of drugs into cells or syn-
thesized dendrimers with anti-inflammatory properties.

Blattes et al., have developed poly-phosphorhydrazone den-
drimers linked with mannose units which mimic M. tuberculosis
mannose-capped lipoarabinomannan (ManLAMs). ManLAMs in-
hibit the release of proinflammatory cytokines from LPS-induced
human dendritic cells (DCs). This study demonstrated that different
dendrimers in terms of size and the number and length of their oli-
gommanoside caps have different potential in reducing TNF-a
[161].

In another in vitro study, mannose coated 5-glycine ethylene
diamine-polypropylimine (5G EDA-PPI) dendrimer was developed
as a carrier to transport rifampicin to alveolar macrophages (AM).
The findings from this study revealed that the retention amount of
rifampicin in AMs from mannosylated dendrimer formulation was
significantly higher than the free rifampicin solution [162].

Bohr et al. developed two different types of phosphorus-based
dendrimers (with either pyrrolidinium or morpholinium) to deliver
small interfering RNA (siRNA) to mouse macrophage cell line
RAW264.7. Pyrrolidinium dendrimers demonstrated higher anti-
inflammatory properties following stimulation of the macrophages
with LPS and resulted in a significant reduction in TNF-o expres-
sion. The in vitro anti-inflammatory observations of this study was
further confirmed in an in vivo murine model of acute lung injury
[163].

A modified polyamidoamine dendrimer has been used as a vec-
tor to load AS1411 aptamer and short hairpin RNA plasmid in order
to enhance transfection potential on cancer cells and B-cell lym-
phoma-extra-large (Bcl-xL) protein knockdown. Western blot
analysis showed a 55% reduction in Bcl-xL protein expression in
human lung adenocarcinoma cell line (A549), however, this finding
was not replicated in fibroblasts [164].

13. QUANTUM DOTS

Quantum dots are semiconductor nanocrystals, that exhibit
unique optical properties for practical applications such as imaging
and drug delivery. Quantum dots exhibit strong light absorbance,
bright fluorescence, and photostability [165].

Despite the great potential of quantum dots, their clinical appli-
cation and translation have been slow due to the role of heavy met-
als in biological response and induced genotoxicity. The toxic ef-
fects of quantum dots in the respiratory system have been reported
in vitro and in vivo. Several studies in vitro have reported the reduc-
tion in cell viability, genetic material damage and disordered im-
mune cell reactions, while, in vivo observations include accumula-
tion of quantum dots, lung injury and inflammation [166]. Interest-
ingly, the toxic effects of quantum dots depend on their type, com-
position, dose, size, surface chemistry and structure [167].
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Recently, a novel formulation of non-cadmium-based quantum
dots has been developed where no observable toxicity following
long-term exposure in a murine model was observed, indicating the
possibility of future clinical applications of quantum dots in the
treatment of respiratory diseases. The potential role of miRNAs in
the initiation and progression of lung cancers has been demon-
strated in several studies. These findings have led to the develop-
ment of different detection technologies, including qPCR. In this
regard, the potential use of quantum dots for cancer cell imaging
and detection have been highlighted. The large emission spectrum
and surface chemistry of the quantum dots offer long-term stability
and a significantly higher sensitivity as bio-probes. Furthermore, as
mentioned above, recent advances in non-toxic shells and surface
modification has overcome the toxicity issues and increased the
ability of quantum dots to quickly identify cancer-associated
molecular bio-markers [168].

14. CARBON NANOTUBES

Carbon nanotubes (CNTs) belong to the fullerenes sub-family.
They are unique sp2-hybridized hydrophobic-tubular structures
synthesized from carbon allotropes, having a C-C distance of about
1.4 A® with varying diameters from 4 nm to 100 mm [169]. Struc-
turally, these CNTs have exceptionally high drug loading ability,
high surface area and neutral electrostatic potential, which makes
them an attractive system for biomedical applications [170, 171].
The insoluble nature of these CNTs in aqueous solutions or organic
solvents and the induction of toxicity by these CNTs in biological
systems are the foremost challenges that need answers [172].
Chemical modification studies have reported a drastic improvement
in their biocompatibility. This has also reduced the toxicity and
transformed them into water-soluble nano-systems [173]. Nano-
tubes have a distinct electrical as well as thermal conductivity, and
mechanical strength, which makes them the nanocarrier of interest
[174].

Cisplatin (anti-cancerous) was the first drug that was developed
with single-walled CNTs (SWCNTs) for targeting the cellular re-
ceptor, EGFR. The findings from this study revealed alleviated
efficiency against squamous tumor cells that showed a high expres-
sion of EGFR [175]. Another study in which functionalized-
SWCNTs were used showed the induction of autophagocytosis in
both in vitro as well as in vivo conditions by involving Akt/PKB/
PI3K signaling pathway in A549 cell lines [176]. Other studies
using multiwall carbon nanotubes have been found to stimulate
ROS production via fibrogenic response mediating the NF-kB sig-
naling pathway [177]. Moreover, comparative studies have also
been conducted on normal and mesothelial cells to understand the
response of SWCNTs on cell signaling pathways like Akt/PKB/
PI3K, MAPK and NF-kB [178]. The findings from various studies
conducted on targeting the cell signaling pathways have elucidated
the potential of CNT in treating chronic diseases. These applica-
tions of CNTs expand the horizon of this nano-carrier system and
directs to explore new potential areas in treating these CRDs by
targeting potential cell-signaling pathways.

FUTURE SCOPE AND CONCLUSION

Cell signaling pathways have emerged as effective targets for
treating the CRDs. There is an increasing body of evidence related
to the inflammatory proteins like COX-2, cPLA,, ICAM, MMP-9,
and their involvement in the pathophysiology of CRDs like asthma,
COPD, lung cancer and TB. Additionally, the role and function of
various cell signaling pathways involving Akt/PKB/ PI3K, JAK-
STAT, MAPK and NF-kB in the regulation of these inflammatory
proteins, make them possible therapeutic targets. This further
prompts for the development of new ligands that can serve as ago-
nists or antagonists adaptor molecules for targeting these cell-
signaling pathways and for the treatment of CRDs. Moreover, the
development of targeted inhibitors with no or minimal side-effects
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remains to be explored. Although, development of inhibitors for
targeting cell signaling pathways in the treatment of CRDs seems to
be an attractive option, nevertheless, it demands an exploration of
the exact roles of such inflammatory proteins, as well as, the cell
signaling pathways in these CRDs. Furthermore, appreciating the in
vivo actions of these drugs and inhibitors in animal models and
human patients will highlight the real potential, as well as, the effi-
cacy of these drugs in preventing these CRDs. The overall associa-
tions and interactions of these cell signaling pathways with various
other signaling pathways should be uncovered in future studies.

LIST OF ABBREVIATIONS

GPCRs = G Protein-Coupled Receptors

RTKs = Receptor Tyrosine Kinase

TGF- B = Transforming Growth Factor- beta

CRDs = Chronic respiratory diseases

COPD = Chronic Obstructive Pulmonary Disease

TB = Tuberculosis

Akt/PKB/PI3K = Serine/threonine kinasel/protein kinase
B/phosphoinositide 3-kinase

JAK-STAT = Janus kinases-signal transducer, and acti-
vator of transcription proteins

MAPK = Mitogen-activated protein kinase

NF-xB = Nuclear factor kappa-B

AHR = Airway hyper-responsiveness

NSCLC = Non-small cell lung cancer

SCLC = Small cell lung cancer

ILD = Interstitial lung disease

IPF = Idiopathic pulmonary fibrosis

PIP3 = Phosphatidylinositol-(3,4,5)-trisphosphates

mTORc2 = Mammalian target of rapamycin complex
2

PDK1 = Phosphoinositide-dependent kinase 1

EGFR = Epidermal growth factor receptor

PDGFR = Platelet-derived growth factor receptor

SH2 = Src Homology 2

ERK = Extracellular-signal regulated kinase

INK = c-Jun-N-terminal kinase

MAPKKs = MAPK kinases

IL = Interleukin

PAMPs = Pathogen-associated molecular patterns

IKKa = Ik kinase alpha

TLR = Toll like receptors

Cox-2 = Cyclooxygenase-2

cPLA2 = Cytosolic phospholipase A2

ICAM-1 = Intercellular adhesion molecule-1

MMP-9 = Metalloproteinase-9

VCAM-1 = Vascular cell adhesion molecule-1

PKCs = Protein Kinase C

PIK3CA = Phosphoinositide-3-kinase and catalytic
alpha polypeptide

CXCL2/3 = C-X-C motif chemokine ligand 2

CCL2/5 = C-C Motif Chemokine Ligand 2

cIAP1 = cellular inhibitor of apoptosis protein 1

ARDS = Acute respiratory distress syndrome

PV1 = plasma lemma vesicle-associated protein
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PGE2 = Prostaglandin E2
NLCs = Nanostructured lipid carriers
ManLAMs = Mannose-capped lipoarabinomannan
DCs = dendritic cells
5G EDA-PPI = 5-glycine ethylene diamine-

polypropylimine
AMs = alveolar macrophages
Bcel-xL = B-cell lymphoma-extra-large
CNTs = Carbon nanotubes
SWCNTs = Single walled carbon nanotubes

CONSENT FOR PUBLICATION
Not applicable.

FUNDING
None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or other-
wise.

ACKNOWLEDGEMENTS

The authors would like to thank the Graduate School of Health,
University of Technology Sydney, NSW, Australia. Meenu Mehta
is supported by the International Research Training Program Schol-
arship (IRTP). Kamal Dua is supported by a project grant from
Rebecca L. Cooper Medical Research Foundation and Sydney Part-
nership for Health, Education, Research and Enterprise (SPHERE)
for the TRIPLE I CAG Secondment/ Exchange grant.

REFERENCES

[1] Bradshaw RA, Dennis EA. Cell signaling. yesterday, today, and
tomorrow.Handbook of Cell Signaling, 2/e. Elsevier Inc. 2010; pp.
1-4.
http://dx.doi.org/10.1016/B978-0-12-374145-5.00001-2

[2] Tew XN, Xin Lau NJ, Chellappan DK, ef al. Immunological axis of
berberine in managing inflammation underlying chronic respiratory
inflammatory diseases. Chem Biol Interact 2020; 317108947
http://dx.doi.org/10.1016/j.cbi.2020.108947 PMID: 31968208

[3] Wadhwa R, Dua K, Adcock IM, Horvat JC, Kim RY, Hansbro PM.
Cellular mechanisms underlying steroid-resistant asthma. Eur
Respir Rev 2019; 28(153)190096
http://dx.doi.org/10.1183/16000617.0096-2019 PMID: 31636089

[4] Chan Y, Ng SW, Xin Tan JZ, et al. Emerging therapeutic potential
of the iridoid molecule, asperuloside: A snapshot of its underlying
molecular mechanisms. Chem Biol Interact 2020; 315108911
http://dx.doi.org/10.1016/j.cbi.2019.108911 PMID: 31786185

[5] Soon L, Ng PQ, Chellian J, et al. Therapeutic potential of Artemisia
vulgaris: An insight into underlying immunological mechanisms. J
Environ Pathol Toxicol Oncol 2019; 38(3): 205-16.
http://dx.doi.org/10.1615/JEnvironPatholToxicolOncol.2019029397
PMID: 31679308

[6] Hardwick J, Taylor J, Mehta M, et al. Targeting Cancer using Cur-
cumin Encapsulated Vesicular Drug Delivery Systems. Curr Pharm
Des

[7] Mogensen TH. Pathogen recognition and inflammatory signaling in
innate immune defenses. Clin Microbiol Rev 2009; 22(2): 240-73.
http://dx.doi.org/10.1128/CMR.00046-08 PMID: 19366914

[8] Pandey P, Mehta M, Shukla S, et al. Emerging Nanotechnology in
Chronic Respiratory Diseases.Nanoformulations in Human Health.
Cham: Springer International Publishing 2020; pp. 449-68.
http://dx.doi.org/10.1007/978-3-030-41858-8_20

[9] Nair A, Chauhan P, Saha B, Kubatzky KF. Conceptual evolution of
cell signaling. Int J Mol Sci 2019; 20(13): 3292.
http://dx.doi.org/10.3390/ijms20133292 PMID: 31277491

[10] Heldin CH, Lu B, Evans R, Gutkind JS. Signals and Receptors.
Cold Spring Harb Perspect Biol 2016; 8(4)a005900
http://dx.doi.org/10.1101/cshperspect.a005900 PMID: 27037414



Advancing of Cellular Signaling Pathways in Respiratory Diseases

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Giancotti FG. Deregulation of cell signaling in cancer. FEBS Lett
2014; 588(16): 2558-70.
http://dx.doi.org/10.1016/j.febslet.2014.02.005 PMID: 24561200
Sever R, Brugge JS. Signal transduction in cancer. Cold Spring
Harb Perspect Med 2015; 5(4)a006098
http://dx.doi.org/10.1101/cshperspect.a006098 PMID: 25833940
Wadhwa R, Aggarwal T, Malyla V, et al. Identification of biomark-
ers and genetic approaches toward chronic obstructive pulmonary
disease. J Cell Physiol 2019; 234(10): 16703-23.
http://dx.doi.org/10.1002/jcp.28482 PMID: 30912142
Hansbro PM, Kim RY, Starkey MR, et al. Mechanisms and treat-
ments for severe, steroid-resistant allergic airway disease and
asthma. Immunol Rev 2017; 278(1): 41-62.
http://dx.doi.org/10.1111/imr.12543 PMID: 28658552
World Health Organization. Global surveillance, prevention and
control of Chronic Respiratory Diseases: A Comprehensive Ap-
proach 2007.
https://www.who.int/gard/publications/GARD%20B00k%20200
7.pdf
Sharma P, Mehta M, Dhanjal DS, et al. Emerging trends in the
novel drug delivery approaches for the treatment of lung cancer.
Chem Biol Interact 2019; 309108720
http://dx.doi.org/10.1016/j.cbi.2019.06.033 PMID: 31226287
Ahmed R, Robinson R, Mortimer K. The epidemiology of non-
communicable respiratory disease in sub-Saharan Africa, the Mid-
dle East, and North Africa. Malawi Med J 2017; 29(2): 203-11.
http://dx.doi.org/10.4314/mmj.v29i2.24 PMID: 28955434
Wadhwa R, Sehgal NGN, et al. Oxidative Stress and Immunologi-
cal Complexities in Multidrug-Resistant Tuberculosis.Role of Oxi-
dative Stress in Pathophysiology of Diseases. Springer Singapore
2020; pp. 107-24.
http://dx.doi.org/10.1007/978-981-15-1568-2_7
Prasher P, Sharma M, Mehta M, et al. Plants derived therapeutic
strategies targeting chronic respiratory diseases: Chemical and im-
munological perspective. Chem Biol Interact 2020; 325109125
http://dx.doi.org/10.1016/j.cbi.2020.109125 PMID: 32376238
Haldar P, Brightling CE, Hargadon B, et al. Mepolizumab and
exacerbations of refractory eosinophilic asthma. N Engl J Med
2009; 360(10): 973-84.
http://dx.doi.org/10.1056/NEJM0a0808991 PMID: 19264686
Berry MA, Parker D, Neale N, ef al. Sputum and bronchial submu-
cosal IL-13 expression in asthma and eosinophilic bronchitis. J Al-
lergy Clin Immunol 2004; 114(5): 1106-9.
http://dx.doi.org/10.1016/j.jaci.2004.08.032 PMID: 15536417
Rennard SI, Fogarty C, Kelsen S, et al. COPD Investigators. The
safety and efficacy of infliximab in moderate to severe chronic ob-
structive pulmonary disease. Am J Respir Crit Care Med 2007;
175(9): 926-34.
http://dx.doi.org/10.1164/rccm.200607-9950C PMID: 17290043
Kim RY, Pinkerton JW, Essilfie AT, et al. Role for NLRP3 in-
flammasome-mediated, IL-1B-dependent responses in severe, ster-
oid-resistant asthma. Am J Respir Crit Care Med 2017; 196(3):
283-97.
http://dx.doi.org/10.1164/rccm.201609-18300C PMID: 28252317
Coll RC, Robertson AAB, Chae JJ, et al. A small-molecule inhibi-
tor of the NLRP3 inflammasome for the treatment of inflammatory
diseases. Nat Med 2015; 21(3): 248-55.
http://dx.doi.org/10.1038/nm.3806 PMID: 25686105
Lee IT, Lin CC, Wu YC, Yang CM. TNF-o induces matrix metal-
loproteinase-9  expression in  AS549  cells: role of
TNFR1/TRAF2/PKCalpha-dependent signaling pathways. J Cell
Physiol 2010; 224(2): 454-64.
http://dx.doi.org/10.1002/jcp.22142 PMID: 20333651
Jin Y, Liu L, Chen B, et al. Involvement of the PI3K/Akt/NF-xB
Signaling Pathway in the Attenuation of Severe Acute Pancreatitis-
Associated Acute Lung Injury by Sedum sarmentosum Bunge Ex-
tract. BioMed Res Int 2017; 20179698410
http://dx.doi.org/10.1155/2017/9698410 PMID: 29359164
Newton K, Dixit VM. Signaling in innate immunity and inflamma-
tion. Cold Spring Harb Perspect Biol 2012; 4(3)a006049
http://dx.doi.org/10.1101/cshperspect.a006049 PMID: 22296764
Park SK, Dahmer MK, Quasney MW. MAPK and JAK-STAT
signaling pathways are involved in the oxidative stress-induced de-

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[40]

[41]

[42]

[43]

Current Pharmaceutical Design, 2020, Vol. 26, No. 00 9

crease in expression of surfactant protein genes. Cell Physiol Bio-
chem 2012; 30(2): 334-46.

http://dx.doi.org/10.1159/000339068 PMID: 22739240

Lee IT, Yang CM. Inflammatory signalings involved in airway and
pulmonary diseases. Mediators Inflamm 2013; 2013791231
http://dx.doi.org/10.1155/2013/791231 PMID: 23690670

Mehta M, Dhanjal DS, Paudel KR, et al. Cellular signalling path-
ways mediating the pathogenesis of chronic inflammatory respira-
tory diseases: an update. Inflammopharmacology 2020; 28(4): 795-
817.

http://dx.doi.org/10.1007/s10787-020-00698-3 PMID: 32189104
Hart MK, Millard MW. Approaches to chronic disease management
for asthma and chronic obstructive pulmonary disease: strategies
through the continuum of care. Proc Bayl Univ Med Cent 2010;
23(3): 223-9.
http://dx.doi.org/10.1080/08998280.2010.11928623
20671816

Hashemi SM, Raza M. The traditional diagnosis and treatment of
respiratory diseases: a description from Avicenna’s Canon of Medi-
cine. Ther Adv Respir Dis 2009; 3(6): 319-28.
http://dx.doi.org/10.1177/1753465809349254 PMID: 19880427

van Eeden R, Rapoport BL, Smit T, Anderson R. Tuberculosis
Infection in a Patient Treated With Nivolumab for Non-small Cell
Lung Cancer: Case Report and Literature Review. Front Oncol
2019;9: 659.

http://dx.doi.org/10.3389/fonc.2019.00659 PMID: 31396484
Hadifar S, Behrouzi A, Fateh A, ef al. Interruption of signaling
pathways in lung epithelial cell by Mycobacterium tuberculosis.
bioRxiv 2018; 234308882

PMID: 30192006

Khaltaev N, Axelrod S. Chronic respiratory diseases global mortal-
ity trends, treatment guidelines, life style modifications, and air pol-
lution: preliminary analysis. J Thorac Dis 2019; 11(6): 2643-55.
http://dx.doi.org/10.21037/jtd.2019.06.08 PMID: 31372301

Hussain S. Nanomedicine for treatment of lung cancer. Adv Exp
Med Biol 2016; 890: 137-47.
http://dx.doi.org/10.1007/978-3-319-24932-2_8 PMID: 26703803
Thakur AK, Chellappan DK, Dua K, Mehta M, Satija S, Singh L.
Patented therapeutic drug delivery strategies for targeting pulmo-
nary diseases. Expert Opin Ther Pat 2020; 30(5): 375-87.
http://dx.doi.org/10.1080/13543776.2020.1741547
32178542

Chellappan DK, Yee LW, Xuan KY, et al. Targeting neutrophils
using novel drug delivery systems in chronic respiratory diseases.
Drug Dev Res 2020; 81(4): 419-36.
http://dx.doi.org/10.1002/ddr.21648 PMID: 32048757

Siddiqui S, Mistry V, Doe C, et al. Airway hyperresponsiveness is
dissociated from airway wall structural remodeling. J Allergy Clin
Immunol 2008; 122(2): 335-341, 341.e1-341.¢3.
http://dx.doi.org/10.1016/j.jaci.2008.05.020 PMID: 18572228

Amin KAM. Allergic respiratory inflammation and remodeling.
Turk Thorac J 2015; 16(3): 133-40.
http://dx.doi.org/10.5152/ttd.2015.4942 PMID: 29404091

Braman SS. The global burden of asthma.Chest. American College
of Chest Physicians 2006; pp. 4S-12S.

Fitzmaurice C, Allen C, Barber RM, et al. Global, regional, and
national cancer incidence, mortality, years of life lost, years lived
with disability, and disability-adjusted life-years for 32 cancer
groups, 1990 to 2015: A Systematic Analysis for the Global Burden
of Disease Study Global Burden. JAMA Oncol 2017; 3: 524-48.
http://dx.doi.org/10.1001/jamaoncol.2016.5688 PMID: 27918777
Soriano JB, Abajobir AA, Abate KH, et al. GBD 2015 Chronic
Respiratory Disease Collaborators. Global, regional, and national
deaths, prevalence, disability-adjusted life years, and years lived
with disability for chronic obstructive pulmonary disease and
asthma, 1990-2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet Respir Med 2017; 5(9): 691-706.
http://dx.doi.org/10.1016/S2213-2600(17)30293-X PMID:
28822787

Qureshi H, Sharafkhaneh A, Hanania NA. Chronic obstructive
pulmonary disease exacerbations: latest evidence and clinical im-
plications. Ther Adv Chronic Dis 2014; 5(5): 212-27.
http://dx.doi.org/10.1177/2040622314532862 PMID: 25177479

PMID:

PMID:



10 Current Pharmaceutical Design, 2020, Vol. 26, No. 00

[45]

[46]

[47]

(48]

[49]

[50]

[53]

[54]

[60]

[61]

[62]

[63]

Quaderi SA, Hurst JR. The unmet global burden of COPD. Glob
Health Epidemiol Genom 2018; 3e4
http://dx.doi.org/10.1017/gheg.2018.1 PMID: 29868229

Baneen U, Naseem S. Correlation of severity of chronic obstructive
pulmonary disease with serum vitamin-D level. J] Family Med Prim
Care 2019; 8(7): 2268-77.

PMID: 31463241

Durham AL, Adcock IM. The relationship between COPD and lung
cancer. Lung Cancer 2015; 90(2): 121-7.

PMID: 26363803

Bakshi HA, Zoubi MSA, Hakkim FL, et al. Dietary Crocin is Pro-
tective in Pancreatic Cancer while Reducing Radiation-Induced
Hepatic Oxidative Damage. Nutrients 2020; 12(6): 1901.
http://dx.doi.org/10.3390/nul2061901 PMID: 32604971

Aljabali AAA, Bakshi HA, Hakkim FL, et a/. Albumin nano-
encapsulation of piceatannol enhances its anticancer potential in co-
lon cancer via downregulation of nuclear p65 and HIF-1o. Cancers
(Basel) 2020; 12(1): 113.
http://dx.doi.org/10.3390/cancers12010113 PMID: 31906321

Garg M, Lata K, Satija S. Cytotoxic potential of few Indian fruit
peels through 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium
bromide assay on HepG2 cells. Indian J Pharmacol 2016; 48(1): 64-
8.

http://dx.doi.org/10.4103/0253-7613.174552 PMID: 26997725
Gupta P, Gupta A, Agarwal K, Tomar P, Satija S. Antioxidant and
cytotoxic potential of a new thienyl derivative from Tagetes erecta
roots. Pharm Biol 2012; 50(8): 1013-8.
http://dx.doi.org/10.3109/13880209.2012.655378 PMID: 22775418
Dela Cruz CS, Tanoue LT, Matthay RA. Lung cancer: epidemiol-
ogy, etiology, and prevention. Clin Chest Med 2011; 32(4): 605-44.
http://dx.doi.org/10.1016/j.ccm.2011.09.001 PMID: 22054876
Inamura K. Lung cancer: understanding its molecular pathology
and the 2015 WHO classification. Front Oncol 2017; 7: 193.
http://dx.doi.org/10.3389/fonc.2017.00193 PMID: 28894699
Bradley SH, Kennedy MPT, Neal RD. Recognising Lung Cancer in
Primary Care. Adv Ther 2019; 36(1): 19-30.
http://dx.doi.org/10.1007/s12325-018-0843-5 PMID: 30499068

de Groot PM, Wu CC, Carter BW, Munden RF. The epidemiology
of lung cancer. Transl Lung Cancer Res 2018; 7(3): 220-33.
http://dx.doi.org/10.21037/tlcr.2018.05.06 PMID: 30050761

Smith I. Mycobacterium tuberculosis pathogenesis and molecular
determinants of virulence. Clin Microbiol Rev 2003; 16(3): 463-96.

http://dx.doi.org/10.1128/CMR.16.3.463-496.2003 PMID:
12857778

Furlow B. Tuberculosis: a review and update. Radiol Technol 2010;
82(1): 33-52.

PMID: 20826599

Lange C, Kalsdorf B, Maurer FP, Heyckendorf J. [Tuberculosis].
Internist (Berl) 2019; 60(11): 1155-75.
http://dx.doi.org/10.1007/s00108-019-00685-z PMID: 31641790
Asgedom SW, Tesfaye D, Nirayo YL, Atey TM. Time to death and
risk factors among tuberculosis patients in Northern Ethiopia. BMC
Res Notes 2018; 11(1): 696.
http://dx.doi.org/10.1186/s13104-018-3806-7 PMID: 30286801
Shastri MD, Shukla SD, Chong WC, et al. Role of oxidative stress
in the pathology and management of human tuberculosis. Oxid Med
Cell Longev 2018; 20187695364
http://dx.doi.org/10.1155/2018/7695364 PMID: 30405878

Dua K, Rapalli VK, Shukla SD, et al. Multi-drug resistant Myco-
bacterium tuberculosis & oxidative stress complexity: Emerging
need for novel drug delivery approaches. Biomed Pharmacother
2018;107: 1218-29.

http://dx.doi.org/10.1016/j.biopha.2018.08.101 PMID: 30257336
Meyer KC. Diagnosis and management of interstitial lung disease.
Transl Respir Med 2014; 2: 4.
http://dx.doi.org/10.1186/2213-0802-2-4 PMID: 25505696

Ryu JH, Daniels CE, Hartman TE, Yi ES. Diagnosis of interstitial
lung diseases. Mayo Clin Proc 2007; 82(8): 976-86.
http://dx.doi.org/10.4065/82.8.976 PMID: 17673067

Antoniou KM, Margaritopoulos GA, Tomassetti S, Bonella F, Co-
stabel U, Poletti V. Interstitial lung disease. Eur Respir Rev 2014;
23(131): 40-54.

http://dx.doi.org/10.1183/09059180.00009113 PMID: 24591661

[65]

[66]

[67]

[68]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

Mehta et al.

Xie M, Liu X, Cao X, Guo M, Li X. Trends in prevalence and inci-
dence of chronic respiratory diseases from 1990 to 2017. Respir
Res 2020; 21(1): 49.

http://dx.doi.org/10.1186/s12931-020-1291-8 PMID: 32046720
Mortaz E, Masjedi MR, Barnes P. Identification of Novel Thera-
peutic Targets in COPD. Tanaffos 2011; 10(2): 9-14.

PMID: 25191356

Brambilla E, Gazdar A. Pathogenesis of lung cancer signalling
pathways: roadmap for therapies. Eur Respir J 2009; 33(6): 1485-
97.

http://dx.doi.org/10.1183/09031936.00014009 PMID: 19483050
Torday JS, Rehan VK. Cell-cell signaling drives the evolution of
complex traits: introduction-lung evo-devo. Integr Comp Biol 2009;
49(2): 142-54.

http://dx.doi.org/10.1093/icb/icp017 PMID: 20607136

Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold
Spring Harb Perspect Biol 2012; 4(9)a011189
http://dx.doi.org/10.1101/cshperspect.a011189 PMID: 22952397
Manning BD, Toker A. AKT/PKB Signaling: Navigating the Net-
work. Cell 2017; 169(3): 381-405.
http://dx.doi.org/10.1016/j.cell.2017.04.001 PMID: 28431241

New DC, Wu K, Kwok AWS, Wong YH. G protein-coupled recep-
tor-induced Akt activity in cellular proliferation and apoptosis.
FEBS J 2007; 274(23): 6025-36.
http://dx.doi.org/10.1111/j.1742-4658.2007.06116.x
17949438

Pal I, Mandal M. PI3K and Akt as molecular targets for cancer
therapy: current clinical outcomes. Acta Pharmacol Sin 2012;
33(12): 1441-58.

http://dx.doi.org/10.1038/aps.2012.72 PMID: 22983389

Miao B, Skidan I, Yang J, et al. Small molecule inhibition of phos-
phatidylinositol-3,4,5-triphosphate (PIP3) binding to pleckstrin ho-
mology domains. Proc Natl Acad Sci USA 2010; 107(46): 20126-
31.

http://dx.doi.org/10.1073/pnas.1004522107 PMID: 21041639

Liao Y, Hung MC. Physiological regulation of Akt activity and
stability. Am J Transl Res 2010; 2(1): 19-42.

PMID: 20182580

Dangelmaier C, Manne BK, Liverani E, Jin J, Bray P, Kunapuli SP.
PDKI selectively phosphorylates Thr(308) on Akt and contributes
to human platelet functional responses. Thromb Haemost 2014;
111(3): 508-17.

http://dx.doi.org/10.1160/TH13-06-0484 PMID: 24352480

Seif F, Khoshmirsafa M, Aazami H, Mohsenzadegan M, Sedighi G,
Bahar M. The role of JAK-STAT signaling pathway and its regula-
tors in the fate of T helper cells. Cell Commun Signal 2017; 15(1):
23.

http://dx.doi.org/10.1186/s12964-017-0177-y PMID: 28637459
Wang Z. Transactivation of epidermal growth factor receptor by g
protein-coupled receptors: Recent progress, challenges and future
research. Int J Mol Sci 2016; 17(1): 95.
http://dx.doi.org/10.3390/ijms17010095 PMID: 26771606

Kiu H, Nicholson SE. Biology and significance of the JAK/STAT
signalling pathways. Growth Factors 2012; 30(2): 88-106.
http://dx.doi.org/10.3109/08977194.2012.660936 PMID: 22339650
Rane SG, Reddy EP. JAKs, STATs and Src kinases in hematopoie-
sis. Oncogene 2002; 21(21): 3334-58.
http://dx.doi.org/10.1038/sj.onc.1205398 PMID: 12032773

Wagner MJ, Stacey MM, Liu BA, Pawson T. Molecular mecha-
nisms of SH2- and PTB-domain-containing proteins in receptor ty-
rosine kinase signaling. Cold Spring Harb Perspect Biol 2013;
5(12)a008987

http://dx.doi.org/10.1101/cshperspect.a008987 PMID: 24296166
Nardozzi JD, Lott K, Cingolani G. Phosphorylation meets nuclear
import: a review. Cell Commun Signal 2010; 8: 32.
http://dx.doi.org/10.1186/1478-811X-8-32 PMID: 21182795
Cargnello M, Roux PP. Activation and Function of the MAPKs and
Their Substrates, the MAPK-Activated Protein Kinases. Microbiol
Mol Biol Rev 2012; 76: 496-6.
http://dx.doi.org/10.1128/MMBR.00013-12 PMID: 21372320
Pradhan R, Singhvi G, Dubey SK, Gupta G, Dua K. MAPK path-
way: a potential target for the treatment of non-small-cell lung car-
cinoma. Future Med Chem 2019; 11(8): 793-5.
http://dx.doi.org/10.4155/fmc-2018-0468 PMID: 30994024

PMID:



Advancing of Cellular Signaling Pathways in Respiratory Diseases

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

(93]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Munshi A, Ramesh R. Mitogen-activated protein kinases and their
role in radiation response. Genes Cancer 2013; 4(9-10): 401-8.
http://dx.doi.org/10.1177/1947601913485414 PMID: 24349638

Liu T, Zhang L, Joo D, Sun SC. NF-«B signaling in inflammation.
Signal Transduct Target Ther 2017; 2: 17023.
http://dx.doi.org/10.1038/sigtrans.2017.23 PMID: 29158945
Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription
factors and its regulation. Cold Spring Harb Perspect Biol 2009;
1(4)a000034

http://dx.doi.org/10.1101/cshperspect.a000034 PMID: 20066092
Solt LA, May MJ. The IkappaB kinase complex: master regulator
of NF-kappaB signaling. Immunol Res 2008; 42(1-3): 3-18.
http://dx.doi.org/10.1007/s12026-008-8025-1 PMID: 18626576
Beck IME, Vanden Berghe W, Vermeulen L, Yamamoto KR, Hae-
geman G, De Bosscher K. Crosstalk in inflammation: the interplay
of glucocorticoid receptor-based mechanisms and kinases and
phosphatases. Endocr Rev 2009; 30(7): 830-82.
http://dx.doi.org/10.1210/er.2009-0013 PMID: 19890091

Alto NM, Orth K. Subversion of cell signaling by pathogens. Cold
Spring Harb Perspect Biol 2012; 4(9)a006114
http://dx.doi.org/10.1101/cshperspect.a006114 PMID: 22952390
Chin LH, Hon CM, Chellappan DK, et al. Molecular mechanisms
of action of naringenin in chronic airway diseases. Eur J Pharmacol
2020; 879173139

http://dx.doi.org/10.1016/j.ejphar.2020.173139 PMID: 32343971
Meduri GU, Annane D, Chrousos GP, Marik PE, Sinclair SE. Acti-
vation and regulation of systemic inflammation in ARDS: rationale
for prolonged glucocorticoid therapy. Chest 2009; 136(6): 1631-43.
http://dx.doi.org/10.1378/chest.08-2408 PMID: 19801579

Murray LA, Knight DA, McAlonan L, et al. Deleterious role of
TLR3 during hyperoxia-induced acute lung injury. Am J Respir Crit
Care Med 2008; 178(12): 1227-37.
http://dx.doi.org/10.1164/rccm.200807-10200C PMID: 18849495
Dolinay T, Kim YS, Howrylak J, et al. Inflammasome-regulated
cytokines are critical mediators of acute lung injury. Am J Respir
Crit Care Med 2012; 185(11): 1225-34.
http://dx.doi.org/10.1164/rccm.201201-00030C PMID: 22461369
Zhang Q, Raoof M, Chen Y, et al. Circulating mitochondrial
DAMPs cause inflammatory responses to injury. Nature 2010;
464(7285): 104-7.

http://dx.doi.org/10.1038/nature08780 PMID: 20203610

Di Salvo E, Ventura-Spagnolo E, Casciaro M, Navarra M, Gangemi
S. IL-33/IL-31 axis: A potential inflammatory pathway. Mediators
Inflamm 2018; 20183858032
http://dx.doi.org/10.1155/2018/3858032 PMID: 29713240
Kunnumakkara AB, Sailo BL, Banik K, et al. Chronic diseases,
inflammation, and spices: how are they linked? J Transl Med 2018;
16(1): 14.

http://dx.doi.org/10.1186/s12967-018-1381-2 PMID: 29370858
Gour N, Wills-Karp M. IL-4 and IL-13 signaling in allergic airway
disease. Cytokine 2015; 75(1): 68-78.
http://dx.doi.org/10.1016/j.cyt0.2015.05.014 PMID: 26070934
Athari SS. Targeting cell signaling in allergic asthma. Signal
Transduct Target Ther 2019; 4: 45.
http://dx.doi.org/10.1038/541392-019-0079-0

Wieczfinska J, Sitarek P, Skata E, Kowalczyk T, Pawliczak R.
Inhibition of NADPH Oxidase-Derived Reactive Oxygen Species
Decreases Expression of Inflammatory Cytokines in A549 Cells.
Inflammation 2019; 42(6): 2205-14.
http://dx.doi.org/10.1007/s10753-019-01084-0 PMID: 31612365
Churg A, Zhou S, Wright JL. Series “matrix metalloproteinases in
lung health and disease”: Matrix metalloproteinases in COPD. Eur
Respir J 2012; 39(1): 197-209.
http://dx.doi.org/10.1183/09031936.00121611 PMID: 21920892
Bozinovski S, Vlahos R, Hansen M, Liu K, Anderson GP. Akt in
the pathogenesis of COPD. Int J Chron Obstruct Pulmon Dis 2006;
1(1): 31-8.

http://dx.doi.org/10.2147/copd.2006.1.1.31 PMID: 18046900
Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative
stress, inflammation, and cancer: how are they linked? Free Radic
Biol Med 2010; 49(11): 1603-16.
http://dx.doi.org/10.1016/j.freeradbiomed.2010.09.006
20840865

PMID:

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Current Pharmaceutical Design, 2020, Vol. 26, No. 00 11

Du Z, Lovly CM. Mechanisms of receptor tyrosine kinase activa-
tion in cancer. Mol Cancer 2018; 17(1): 58.
http://dx.doi.org/10.1186/s12943-018-0782-4 PMID: 29455648
Jurisi¢ V, Obradovic J, Pavlovi¢ S, Djordjevic N. Epidermal growth
factor receptor gene in non-small-cell lung cancer: The importance
of promoter polymorphism investigation. Anal Cell Pathol (Amst)
2018;20186192187

http://dx.doi.org/10.1155/2018/6192187 PMID: 30406002

Tian T, Li X, Zhang J. mTOR signaling in cancer and mtor inhibi-
tors in solid tumor targeting therapy. Int J Mol Sci 2019; 20(3): 755.
http://dx.doi.org/10.3390/ijms20030755 PMID: 30754640

Arcaro A, Guerreiro AS. The phosphoinositide 3-kinase pathway in
human cancer: genetic alterations and therapeutic implications. Curr
Genomics 2007; 8(5): 271-306.
http://dx.doi.org/10.2174/138920207782446160 PMID: 19384426
Skrypnyk N, Chen X, Hu W, et al. PPARa activation can help
prevent and treat non-small cell lung cancer. Cancer Res 2014;
74(2): 621-31.
http://dx.doi.org/10.1158/0008-5472.CAN-13-1928
24302581

Souza JA, Rossa C Jr, Garlet GP, Nogueira AV, Cirelli JA. Modu-
lation of host cell signaling pathways as a therapeutic approach in
periodontal disease. J Appl Oral Sci 2012; 20(2): 128-38.
http://dx.doi.org/10.1590/S1678-77572012000200002
22666826

Hestvik ALK, Hmama Z, Av-Gay Y. Kinome analysis of host re-
sponse to mycobacterial infection: a novel technique in proteomics.
Infect Immun 2003; 71(10): 5514-22.
http://dx.doi.org/10.1128/IA1.71.10.5514-5522.2003
14500469

Cicchese JM, Evans S, Hult C, ef al. Dynamic balance of pro- and
anti-inflammatory signals controls disease and limits pathology.
Immunol Rev 2018; 285(1): 147-67.
http://dx.doi.org/10.1111/imr.12671 PMID: 30129209

Hossain MM, Norazmi MN. Pattern recognition receptors and cyto-
kines in Mycobacterium tuberculosis infection--the double-edged
sword? BioMed Res Int 2013; 2013179174
http://dx.doi.org/10.1155/2013/179174 PMID: 24350246

Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol
2008; 214(2): 199-210.

http://dx.doi.org/10.1002/path.2277 PMID: 18161745

Barkauskas CE, Noble PW. Cellular mechanisms of tissue fibrosis.
7. New insights into the cellular mechanisms of pulmonary fibrosis.
Am J Physiol Cell Physiol 2014; 306(11): C987-96.
http://dx.doi.org/10.1152/ajpcell.00321.2013 PMID: 24740535

Li M, Krishnaveni MS, Li C, et al. Epithelium-specific deletion of
TGEF- receptor type 1I protects mice from bleomycin-induced pul-
monary fibrosis. J Clin Invest 2011; 121(1): 277-87.
http://dx.doi.org/10.1172/JC142090 PMID: 21135509

Bonniaud P, Kolb M, Galt T, et al. Smad3 null mice develop air-
space enlargement and are resistant to TGF-B-mediated pulmonary
fibrosis. J Immunol 2004; 173(3): 2099-108.
http://dx.doi.org/10.4049/jimmunol.173.3.2099 PMID: 15265946
Xu Y, Mizuno T, Sridharan A, et al. Single-cell RNA sequencing
identifies diverse roles of epithelial cells in idiopathic pulmonary
fibrosis. JCI Insight 2016; 1(20)e90558
http://dx.doi.org/10.1172/jci.insight.90558 PMID: 27942595
Sadikot RT, Zeng H, Joo M, et al. Targeted immunomodulation of
the NF-kappaB pathway in airway epithelium impacts host defense
against Pseudomonas aeruginosa. J Immunol 2006; 176(8): 4923-
30.

http://dx.doi.org/10.4049/jimmunol.176.8.4923 PMID: 16585588
Sadikot RT, Kolanjiyil AV, Kleinstreuer C, Rubinstein I
Nanomedicine for Treatment of Acute Lung Injury and Acute Res-
piratory Distress Syndrome. Biomed Hub 2017; 2(2): 1-12.
http://dx.doi.org/10.1159/000477086 PMID: 31988911

Aljabali AA, Obeid MA, Amawi HA, et al. Application of Nano-
materials in the Diagnosis and Treatment of Genetic Disor-
ders.Applications of Nanomaterials in Human Health. Singapore:
Springer, Singapore 2020; pp. 125-46.
http://dx.doi.org/10.1007/978-981-15-4802-4_7

Hinge N, Pandey MM, Singhvi G, et a/. Nanomedicine advances in
cancer therapy.Advanced 3D-Printed Systems and Nanosystems for
Drug Delivery and Tissue Engineering. Elsevier 2020; pp. 219-53.

PMID:

PMID:

PMID:



12 Current Pharmaceutical Design, 2020, Vol. 26, No. 00

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

http://dx.doi.org/10.1016/B978-0-12-818471-4.00008-X

Mehta M, Deeksha , Tewari D, et al. Oligonucleotide therapy: An
emerging focus area for drug delivery in chronic inflammatory res-
piratory diseases. Chem Biol Interact 2019; 308: 206-15.
http://dx.doi.org/10.1016/j.cbi.2019.05.028 PMID: 31136735

Dua K, Wadhwa R, Singhvi G, et al. The potential of siRNA based
drug delivery in respiratory disorders: Recent advances and pro-
gress. Drug Dev Res 2019; 80(6): 714-30.
http://dx.doi.org/10.1002/ddr.21571 PMID: 31691339

Chellappan DK, Sze Ning QL, Su Min SK, et al. Interactions be-
tween microbiome and lungs: Paving new paths for microbiome
based bio-engineered drug delivery systems in chronic respiratory
diseases. Chem Biol Interact 2019; 310108732
http://dx.doi.org/10.1016/j.cbi.2019.108732 PMID: 31276660

Dua K, Gupta G, Chellapan DK, Bebawy M, Collet T. Nanoparti-
cle-based therapies as a modality in treating wounds and preventing
biofilm. Panminerva Med 2018; 60(4): 237-8.
http://dx.doi.org/10.23736/S0031-0808.18.03435-3
30563307

Dua K, Chellappan DK, Singhvi G, de Jesus Andreoli Pinto T,
Gupta G, Hansbro PM. Targeting microRNAs using nanotechnol-
ogy in pulmonary diseases. Panminerva Med 2018; 60(4): 230-1.
http://dx.doi.org/10.23736/S0031-0808.18.03459-6 PMID:
30563304

Dua K, Malyla V, Singhvi G, et al. Increasing complexity and
interactions of oxidative stress in chronic respiratory diseases: An
emerging need for novel drug delivery systems. Chem Biol Interact
2019;299: 168-78.

http://dx.doi.org/10.1016/j.cbi.2018.12.009 PMID: 30553721

Dua K, Gupta G, Chellappan DK, Shukla S, Hansbro PM. Target-
ing bacterial biofilms in pulmonary diseases in pediatric population.
Minerva Pediatr 2019; 71(3): 309-10.
http://dx.doi.org/10.23736/S0026-4946.18.05256-8
30419743

Satija S, Mehta M, Sharma M, et al. Vesicular drug delivery sys-
tems as theranostics in COVID-19. Future Med Chem 2020; 12(18):
1607-9.

http://dx.doi.org/10.4155/fmc-2020-0149 PMID: 32589055

Madala SK, Schmidt S, Davidson C, Tkegami M, Wert S, Hardie
WD. MEK-ERK pathway modulation ameliorates pulmonary fibro-
sis associated with epidermal growth factor receptor activation. Am
J Respir Cell Mol Biol 2012; 46(3): 380-8.
http://dx.doi.org/10.1165/rcmb.2011-02370C PMID: 22021337
Korfhagen TR, Le Cras TD, Davidson CR, et al. Rapamycin pre-
vents transforming growth factor-o-induced pulmonary fibrosis.
Am J Respir Cell Mol Biol 2009; 41(5): 562-72.
http://dx.doi.org/10.1165/rcmb.2008-03770C PMID: 19244201
Wadhwa R, Pandey P, Gupta G, ef al. Emerging Complexity and
the Need for Advanced Drug Delivery in Targeting Candida Spe-
cies. Curr Top Med Chem 2019; 19(28): 2593-609.
http://dx.doi.org/10.2174/1568026619666191026105308
31746290

Marchetti GM, Burwell TJ, Peterson NC, ef al. Targeted drug de-
livery via caveolae-associated protein PV1 improves lung fibrosis.
Commun Biol 2019; 2: 92.
http://dx.doi.org/10.1038/s42003-019-0337-2 PMID: 30854484
Akbarzadeh A, Rezaei-Sadabady R, Davaran S, et al. Liposome:
classification, preparation, and applications. Nanoscale Res Lett
2013; 8(1): 102.

http://dx.doi.org/10.1186/1556-276X-8-102 PMID: 23432972
Mehta M, Satija S, Nanda A, et al. Nanotechnologies for Boswellic
Acids. Am J Drug Discov Dev 2014; 4: 1-11.
http://dx.doi.org/10.3923/ajdd.2014.1.11

R. P. Rao M. S. Babrekar L. Liposomal Drug Delivery for Solubil-
ity and Bioavailability Enhancement of Efavirenz. Indian J Pharm
Sci2018; 80: 1115-24.

Mehta M, Deeksha , Sharma N, et al. Interactions with the macro-
phages: An emerging targeted approach using novel drug delivery
systems in respiratory diseases. Chem Biol Interact 2019; 304: 10-
9.

http://dx.doi.org/10.1016/j.cbi.2019.02.021 PMID: 30849336

Chai G, Park H, Yu S, ef al. Evaluation of co-delivery of colistin
and ciprofloxacin in liposomes using an in vitro human lung epithe-
lial cell model. Int J Pharm 2019; 569118616

PMID:

PMID:

PMID:

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

Mehta et al.

http://dx.doi.org/10.1016/j.ijpharm.2019.118616 PMID: 31415873
Chen X, Huang W, Wong BC, et al. Liposomes prolong the thera-
peutic effect of anti-asthmatic medication via pulmonary delivery.
Int J Nanomedicine 2012; 7: 1139-48.

PMID: 22412300

Pandolfi L, Frangipane V, Bocca C, et al. Hyaluronic acid-
decorated liposomes as innovative targeted delivery system for lung
fibrotic cells. Molecules 2019; 24(18): 3291.
http://dx.doi.org/10.3390/molecules24183291 PMID: 31509965
Riaz MK, Zhang X, Wong KH, et al. Pulmonary delivery of trans-
ferrin receptors targeting peptide surface-functionalized liposomes
augments the chemotherapeutic effect of quercetin in lung cancer
therapy. Int J Nanomedicine 2019; 14: 2879-902.
http://dx.doi.org/10.2147/IIN.S192219 PMID: 31118613

Miiller RH, Radtke M, Wissing SA. Solid lipid nanoparticles (SLN)
and nanostructured lipid carriers (NLC) in cosmetic and dermatol-
ogical preparations. Adv Drug Deliv Rev 2002; 54(Suppl. 1): S131-
55.
http://dx.doi.org/10.1016/S0169-409X(02)00118-7
12460720

Kaur G, Singh SK, Kumar R, et al. Development of modified apple
polysaccharide capped silver nanoparticles loaded with mesalamine
for effective treatment of ulcerative colitis. J Drug Deliv Sci Tech-
nol 2020; 60101980

http://dx.doi.org/10.1016/j.jddst.2020.101980

Tan YY, Yap PK, Xin Lim GL, et al. Perspectives and advance-
ments in the design of nanomaterials for targeted cancer theranos-
tics. Chem Biol Interact 2020; 329109221
http://dx.doi.org/10.1016/j.cbi.2020.109221 PMID: 32768398
Pardhi DM, Sen Karaman D, Timonen J, et al. Anti-bacterial activ-
ity of inorganic nanomaterials and their antimicrobial peptide con-
jugates against resistant and non-resistant pathogens. Int J Pharm
2020; 586119531

http://dx.doi.org/10.1016/j.ijpharm.2020.119531 PMID: 32540348
Ng PQ, Ling LSC, Chellian J, et al. Applications of Nanocarriers as
Drug Delivery Vehicles for Active Phytoconstituents. Curr Pharm
Des 2020; 26: 4580-90.
http://dx.doi.org/10.2174/1381612826666200610111013
32520681

Mehta M, Satija S, Paudel KR, et al. Incipient need of targeting
airway remodeling using advanced drug delivery in chronic respira-
tory diseases. Future Med Chem 2020; 12(10): 873-5.
http://dx.doi.org/10.4155/fmc-2020-0091 PMID: 32352313
Rajeshkumar S, Menon S, Venkat Kumar S, et al. Antibacterial and
antioxidant potential of biosynthesized copper nanoparticles medi-
ated through Cissus arnotiana plant extract. J] Photochem Photobiol
B 2019; 197111531
http://dx.doi.org/10.1016/j.jphotobiol.2019.111531
31212244

Chellappan DK, Yee NJ, Kaur Ambar Jeet Singh BJ, et al. Formu-
lation and characterization of glibenclamide and quercetin-loaded
chitosan nanogels targeting skin permeation. Ther Deliv 2019;
10(5): 281-93.

http://dx.doi.org/10.4155/tde-2019-0019 PMID: 31094299

Kumar P, Mehta M, Satija S, ef al. Enzymatic in vitro anti-diabetic
activity of few traditional Indian medicinal plants. J Biol Sci 2013;
13: 540-4.

http://dx.doi.org/10.3923/jbs.2013.540.544

Pandey R, Khuller GK. Solid lipid particle-based inhalable sus-
tained drug delivery system against experimental tuberculosis. Tu-
berculosis (Edinb) 2005; 85(4): 227-34.
http://dx.doi.org/10.1016/j.tube.2004.11.003 PMID: 15922668
Kuzmov A, Minko T. Nanotechnology approaches for inhalation
treatment of lung diseases. J Control Release 2015; 219: 500-18.
http://dx.doi.org/10.1016/j.jconrel.2015.07.024 PMID: 26297206
Patil-Gadhe A, Kyadarkunte A, Patole M, Pokharkar V. Montelu-
kast-loaded nanostructured lipid carriers: part II pulmonary drug de-
livery and in vitro-in vivo aerosol performance. Eur J Pharm Bio-
pharm 2014; 88(1): 169-77.
http://dx.doi.org/10.1016/j.ejpb.2014.07.007 PMID: 25078860
Patil-Gadhe A, Pokharkar V. Montelukast-loaded nanostructured
lipid carriers: part I oral bioavailability improvement. Eur J Pharm
Biopharm 2014; 88(1): 160-8.
http://dx.doi.org/10.1016/j.ejpb.2014.05.019 PMID: 24878424

PMID:

PMID:

PMID:



Advancing of Cellular Signaling Pathways in Respiratory Diseases

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

Bondi ML, Ferraro M, Di Vincenzo S, et al. Effects in cigarette
smoke stimulated bronchial epithelial cells of a corticosteroid en-
trapped into nanostructured lipid carriers. J Nanobiotechnology
2014; 12: 46.

http://dx.doi.org/10.1186/s12951-014-0046-4 PMID: 25432702
Dua K, Hansbro NG, Hansbro PM. Steroid resistance and concomi-
tant respiratory infections: A challenging battle in pulmonary clinic.
EXCLIJ 2017; 16: 981-5.

PMID: 28900378

Sato MR, Oshiro Junior JA, Machado RTA, et al. Nanostructured
lipid carriers for incorporation of copper(Il) complexes to be used
against Mycobacterium tuberculosis. Drug Des Devel Ther 2017;
11: 909-21.

http://dx.doi.org/10.2147/DDDT.S127048 PMID: 28356717

da Silva PB, de Freitas ES, Solcia MC, et al. A nanostructured lipid
system to improve the oral bioavailability of Ruthenium(Il) com-
plexes for the treatment of infections caused by Mycobacterium tu-
berculosis. Front Microbiol 2018; 9: 2930.
http://dx.doi.org/10.3389/fmicb.2018.02930 PMID: 30574128
Pinheiro M, Ribeiro R, Vieira A, Andrade F, Reis S. Design of a
nanostructured lipid carrier intended to improve the treatment of tu-
berculosis. Drug Des Devel Ther 2016; 10: 2467-75.
http://dx.doi.org/10.2147/DDDT.S104395 PMID: 27536067
Medina SH, El-Sayed MEH. Dendrimers as carriers for delivery of
chemotherapeutic agents. Chem Rev 2009; 109(7): 3141-57.
http://dx.doi.org/10.1021/cr900174j PMID: 19534493

Madaan K, Kumar S, Poonia N, Lather V, Pandita D. Dendrimers in
drug delivery and targeting: Drug-dendrimer interactions and toxic-
ity issues. J Pharm Bioallied Sci 2014; 6(3): 139-50.
http://dx.doi.org/10.4103/0975-7406.130965 PMID: 25035633
Blattes E, Vercellone A, Eutaméne H, et al. Mannodendrimers
prevent acute lung inflammation by inhibiting neutrophil recruit-
ment. Proc Natl Acad Sci USA 2013; 110(22): 8795-800.
http://dx.doi.org/10.1073/pnas.1221708110 PMID: 23671078
Kumar PV, Asthana A, Dutta T, Jain NK. Intracellular macrophage
uptake of rifampicin loaded mannosylated dendrimers. J Drug Tar-
get 2006; 14(8): 546-56.
http://dx.doi.org/10.1080/10611860600825159 PMID: 17050121
Bohr A, Tsapis N, Andreana I, et al. Anti-Inflammatory Effect of
Anti-TNF-a SiRNA Cationic Phosphorus Dendrimer Nanocom-
plexes Administered Intranasally in a Murine Acute Lung Injury
Model. Biomacromolecules 2017; 18(8): 2379-88.
http://dx.doi.org/10.1021/acs.biomac.7b00572 PMID: 28639789
Ayatollahi S, Salmasi Z, Hashemi M, et al. Aptamer-targeted deliv-
ery of Bel-xL shRNA using alkyl modified PAMAM dendrimers
into lung cancer cells. Int J Biochem Cell Biol 2017; 92: 210-7.
http://dx.doi.org/10.1016/j.biocel.2017.10.005 PMID: 29031805
Azzazy HME, Mansour MMH, Kazmierczak SC. From diagnostics
to therapy: prospects of quantum dots. Clin Biochem 2007; 40(13-
14): 917-27.
http://dx.doi.org/10.1016/j.clinbiochem.2007.05.018
17689518

PMID:

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

Current Pharmaceutical Design, 2020, Vol. 26, No. 00 13

Wu T, Tang M. Toxicity of quantum dots on respiratory system.
Inhal Toxicol 2014; 26(2): 128-39.
http://dx.doi.org/10.3109/08958378.2013.871762 PMID: 24495248
Nagy A, Hollingsworth JA, Hu B, et al. Functionalization-
dependent induction of cellular survival pathways by CdSe quan-
tum dots in primary normal human bronchial epithelial cells. ACS
Nano 2013; 7(10): 8397-411.

http://dx.doi.org/10.1021/nn305532k PMID: 24007210

Singh RD, Shandilya R, Bhargava A, et al. Quantum dot based
nano-biosensors for detection of circulating cell free miRNAs in
lung carcinogenesis: From biology to clinical translation. Front
Genet 2018; 9: 616.

http://dx.doi.org/10.3389/fgene.2018.00616 PMID: 30574163
Saifuddin N, Raziah AZ, Junizah AR. Carbon nanotubes: A review
on structure and their interaction with proteins. J Chem 2013;
2013676815

http://dx.doi.org/10.1155/2013/676815

Simon J, Flahaut E, Golzio M. Overview of carbon nanotubes for
biomedical applications. Materials (Basel) 2019; 12(4): 624.
http://dx.doi.org/10.3390/mal12040624 PMID: 30791507

Liu W, Speranza G. Functionalization of Carbon Nanomaterials for
Biomedical Applications. C — J Carbon Res 2019; 5: 72.

Adenuga AA, Truong L, Tanguay RL, Remcho VT. Preparation of
water soluble carbon nanotubes and assessment of their biological
activity in embryonic zebrafish. Int J Biomed Nanosci Nanotechnol
2013; 3(1-2): 38-51.

http://dx.doi.org/10.1504/IIBNN.2013.054514 PMID: 25750663

Li X, Wang L, Fan Y, et al. Biocompatibility and toxicity of
nanoparticles and nanotubes. J Nanomater 2012; 2012548389
http://dx.doi.org/10.1155/2012/548389

Cha C, Shin SR, Annabi N, Dokmeci MR, Khademhosseini A.
Carbon-based nanomaterials: multifunctional materials for bio-
medical engineering. ACS Nano 2013; 7(4): 2891-7.
http://dx.doi.org/10.1021/1n401196a PMID: 23560817

Bhirde AA, Patel V, Gavard J, et al. Targeted killing of cancer cells
in vivo and in vitro with EGF-directed carbon nanotube-based drug
delivery. ACS Nano 2009; 3(2): 307-16.
http://dx.doi.org/10.1021/nn800551s PMID: 19236065

Liu HL, Zhang YL, Yang N, et al. A functionalized single-walled
carbon nanotube-induced autophagic cell death in human lung cells
through Akt-TSC2-mTOR signaling. Cell Death Dis 2011; 2e159
http://dx.doi.org/10.1038/cddis.2011.27 PMID: 21593791

He X, Young SH, Schwegler-Berry D, Chisholm WP, Fernback JE,
Ma Q. Multiwalled carbon nanotubes induce a fibrogenic response
by stimulating reactive oxygen species production, activating NF-
kB signaling, and promoting fibroblast-to-myofibroblast transfor-
mation. Chem Res Toxicol 2011; 24(12): 2237-48.
http://dx.doi.org/10.1021/tx200351d PMID: 22081859

Pacurari M, Yin XJ, Zhao J, et al. Raw single-wall carbon nano-
tubes induce oxidative stress and activate MAPKs, AP-1, NF-
kappaB, and Akt in normal and malignant human mesothelial cells.
Environ Health Perspect 2008; 116(9): 1211-7.
http://dx.doi.org/10.1289/ehp.10924 PMID: 18795165



