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Abstract

Aquaporins (AQPs) aka water channels are a family of conserved transmembrane proteins (~30 

kDa monomers) expressed in various organ systems. Of the 13 AQPs (AQP0 through AQP12) in 

the human body, four (AQPs 1, 3, 4, and 5) are expressed in the respiratory system. These 

channels are conventionally known for mediating transcellular fluid movements. Certain AQPs 

(aquaglyceroporins) have the capability to transport glycerol and potentially other solutes. There is 

an emerging body of literature unveiling the non-conventional roles of AQPs such as in cell 

proliferation and migration, gas permeation, signal potentiation, etc. Initial gene knock-out studies 

established a physiological role for lung AQPs, particularly AQP5, in maintaining homeostasis, by 

mediating fluid secretion from submucosal glands onto the airway surface liquid (ASL) lining. 

Subsequent studies have highlighted the functional significance of AQPs, particularly AQP1 and 

AQP5 in lung pathophysiology and diseases, including but not limited to chronic and acute lung 

injury, chronic obstructive pulmonary disease (COPD), other inflammatory lung conditions, and 

lung cancer. AQP1 has been suggested as a potential prognostic marker for malignant 

mesothelioma. Recent efforts are directed toward exploiting AQPs as targets for diagnosis, 

prevention, intervention, and/or treatment of various lung conditions. Emerging information on 

regulatory pathways and directed mechanistic research are posited to unravel novel strategies for 

these clinical implications. Future considerations should focus on development of AQP inhibitors, 
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blockers, and modulators for therapeutic needs, and better understanding the role of lung-specific 

AQPs in inter-individual susceptibility to chronic lung diseases such as COPD and cancer.
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1. Introduction

Aquaporins, commonly referred to as “water channels”, are small integral membrane 

proteins which primarily mediate selective transport of water across the membranes in 

various organ systems including lungs, kidneys, CNS, heart, skin, eyes, among others 

[reviewed in [5],[6], [7]]. Water transport across cells and tissues is a physiologically 

essential process that helps maintain homeostasis. While normal transcellular water transport 

may occur via diffusion across the lipid layer of the membrane or via passive diffusion with 

other solutes, aquaporin water channels are involved in areas requiring high water 

permeabilities for fluid transport [8], [9], [10]. Consequently, not all cells in a given tissue or 

organ contain AQPs. Fluid transport across cell membranes may be driven by osmotic 

gradient under normal physiological conditions and/or by differential hydrostatic pressure as 

may occur in certain pathological conditions such as edema [11] [12]. To cater to these 

variable fluid transport processes, aquaporins show diverse tissue and cell distribution in 

different organ systems. This review focuses on their role in respiratory system. In lung 

airways and parenchyma, transport of water across epithelial-endothelial barrier occurs 

between airspace and peripheral lung compartments (interstitial and vascular compartments 

and submucosal glands) for various processes in neonatal and adult lung [reviewed in [13],

[12]]. These may include normal physiological processes such as maintenance of airspace 

hydration and airway surface liquid (ASL) layer, and infant lung fluid clearance at birth, or 

pathological processes such as pulmonary edema and pleural effusions. Several studies have 

also revealed role of aquaporins in various lung conditions and diseases such as acute lung 

injury, chronic obstructive pulmonary disease (COPD), asthma and other inflammatory 

conditions, and lung cancer.

Aquaporin (AQP) discovery in 1992 by Peter Agre of John Hopkins University won him a 

Nobel Prize in 2003 [8]. Since then a total of 13 aquaporins (AQP0 through AQP12) have 

been discovered in humans and this family of proteins has been shown to occur in other 

animals (vertebrates and invertebrates), plants, and microbes (bacteria, yeasts). Consistent 

with the original description by Agre that aquaporins are “the plumbing system for cells”, 

these integral membrane pore proteins mediate selective water transport in and out of the 

cells and at the same time prevent the trafficking of ions and solutes that may require 

separate membrane channels [5], [3], [6]. However, certain aquaporins (AQP3, 7, 9, and 10) 

may also transport glycerol and thus are known as aquaglyceroporins. Additional evidence, 

though controversial, also points to the role of certain aquaporins (such as AQP9) in 

transport of other uncharged molecules such as gases (CO2, NH3, NO, O2) and small solutes 

(H2O2, urea) and even ions (AQP6) [reviewed in [14]]. Besides, there are suggestions on the 
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non-conventional role of certain aquaporins in functions such as cell migration [15] [16], 

cell-cell adhesion [17], and regulation of other channels [18].

1.1. Structural aspects of aquaporins:

AQPs are small protein monomers (about 30 kDa size each) forming tetramers in the 

biological membrane though each monomer functions independently. Certain AQPs (AQP0 

and AQP4) may also show greater aggregation, forming supramolecular crystalline arrays. 

AQP monomers consist of 6 transmembrane α-helices and 2 short helical segments that 

allow formation of a water pore in the membrane (FIGURE 1). The helices are connected by 

extracellular and intracellular loops to the amino- and carboxy-ends of the monomer. As 

compared to the water-selective AQPs (AQP0, 1, 2, 4, 5, and 8), aquaglyceroporins contain 

more hydrophobic amino acids lining the pore and show less constricted pore [1]. Besides 

the crystal structure of the first discovered aquaporin AQP1 (FIGURE 2), 3D structures of 

several AQPs have been resolved with high resolution [reviewed in [4].

2. Aquaporins in Lung

2. 1. Tissue- and cell type-specific expression/localization of aquaporins in lung:

AQPs differ in their tissue distribution and cellular localization pattern in various body 

tissues depending on the water transportation requirements. For instance, 4 of the 13 AQPs 

have been known to be expressed in lung as against kidney which expresses 6 of the 

aquaporins, possibly because of the continuing requirement for a higher water permeability 

and rapid water transport in kidneys. In terms of cellular distribution, those cell types that 

require few-fold to about 50-fold higher osmotic water permeabilities express AQPs [6]. 

AQPs 1, 3, 4, and 5 are expressed in lung. However, these AQPs show species variations in 

their distribution in the lung compartments [13]. In rodent studies, lung expression of the 

four AQPs shows wide cellular distribution (FIGURE 3) in various lung cell types including 

airways epithelia, alveolar epithelia, associated microvasculature endothelia, and 

submucosal glands [reviewed in [5], [2], [12].

AQP1 has been known to express in the endothelial cells (alveolar and airway regions), 

fibroblasts, and mesothelial cells (pleura). AQP3 is expressed in basal epithelial cells 

(nasopharynx and large airways). Human small airway epithelia have also been shown to 

express this protein. AQP4 is expressed in the ciliated columnar cells of various epithelial 

regions (nasopharyngeal, tracheal, bronchial) in the upper airways. AQP5 is expressed in 

alveolar type I epithelial cells and acinar epithelial cells in submucosal glands. Reported 

expression of this protein in large airway epithelia is however debatable. Human lung is 

known to express AQP5 in alveolar type I epithelial cells and in nasopharyngeal epithelium. 

In terms of cellular localization, while AQPs 3 and 4 are primarily expressed in the 

basolateral membrane, AQP5 protein has been shown to localize in the apical membrane of 

the expressing cells. Such cell-specific expression and localization of the four AQPs in lung 

tissue help overcome the water transport barriers across various compartments in the lung 

tissue. For instance, AQP expression in submucosal gland epithelia and airway epithelia 

allows for secretion of fluid (besides glycoproteins) onto the airway surface to maintain the 

ASL, a thin layer of liquid lining the airways. Likewise, AQPs in alveolar epithelia and 
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vasculature endothelia allow for movement of the fluid between the alveolar air space and 

the associated vasculature [reviewed in [12].

2.2. Developmental regulation of AQP expression in lung:

Several studies in laboratory animal models have demonstrated regulation of AQPs during 

development of lung [reviewed in [13]. For instance, AQP1 has been shown to express right 

before birth and dramatically increases in perinatal and adult rodent lung [19], [20]. A 

similar upregulated expression pattern paralleled with the increasing lung water permeability 

during these developmental stages (perinatal and adulthood) in a rabbit model [21]. AQP4 

expression showed dramatic upregulation right after birth whereas AQP5 showed little 

expression at birth and gradually increased until adulthood.

3. Conventional and Unconventional Roles of Aquaporins

3.1. Conventional Role of AQPs (Water transport function):

AQPs are involved in normal physiological roles in different organ systems wherein they are 

expressed in epithelia and endothelia facilitating transport of fluid. In addition, they are also 

expressed in certain other cell types viz. epidermis, adipocytes, and skeletal muscle. In case 

of respiratory system, tissue- and cell type-specific distribution of AQPs and their 

developmental regulation imply that aquaporins have a similar role in water transport and 

normal physiology of the lung. AQPs mediate fluid transport across endothelial and 

epithelial layers in the lung via a transcellular pathway rather than a paracellular pathway 

(via tight junctions). Conclusive answers to this question were sought by employing AQP-

specific knock out mouse models [reviewed in [12], [22]. Both extrapulmonary and 

pulmonary roles were investigated in wild type versus the knockout (KO) mice, to 

understand the importance of aquaporins.

3.1.1. Extrapulmonary role: The following specific relationships were observed in KO 

mouse studies:

AQPs 1–4 KO mice showed defect in urine concentrating ability in kidneys [23]

AQP3 KO mice showed decreased skin hydration due to decreased steady state level of 

glycerol in epidermis and stratum corneum layers due to deficiency of this aquaglyceroporin 

[24] [25].

AQP5 KO mice showed impairment in near-isomolar fluid secretion in salivary gland [26]

AQP7 KO mice showed adipocyte hypertrophy and greater fat mass due to accumulation of 

intracellular glycerol (impaired export) and elevated triglyceride, due to deficiency of this 

aquaglyceroporin [27].

Role of AQPs 1–4 in urine concentrating ability in kidneys was also observed in humans 

with mutated AQP1 [28] or AQP2 [29]. AQPs are known to play a role in eyes in terms of 

facilitating exocrine glands secretion of fluid and surface hydration, among other functions. 

Additionally, AQP3 and AQP4 have been associated with normal physiological processes in 
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skin hydration and CNS, respectively. Human patients carrying E143K mutation in carbonic 

anhydrase showed a dry mouth syndrome due to mislocalization of AQP5 in the salivary 

glands [30]. Collectively, mouse KO and other studies have shown a critical role of AQPs in 

several normal physiological processes in extrapulmonary organs [reviewed in [6].

3.1.2. Pulmonary role: While insights from nonpulmonary investigations on KO mice 

implied similar roles in pulmonary physiology, specific studies with AQP null mice yielded 

both unexpected and expected outcomes. In the airways and peripheral lung, the following 

normal physiological processes depend on fluid transport: a). Airspace hydration; b). 

Airspace fluid absorption near birth; c). Airspace fluid absorption in pulmonary edema; d). 

Fluid secretion by submucosal glands in the airway space. During these processes, there is 

fluid transport in different parts of the lung viz. airways, distal lung, and pleura as well as 

fluid secretion by airway mucosal glands. Comparative studies using AQP null mice showed 

the following specific effects on the fluid transport in these physiological processes.

3.1.2.1. Airways:  Mice lacking AQP3 and/or AQP4 showed reduced osmotic 

permeability of water in upper airways [31] but had minor effect on humidification of upper 

or lower airways. Also, the ASL layer characteristics (depth and salt concentration) as well 

as isomolar fluid absorption in the nasopharyngeal airways did not alter in these AQP-

deficient mice [32]. Collectively, while AQP3/AQP4 facilitates movement of osmotically-

driven water in the airways, their role appeared to be minor in airway humidification, 

maintenance of the ASL layer, and isomolar fluid absorption.

3.1.2.2. Peripheral lung.: The two main AQPs in peripheral lung, AQP5 in alveolar type I 

epithelial cells and AQP1 in endothelial cells, provide the major means for osmotically-

driven movement of water across these barriers [33], [34]. Their deletion showed reduced 

water permeability in the ex-vivo (isolated perfused mouse lung) model [21]. The AQP 

(AQP1 and AQP5) KO mice showed decreased lung water accumulation and there was no 

significant effect of deletion of these AQPs on clearance of alveolar fluid in adult stage [33] 

[34] or just after birth stage. Also, there were no adverse effects on CO2 transport [35] in 

AQP1 KO mice.

3.1.2.3. Pleura.: Continuous secretion of fluid in the pleural space across its endothelial 

and mesothelial barrier is counterbalanced by its rapid reabsorption via lymphatic drainage. 

Studies using mice deficient in AQP1 (which is the key AQP in pleural barriers) showed 

that, like in peripheral lung, this AQP helps in rapid osmotic equilibration across the surface 

of the pleura [36], but seems to have no role in pleural fluid accumulation or clearance.

3.1.2.4. Airway submucosal glands.: Unlike the other afore-described fluid transport 

processes, submucosal gland secretions into the airway were significantly impacted by the 

AQP deficiency. For instance, based on video imaging of fluid droplets, AQP5 null mice 

showed more than 2-fold decrease in stimulated fluid secretion but with no loss of total 

protein and chloride amounts in the fluid [reviewed in [12]. This demonstrated that AQP5 

facilitates fluid secretion in submucosal glands which may have physiological implications 

in secretion of water and solutes mixture (ions and macromolecules) in the ASL lining. This 

showed that AQP5 plays a role in normal physiology of the lung. AQP5 may therefore serve 
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as a therapeutic target to remedy the pathological conditions that affect the ASL fluid and 

antimicrobial defense mechanisms of the lung. Nevertheless, in relative terms, limited role 

of AQPs in lung homeostasis as compared to kidneys is considered to be because of slower 

fluid transport rates in airways and peripheral lung.

3.2. Unconventional roles of AQPs:

Besides the conventional role in fluid transport processes, AQPs have been shown to be 

involved in other processes, including cell migration/proliferation, gas permeation, and 

inflammatory response.

3.2.1. Cell migration and cell proliferation.—Besides the conventional water-

transporting role of AQPs in normal physiological processes in different organs including 

lung, later studies revealed non-conventional (non-water transporting) role of AQP in cell 

migration and cell proliferation [reviewed in [12]. Saadoun and coworkers [15] [16] 

discovered this novel role in cell migration for AQPs. In their proposed mechanism for this 

role, water entry into protruding lamellipodia facilitated by AQP accounted for the cell 

migration. Specifically, a local osmotic gradient is created at the lamellipodium tip by 

cleavage of actin and ion uptake which facilitates the movement of the cell. Subsequently, 

the same research group [37] discovered novel role of aquaglyceroporin AQP3 in cell 

proliferation via its glycerol transport function. Glycerol availability allows healing of 

damaged epithelial cells because of its role in ATP generation and lipid biosynthesis and 

thus could have a direct role in epithelial healing processes following injury in various 

organs. The unconventional cellular roles of AQPs in cell proliferation and migration could 

be directly relevant in lung epithelial and endothelial cells during embryonic development 

(like for other organ systems) as well as under pathological conditions such as lung cancer 

and remodeling/recovery after lung injury.

3.2.2. Gas permeation: There are reports on suggested role of aquaporins in gas 

permeation [reviewed in [14], including AQP9 (CO2, NH3, NO, O2), and AQP1 (CO2, NO, 

O2). However, AQP1-null mice studies [38] suggested that this AQP is not critical for 

oxygen uptake in the lung. Latest studies based on molecular dynamics simulations provided 

valuable insights into the CO2 permeation mechanism [39]. Taken together, this function for 

AQPs is unclear and needs further investigations [40].

3.2.3. Inflammatory signal potentiator: Sakamota and coworkers [41] demonstrated 

role of the water-selective channel protein AQP5 as inflammatory response potentiator. 

siRNA knockdown of AQP5 expression (alveolar epithelial cell line MLE-12) attenuated 

TNF-alpha induced transcriptional expression of the chemokine KC whereas AQP5 

overexpression (fibroblast cell line NIH-3T3) increased KC expression. This role as 

inflammatory signal potentiator was suggested to be mediated via ERK and NF-kB 

activation. Other studies [42] have demonstrated a critical role of aquaporins in 

inflammasome-related inflammation. In vitro AQP blockage in macrophages activated with 

NLRP3 activators caused reduced IL-1β production. In vivo experiments using crystals-

induced acute lung inflammation model confirmed this activity. Recent studies using an 

irradiation-induced mouse model and AQP blockage strategy demonstrated role of AQP4 in 
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inflammatory cell infiltration, cytokine release, and activation of M2 macrophages [43]. 

Emerging perspectives on role of AQPs in inflammatory response and various inflammatory 

diseases have been the subject of recent reviews [44] [45].

4. Role in Lung Pathophysiology and Disease

While studies on KO mice (lacking specific AQPs) established the fact that these water 

channel proteins constitute a prominent route for osmotically-driven water transport in lung 

compartments (airways, alveoli and pleura) across the epithelial and endothelial barriers, 

their role in normal physiological state of the lung was considered limited to maintaining the 

ASL homeostasis. However, these studies do not exclude the possibility of onset of 

compensatory mechanisms in these KO models thus leaving the question of role of AQPs 

open ended. In this context, another side of the coin is the likely role of aquaporin water 

channels in lung pathophysiology and disease. Indeed, accumulating information on this 

aspect points to a larger role of AQPs in lung physiology as discussed in the following 

sections.

4.1. Aquaporins in acute and chronic lung pathologies.

Provocative data on altered expression of AQPs in several lung pathologies reinforce their 

role in lung pathophysiology and disease. In this context, several early studies had shown 

alteration in the expression of AQPs in various lung pathology models such as infection 

[46], inflammation [47] [48] ], lung injury [49] [50], and fibrosis [51], implying role of 

AQPs in lung pathologies. Recent developments in this area (reviewed below) have opened 

new frontiers regarding the role of AQPs in various lung pathologies and diseases.

4.1.1. Pulmonary injury and edema: Acute lung injury (ALI) is a pulmonary 

condition characterized by damage of alveolar-capillary wall, inflammatory cell infiltration, 

and edema. The pulmonary edema characterized by water accumulation in the lung is a 

distinct phenotype in different lung injury models. Considering that AQPs are primarily 

water channels, there were anticipated thoughts on their role in pulmonary edema 

development and/or resolution [reviewed in [2]. However, past studies using AQP null mice 

imply that AQPs are not essential for alveolar fluid clearance [52]. Nevertheless, the 

possibility that other compensatory mechanisms take place in these null backgrounds cannot 

be excluded. Also, it is possible that AQPs have a role in cell volume regulation such as in 

alveolar epithelial type I cells [53] and in fluid secretion from mucus cells [26]. In an early 

study using lipopolysaccharide (LPS)-induced acute lung injury mouse model, specific role 

of AQP-1 was investigated [50]. The results suggested that although AQP1 expression is 

decreased after the injury, depletion of this aquaporin as in AQP1 null mice does not alter 

LPS-induced inflammation and edema. In contrast, in a subsequent study using rat model of 

oleic acid-induced acute lung injury, AQP4 mRNA was found upregulated in the alveolar 

epithelial type II cells implying its compensatory role in alveolar liquid clearance in the 

event of damaged Na transport in ALI [50]. In a lung injury model based on infection with 

Pseudomonas aeruginosa [54], a frequent bacterial pathogen in ventilator-associated 

pneumonia patients, specific role of AQP5 was examined using AQP null mice. P. 
aeruginosa is known to cause disruption of epithelial cells in the lung (alveolar and airway) 
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leading to systemic dissemination of the pathogen. AQP deficiency resulted in an increased 

pathogen dissemination to blood and aggravated injury score as well as reduced mucin 

production in lung. These results collectively suggested a protective role of AQP5 in 

maintenance of lung barrier function against infection. In studies on seawater-induced acute 

lung injury rat model [55], [56], [12], AQP1 and AQP5 were upregulated in the exposed 

lungs and were shown to contribute to the edema formation in the lung [12]. Additionally, 

treatment with Tanshinone IIA, an active component of the Chinese herb Danshen [56], or 

17β-estradiol [55], resulted in attenuation of lung edema/injury which paralleled with the 

downregulation of AQP1 and AQP5 in the treated lungs. However, in contrast to the above 

observations on upregulation of AQP5 in various ALI models, a downregulation of this AQP 

was observed in a radiation-induced ALI mouse model [57]. In this direction, latest studies 

focused on different types of lung injury and edema models further clarifying the role of 

aquaporin expression, are summarized in TABLES 1&2. Collectively, the acute lung injury 

models suggested the role of AQP1 and AQP5 in lung injury and/or edema development and 

resolution but the role of specific AQP depended on the target of the injury, epithelial versus 

endothelial.

4.1.2. Pulmonary infections, stress, and toxicity.—Lung infections (bacterial, 

viral) and exposures to environmental pollutants (silica, asbestos, irradiation, sulfur dioxide) 

and climatic conditions (oxygen, temperature, humidity) cause various pulmonary 

conditions and pathologies. Recent studies using different lung exposure- or infection- 

models targeting these agents have shown downregulation of lung AQP 1 and/or AQP5 (see 

TABLE 3); chronic exposure to low oxygen levels however, showed upregulation of AQP1. 

These observations implied the role of AQPs in these pulmonary conditions.

4.1.3. Pulmonary fibrosis.—Following various chronic insults, human lung alveolar 

epithelial cells undergo mesenchymal differentiation (fibroblasts/myofibroblasts), known as 

epithelial- mesenchymal transition (EMT) process, leading to idiopathic pulmonary fibrosis 

(IPF). Alveolar epithelial type I (AECI) cells potentially contribute to pulmonary fibrosis 

[reviewed in [58]. Screening of human IPF lung biopsies revealed clearly elevated AQP1 

levels in alveolar epithelia [59]. In vitro analysis in this study comparing IPF patient-derived 

versus healthy lung-derived fibroblasts showed AQP1 induction in response to TGF-β 
treatment in the former, implying AQP1 role in the pro-fibrotic TGF-β action and IPF 

etiology/pathophysiology. This is consistent with earlier studies on bleomycin-induced 

pulmonary fibrosis mouse model showing dramatic upregulation of AQP1 but down 

regulation of AQP5 [85] and no effect of AQP4 deficiency [86] in lung fibrosis development.

4.1.4. Asthma.—Role of aquaporins in asthma has been examined in experimental 

models. In OVA/OVA- induced and IL-13-induced mouse models of asthma, Krane and 

coworkers [87] noted differential regulation of lung AQPs; AQP5 showed diminished 

expression whereas AQP3 and AQP4 showed concomitant upregulation. While AQP5 was 

downregulated in both the models, AQP3 was upregulated in one of them ( IL-13 model). 

AQP1 and AQP4 transcripts decreased in the OVA/OVA-induced but not in the IL-13-

induced model. AQPs are therefore common targets of gene regulation in asthma but are 

differentially induced in different challenge models, necessitating further confirmation. A 
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subsequent study using AQP5 knockout mice [88], implicated involvement of AQP5 in the 

development of inflammation and mucus hyperproduction during chronic asthma. Another 

study using OVA-induced mouse model of asthma [89] showed decreased AQP1, AQP4, and 

AQP5 but increased AQP3 levels. AQPs 1 and 5 were significantly increased when treated 

with the anti-asthmatic agents ambroxol (AX), dexamethasone (DM), and terbutaline (TT). 

Since DM and AX improved pulmonary edema, infiltration of eosinophils, and mucus 

secretion and TT only improved edema, it was implied that the two AQPs (AQP1 and AQP5) 

are closely related to edema but not the other two phenotypes in asthma and that these three 

agents relieved edema through upregulation of these AQPs. However, Ablimit and 

coworkers [90], using an OVA-induced asthma rat model, observed tissue-specific regulation 

of lung AQPs. Increased AQP1 and AQP5 in small airways implied their involvement in 

submucosal edema formation and mucus hypersecretion. On the other hand, decreased 

expression of these AQPs in alveoli could be related to increased alveolar liquid viscosity 

and mucus plug formation. A later study [91], using AQP3 deficient mice in an OVA-

induced asthma model, reported role of AQP3 in potentiating asthma via mediation of 

alveolar macrophage chemokine production and T-cell trafficking. OVA-induced bronchial 

asthma mouse model also showed higher expression levels of AQP1 and AQP2 in kidneys 

and dysregulation of urine volume which could be reversed using the traditional Chinese 

natural prescription/formulation San-Ao Decoction [92].

4.1.5. COPD.—Chronic Obstructive Pulmonary Disease (COPD), primarily induced by 

tobacco smoking and manifested as emphysema and chronic bronchitis, requires continued 

discovery of novel mechanistic and therapeutic targets. In human patients of COPD, 

reduction in AQP5 expression was found to correlate with an increased mucus production 

and compromised lung function [93]. In a gene knockout study, AQP5 deficiency protected 

against cigarette smoke-induced emphysema by reducing permeability and inflammation 

(neutrophil), implying the role of this aquaporin in COPD [94]. In a human study based on 

case-control design [95] targeting smokers with COPD (cases) and smokers with no COPD 

(controls), AQP1 and AQP5 showed opposing trends; AQP1 expression was upregulated 

2.41-fold in the parenchyma whereas AQP5 was upregulated 7.75-fold in the bronchus of 

the cases than controls. Overall findings implied a role of AQP1 in COPD pathogenesis. In a 

recent study meant to identify novel target genes involved in COPD, transcriptomic 

screening of human lung tissue samples led to identification of AQP3 as one of the six 

candidate genes [96]; AQP3 protein was detectable in alveolar epithelial type I cells (AECI), 

AECII, macrophages, and bronchi. In a smoking and elastase-induced COPD rat model with 

cold-dryness symptom pattern, an imbalance in AQPs and mucins affected the mucus 

function, thereby enhancing airway obstruction phenotype [97]. A recent study using 

tobacco smoke-induced COPD rat model, showed that administration of a novel antioxidant, 

hydrogen-rich saline, which upregulated AQP5 while downregulating mucin, conferred 

significant protection from COPD development [98].

4.1.6. Lung cancer.—AQPs have been known to have a role in cell migration [99]. This 

function may have implications in tumor growth and metastasis or in endothelial cell 

migration leading to angiogenesis [100]. Indeed, Hu and Verkman [101] observed that AQP-

expressing tumor cells in lung show greater extravasation across microvessels leading to 
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greater metastases and local invasiveness. Additionally, expression of aquaporin in tumor 

cells has been correlated with edema in astrocytomas. This implies that these water channel 

proteins allow water penetration in the growing tumor mass (edema) and thus cause tumor 

expansion. These observations collectively led researchers to propose an oncogenic capacity 

of aquaporins.

Different lung cancer types have been shown to differentially express AQPs [102] [103], 

particularly AQP1, AQP3, or/and AQP5 [reviewed in [104] and, the actual explanations 

underlying these associations are being explored [105] [102] [103], reviewed in [104].

i). AQP1:  AQP1 was shown to predominantly overexpress in non-small cell lung cancer 

(NSCLC) cell lines of various origins and primary lung tumor specimens [102]. It was 

detected in adenocarcinomas and bronchoalveolar carcinomas but not in squamous cell 

carcinoma specimens. In experimental verification of these findings, forced expression of 

AQP1 in NIH-3T3 cells stimulated cell proliferation and anchorage-independent growth. In 

a later study using 92 lung biopsies [106], AQP1 was shown to overexpress in primary lung 

adenocarcinomas (which are the most common and heterogenous form of primary lung 

cancer) as well as pleural mesotheliomas. Role of AQP1 in tumor angiogenesis was 

emphasized based on high expression of this protein in small capillaries in areas near or 

surrounding the tumor, besides expression in walls of alveoli inside or next to tumor tissue. 

In a study based on a mouse model that spontaneously developed breast adenoma with lung 

metastases, role of AQP1 as an important determinant of tumor angiogenesis was 

demonstrated using gene knockout mice [107]. In a more comprehensive screen using 160 

lung cancers of different histologic subtypes [108], AQPs 1, 3, and 5 were shown to express 

in majority of the specimens and their expression patterns showed frequent association with 

cellular differentiation in cancer cells. AQPs 1 and 5 were upregulated in invading cancer 

cells (particularly adenocarcinomas) and it was suggested that AQP1 overexpression with 

loss of subcellular polarization is involved in their potential for invasiveness and metastasis 

[108] [5]. Xie and coworkers [109] observed overexpression of AQP1 and AQP4 in lung 

cancer tissues and provided a functional explanation for this expression pattern based on 

transwell migration assays, confirming their role in lung cancer extravasation and spread.

Besides the role of AQP1 in tumor cell proliferation, cell migration, and angiogenesis, 

Zhang and coworkers [110] demonstrated role of AQP1 in malignant pleural effusion in a 

mouse model based on association of elevated expression of AQP1 with increased volume of 

the effusion. Recent studies based on chemical inhibitor experiments in malignant 

mesothelioma (MM) model have shown role of AQP1 in cell adhesion, migration and sphere 

formation [111] and in vasculogenic mimicry, especially under hypoxic conditions [112].

Generally, malignant mesothelioma (MM) has poor survival and prognosis. Overexpression 

of AQP1 (the main intracellular water transporter in mesothelial cells) was shown to be an 

independent prognostic factor (favoring survival) in pleural mesothelioma [113]. Gene 

expression data mining efforts on pleural MM cases showed that AQP1 is overexpressed in 

epithelioid mesothelioma; in this context, patients with deleted CDKN2A gene, which is a 

part of the AQP1 gene network predicted based on expression data mining and analyses, 

showed decreased AQP1 expression [114]. Immunohistochemical labeling of human lung 
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tissue from 100 MM cases emphasized the usefulness of AQP1 as a prognostic marker 

[115]. AQP1 was also suggested to be a prognostic marker for lung adenocarcinoma based 

on screening of 505 cases of surgically resected tumors [116].

ii). AQP3.: A functional strategy based on gene knockdown and cell invasion assay led to 

a suggested role of AQP3 in cell proliferation and adhesion/penetration in a human lung 

cancer cell line XWLC-05 [117]. Besides inhibiting the cell growth and invasiveness, AQP3 

knockdown suppressed MMP2 activity in XWLC-05 cells [118]. AQP3 knockdown 

suppressed tumor growth as well as angiogenesis and prolonged survival [119] in NSCLC 

xenograft mouse model. AQP3 knockdown slowed the growth of NSCLC cells via inhibition 

of HIF-1α/VEGF and Raf/MEK/ERK signaling pathways [120].

iii). AQP5.: AQP5 is expressed at higher levels in NSCLC tissues as compared to the 

neighboring normal tissue and has been associated with poor prognosis [121]. Specific role 

of AQP5 in lung carcinogenesis has been demonstrated using in vitro and in vivo strategies. 

For instance, AQP5 promoted cell migration and angiogenesis in NSCLC as demonstrated 

by gene knockdown and vascularization experiments in H1299 cell line [122]. mRNA 

silencing of AQP5 inhibited the growth in vitro and in vivo for A549 lung cancer cells [123]. 

Both AQP5 and the osmoregulated transcription factor NFAT5 are upregulated in lung 

adenocarcinoma cells and this TF plays its role in cell proliferation and migration via AQP5 

regulation [124].

iv). AQP4.: Autoantibodies against this aquaporin may cause the demyelinating disease of 

the CNS Neuromyelitis Optica Spectrum Disorders (NMOSD). In elder patients, NMOSD 

has been reported to occur in the setting of lung adenocarcinoma [125], [126]. In 

paraneoplastic NMOSD associated with squamous cell lung carcinoma in a 66-year old 

female, anti-AQP4 antibodies were present in both the serum and cerebrospinal fluid of the 

patient but absent on the tumor surface [Reviewed in [127]. AQP4 antibody-positive 

NMOSD has also been reported to be associated with interstitial pneumonia as another rare 

extra-CNS complication of this disease [128].

4.2. Regulatory Pathways for lung Aquaporins in normal and pathological processes

Water transport through aquaporins may be regulated by three possible mechanisms: 1). 

regulation by translocation [129]; 2). transcriptional/translational regulation [130]; 3). 

regulation by conformational change or gating [131]. Arguably, the most dynamic, and 

selective regulatory mechanism is that by translocation of aquaporins to the plasma 

membrane in response to specific triggers; this mechanism has been thoroughly reviewed by 

Conner and coworkers [3].

4.2.1. Regulation via translocation: Translocation helps cells to adapt to diverse 

changes in their environment due to triggers or stimuli and thus helps maintain water 

homeostasis. The various triggers of post-translational translocation vary with the individual 

AQPs. Diverse regulatory pathways are involved in trigger-induced translocation of AQPs. 

Particularly, triggers and pathways for those AQPs (primarily AQP1 and AQP5) which are 
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relevant in water transport in respiratory system have been reviewed by Conner and 

coworkers.

AQP1 has been shown to be important in lung although it has a diverse tissue distribution. 

While early studies showed that it is constitutively expressed in cell membranes in kidney, 

recent studies show that it can be expressed in both cell membranes and cytoplasm and can 

be translocated by hypotonic stimulation mediated by protein kinase C (PKC) and 

microtubules as triggers [132] and also due to involvement of calmodulin and calcium influx 

[133]. GPCR agonists are one of the most important triggers of AQPs. The osmoregulatory 

hormone secretin is one such GPCR agonist that promotes water movement in 

cholangiocytes by inducing exocytic insertion of AQP1 [134]. This secretin-induced 

translocation could be mediated by the microtubule network.

AQP5, which has major role in respiratory water permeabilities, can be translocated in lung 

epithelial cells by induction with lipopolysaccharide [135] or microtubules and cAMP [136]. 

Protein kinase A (PKA) pathway is involved in the cAMP-induced translocation [136]. It has 

been suggested that, like that in AQP1, cytoskeletal proteins are involved in AQP5 

translocation via microtubules [137]. AQP5 is also translocated to the membrane upon 

stimulation with GPCR agonists such as acetylcholine or with adrenergic receptor agonist 

such as adrenaline [138] [139]. Like AQP1, this protein is also triggered by hypertonicity 

[53].

4.2.2. Transcriptional/translational regulation: Interestingly, there are emerging 

recent developments on transcriptional/translational mode of regulation of AQPs. The focus 

has been on AQPs 1 and 5.

AQP5:  Inflammation-associated mediators and pathways have been reported to regulate 

lung aquaporins particularly AQP5 [140] [141], [142]. Downregulation of AQP5 (but not 

AQP3 and AQP4) on LPS treatment of human primary bronchial epithelial cells was 

ascribed to p38/JNK signaling pathway [141]. A similar role of this pathway in LPS 

downregulation of AQP5 was earlier observed in human airway submucosal gland cell line 

[140]. The proinflammatory cytokine TNF-alpha was shown to induce decrease in AQP5 in 

human bronchial epithelial cells BEAS-2B [142]. In contrast, the anti-inflammatory 

endogenous lipids lipoxins (particularly lipoxin A4) were demonstrated to regulate AQP5 

expression to maintain the clearance of the fluid in acutely injured lung during acute 

pancreatitis [143]. Another class of endogenous mediators, thyroid hormone, was shown to 

regulate AQP5, with hypothyroid state inducing and hyperthyroid state diminishing the 

AQP5 expression [144]. AQP5 expression in alveolar epithelial cells (E10 and MLE-12 cell 

lines) has been linked with activation of P2X7 receptor [145]. During trans-differentiation of 

alveolar epithelial cells type II (AECII) into type I (AECI ) regulated by Wnt signaling 

pathway, the Wnt7a ligand was shown to regulate the expression of AECI marker AQP5 

[146]. In terms of epigenetic regulation, it has been shown that cell type-specific expression 

of AQP5 marker in AECI epithelial cells during trans-differentiation was a result of 

cooperative interactions among transcription factors (GATA6, Sp1) and histone 

modifications. Specifically, GATA6 and HDAC3 were shown to regulate transcription of 

Yadav et al. Page 12

Respir Med. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AQP5 via modulation of H3 acetylation/deacetylation, respectively by competing for 

binding to Sp1 and interaction of GATA6/Sp1 with p300 [147].

AQP1:  This water channel, widely expressed in vascular endothelia including lung 

endothelia, is regulated by oxygen, with hypoxia and hyperoxia showing differential 

regulation. AQP1 was induced at both mRNA and protein levels by hypoxia in lung tissue 

[148] and hypoxia-inducible transcription factor-1alpha (HIF-1α) was shown to participate 

in this induction. However, it was emphasized [148] that AQP1 activation by hypoxia is a 

complex and multifactorial process that may involve other transcription factors in the 

regulatory process. Heme oxygenase-1 (HO-1), a protective enzyme with role in the defense 

against oxidative and inflammatory insults in the lung, was found to upregulate AQP1 

expression in rat primary alveolar epithelial type II cells and the HO-1 effect was ascribed to 

its anti-oxygenation property [149]. In a recent study, AQP1 was shown to be significantly 

upregulated in hypoxia-exposed human vascular cells and hypoxia-induced lungs in 

pulmonary hypertension mouse model [150]. In such hypoxic pulmonary hypertension 

studies, elevated AQP1 expression was shown to exert its causal effects via upregulation of 

beta-catenin protein and the transcriptional and translational expression of known beta-

catenin targets c-Myc and cyclin D1 [151]. In contrast, hyperoxia induced downregulation of 

AQP1 which may be the primary mechanism underlying hyperoxic pulmonary edema [152] 

and disturbance in alveolar fluid clearance under these pathological conditions [152]. In this 

context, it is interesting that AQP5 was significantly downregulated by hypoxia in alveolar 

epithelia where this is the primary water flux channel, and this effect was mediated through 

both HIF-1α and proteose-mediated pathways [153]; the latter appeared to mediate the 

stability of HIF-1α as well as other unknown transcription factor(s). In this context, AQP1 

deficiency (null mice) showed increase in lung ischemia-reperfusion injury that was 

mediated via lowered stability of HIF-2α [154]. In a recent study, increased AQP1 

expression was shown to play a role in aldosterone mediated development of pulmonary 

arterial hypertension [155]

In acute lung injury (ALI), pre-B cell colony-enhancing factor (PBEF), which is involved in 

enhancing the inflammatory factors, downregulated AQP1 expression primarily via MAPK 

pathways [156]. Another study using rat pleural mesothelial cells showed role of p38 MAPK 

pathway in downregulation of AQP1 by Staphylococcus peptidoglycan [157]. AQP1 

expression during LPS-induced ALI was regulated by miR-144–3p miRNA which in turn 

was shown to be regulated by the long noncoding RNA CASC2 [158], thereby improving 

lung injury. In hyperbaric hypoxia-induced ALI, protective effect of Puerarin was mediated 

by down regulation of AQP1 via NF-kB pathway [159].

In lung cancer, AQP1 facilitates cell proliferation and migration in a manner dependent on 

MMP-2 and MMP-9 [160]. Elevated hydrostatic pressure in lung cancer enhanced cell 

motility and size via upregulation of AQP1 which in turn was mediated by caveolin-1 and 

ERK1/2 signaling [161].
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5. Clinical Potential of Aquaporins

Research developments in aquaporin biology reflect a significant clinical potential of these 

channel proteins such as for use as diagnostic and prognostic markers and therapeutic 

targets, or for their role in heritable human diseases.

5.1. Aquaporins as diagnostic and prognostic targets.

Diagnostic potential of aquaporins may rely on detection of their autoantibodies or direct 

detection of specific AQP(s) in body fluids and/or tissue specimens as a marker for certain 

AQP-related conditions. A recognized diagnostic assay based on autoantibodies is the test 

for AQP4 autoantibody (NMO-IgG) in inflammatory demyelinating disease Neuromyelitis 

Optica (NMO) or Devic’s disease. This serum-based assay is claimed to be highly sensitive 

and specific for this disease [162] [163]. Possibly similar autoantibody-based assays could 

be developed for other autoimmune diseases (e.g. targeting AQP3 in skin diseases; AQP5 in 

Sjogren’s syndrome) and pathologies. Direct detection of AQP protein in body fluids and 

tissues and its association with specific diseases and pathologies offers another diagnostic 

potential with a wider spectrum of applications. An established example is urinary AQP2 

assay [164] for Nephrogenic diabetes insipidus (NDI). ELISA-based quantification of AQP1 

and AQP5 levels in induced sputum samples from mid to moderate adult-onset asthma 

patients demonstrated their potential as diagnostic markers for asthma diagnosis [165]. 

AQP5 expression levels in human COPD lungs were quantitatively correlated with lung 

function (spirometry measurements) and disease severity, suggesting its potential as a 

diagnostic marker [166]. In another study, intrapulmonary AQP5 expression was suggested 

as a possible biomarker for discriminating ‘smothering and choking’ from ‘sudden cardiac 

death’ [167]. Likewise, comparative expression analysis in rat models of vital drowning 

versus postmortem-submersion, showed elevated expression of AQPs 1 and 4 [168] or AQP5 

[169], suggesting their potential as biomarkers of drowning in forensic applications.

On the other hand, it is interesting that certain AQPs associated with lung have been found 

to possess prognostic marker potential for malignant pathologies and cancer. For instance, 

AQP1 has been suggested as an independent prognostic factor [113] [115] [170] [171] in 

pleural malignant mesothelioma (MM). Considering that its expression in the MM cancer 

specimens significantly correlated with progress in MM, regardless of treatment or known 

prognostic factors, it was suggested that AQP1 immunohistochemical labeling could be a 

part of routine histopathologic workup. Alternatively, other less invasive assays could be 

developed based on further investigations on human mesothelioma cases. Recent studies 

have also suggested the prognostic potential of AQP1 in Non-small cell lung cancer [172] 

and lung adenocarcinoma [116] [173] patients.

5.2. Aquaporins as therapeutic targets

Considering their established and emerging functional properties, aquaporins have a high 

potential to serve as therapeutic targets. While considerable interest is generated, the 

progress in this field has been slow. Possible AQP-based therapeutics may include natural 

products, small molecule pharmacological blockers, small molecule modulators of function, 

AQP-specific monoclonal antibodies, among others.
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5.2.1. Natural products as potential therapeutics.—Identification of natural 

products from traditional medicine as the AQP-directed therapeutics has been the major 

focus of research thus far. Several such candidate products have been evaluated for reversing 

the AQP-associated lung pathologies such as acute lung injury, asthma and other 

inflammatory conditions, and lung cancers, as summarized in TABLE 4.

Despite the promise in terms of efficacy and safety of some of the natural products 

evaluated, their translation potential is limited. Consequently, there is a need to focus on 

their active components to design synthetic analogs as small molecule therapeutics or 

generate recombinant macromolecule (protein) therapeutics.

5.2.2. Small molecule therapeutics.—Initial efforts toward discovery of small-

molecule therapeutic agents for aquaporins indicated the potential of aryl sulfonamides and 

antiepileptics [181] [182][183]. However, further efficacy studies failed to confirm the 

translational value of these agents [184]. In a subsequent study [185] involving screening of 

45 synthesized bumetanide derivatives, aryl sulfonamide AqB013 was identified as an 

antagonist for AQP1 and AQP4 with a translational potential. However, further testing and 

validations were required for developing potential clinical applications. While aquaporins 

have seemingly poor druggability, available crystal structures of some of these membrane 

proteins (AQP1, AQP4, and AQP5) are facilitating the ongoing simulation-assisted drug 

discovery efforts to design better AQP blockers [186]. For instance, simulated docking of 

AqB13 in AQP4 structural models from rat and human has shown the critical residues 

(Ser180 and Val/Ile189) determining the blocking effect in this water channel protein.

By now, various AQP modulator candidates have been identified and patented [reviewed in 

[187] and [188]. Certain heavy metal ions and their derivatives are known to inhibit AQPs 

such as AQP3 inhibition by Gold(III) complexes [189]. TGN-020 is a small molecule 

inhibitor of AQP4 which is being evaluated in several recent studies including lung 

pathologies [190]. Sevoflurane was shown to modulate expression of AQPs 1 and 5 along 

with inhibition of ER stress response in OVA-induced allergic airway inflammation [191]. 

Similar evaluations targeting active components of traditional medicines or known anti-

inflammatory compounds or repurposing of known drugs have continued in the past decade. 

Information on such chemical therapeutic candidates in terms of evaluation models, efficacy, 

and role in modulation of AQPs is summarized in TABLE 5.

Biological therapeutics including antibodies and peptides are other candidate therapeutic 

agents being investigated. For instance, Aquaporumab monoclonal antibodies that block 

AQP4-IgG autoantibody binding to its target aquaporin (AQP4) have been developed for 

neuromyelitis optica spectrum disorders (NMOSD) [192]. These may be used in 

combination with monoclonals such as pembrolizumab targeting the co-occurring lung 

adenocarcinoma [193].

Nevertheless, future endeavors in this field may necessitate more extensive drug discovery 

efforts using high content analysis and development of novel high throughput screening 

assays for these targets [reviewed in [194]. Desired alternate future approaches could include 

(i). development of AQP-specific monoclonal antibodies that can outcompete the binding of 
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pathogenic autoantibodies to the same target for AQP-associated auto-immune conditions; 

(ii). development of expression modulators for specific AQPs for tissue-specific applications 

in different organs, including those in lung pathologies.

5.3. Aquaporins in human genetic susceptibility to disease

Though there is limited information available on this aspect of AQPs, aquaporin gene 

variants have been implicated in genetic susceptibility to certain human clinical conditions. 

For instance, at least two loss-of-function mutations in AQP have been associated with 

hereditary clinical disease: (i). mutation in AQP2 causes human nephrogenic diabetes 

insipidus [195]; (ii). mutations in AQP0 have been associated with congenital cataracts in 

mice [196]. Additionally, human cases deficient in AQP1 have been shown to develop 

abnormality in urine concentrating ability and water conservation [28]. Notably, there is 

emerging interest in identifying AQP genetic polymorphisms in human populations, though 

little has been achieved on functionally-relevant genetic variants. Initial studies have 

associated single nucleotide polymorphisms (SNPs) in specific AQPs with susceptibility to 

certain human diseases such as AQP4 variants with severity in brain edema [197], AQP1 

variants with diabetic nephropathy and with priapism in sickle cell disease [198], and AQP7 

variants with obesity and type II diabetes [199]. A Chinese cohort [200] study associated an 

AQP5 variant (+2254 A to G in intron 3) with a decreased risk of COPD. In a subsequent 

study [201], SNPs in AQP5 gene were associated with lung function decline rate in COPD 

patients who were continuous smokers. In experimental validation using the human 

bronchial epithelial cell line HBE-16 (comparing the wild type and risk allele of N228K, a 

coding SNP), the mutation was shown to modulate expression of AQP5 in response to sheer 

stress and cigarette smoke extract. The study even suggested AQP5 as a potential candidate 

gene for COPD. These observations on AQP5 polymorphisms may be broadly significant 

considering that this aquaporin plays a critical role in the maintenance of normal lung 

homeostasis as well as in lung pathologies due to mucus overproduction and lowered 

pulmonary function. Future research in this area may reveal critical genetic variations in 

AQPs expressed in lung and airways.

6. Conclusions and Future Directions

Aquaporins are a family of conserved membrane protein channels that primarily mediate 

selective transcellular (transepithelial, transendothelial) water transport across cells and 

tissues. Besides, they have been shown to perform non-conventional roles such as in cell 

proliferation and cell migration. Of the 13 aquaporins (AQPs) in humans, individual AQPs 

have been associated with normal physiological and pathological roles in different organs. In 

terms of their importance in lung, 4 AQPs (AQP1, 3, 4, and 5) are primarily expressed in 

lung tissue and airways. Of these, AQP5 is important in fluid secretion from the lung-

associated submucosal glands to maintain the Airways surface liquid (ASL) lining under 

normal physiological conditions. Besides the normal physiological role in lung (primarily 

related to ASL homeostasis), there is accumulating evidence emphasizing the importance of 

aquaporins especially AQP1 and AQP5 in various lung pathological states and diseases 

including but not limited to chronic and acute lung injury, COPD, asthma and other 

inflammatory conditions, and cancer. The recognized role of AQPs in cell proliferation and 

Yadav et al. Page 16

Respir Med. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



migration may account for their emerging role in various lung cancers. However, it is too 

early to speculate whether these non-conventional functions could be extrapolated to account 

for their role in lung remodeling and repair processes in lung pathologies such as 

inflammation, infection, and chronic and acute lung injury. Recent studies have highlighted 

clinical significance of AQP1 and/or AQP5 in various lung conditions. Notably, AQP1 has 

been suggested as a potential prognostic marker in pulmonary malignant mesothelioma. This 

and other developments necessitate more directed efforts at understanding the clinical 

relevance and role of specific AQPs in lung pathophysiology and disease and ways to exploit 

them to diagnose, prevent, and/or treat various lung conditions. While progress in the area of 

developing AQP-based therapeutics has been slow, ongoing efforts and new directions 

involving AQP structure-based simulations coupled with modern high throughput drug 

screening strategies and assays could hold promise in identifying the more effective AQP-

specific therapeutic candidates. Other areas of research on AQPs that need attention include 

understanding of the molecular mechanisms of AQP regulation and functional relevance of 

AQP-genetic variations/polymorphisms and their role in human lung diseases. Future 

developments in these areas may help realize the dream of translating the basic research on 

AQPs into clinical applications in diagnosis, prognosis, and treatment of AQP-relevant 

diseases and lead to improved healthcare.
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HIGHLIGHTS

• Both basic and clinical aspects of lung aquaporins (AQPs) covered.

• Focus on emerging functional roles of AQPs in lung physiology and 

pathophysiology.

• Regulatory pathways governing expression of lung AQPs summarized.

• Highlights Potential of AQPs for diagnosis, prognosis, and intervention/

treatment.

• Expected to stimulate further studies on lung AQPs as druggable targets.
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FIGURE 1. Diagrammatic representation of transmembrane topology of aquaporin-1.
The arrangement depicts six transmembrane domains (M1 to M6), two loops which form the 

water pore on a subunit (loops B and E), and the regions implicated in gating (loop D) and 

activity modulation (C-terminus). The figure also illustrates regions blocked by the 

extracellular agents mercury (Hg) and tetraethylammonium ion (TEA+). Reproduced with 
permission from Yool et al 2010 [1].
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FIGURE 2. 3D structure model and tetrameric arrangement of AQP1.
A: AQP1 tetramer as viewed from the cell surface. One of the four monomers (bottom 

left) is shown in color to depict its parts: blue to represent the N-terminal and yellow to 

represent the C-terminal tandem repeat. The dashed line in red depicts the pseudo-2-fold 

axis relating the two halves of the monomer, and the small red square at the center depicts 

the 4-fold axis of the tetramer. The asterisk in each monomer represents the water pore.

B: AQP1 monomer as viewed in the direction parallel to the membrane. H1-H6 denote 

membrane-spanning helices, A-E denote loops, and HB and HE denote the two pore helices 

formed by loops B and E, respectively. Reproduced with permission from Gonen and Walz 
2006 [4]
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FIGURE 3: AQP expression in airways and lung compartments.
Upper Panel: Schematic diagram showing that mouse AQPs 1, 3, 4 and 5 are expressed in 

epithelia and endothelia throughout the nasopharyngeal cavity, airways (upper and lower), 

and alveolar compartment.

Lower Panel: Schematic diagrams showing cellular expression patterns of AQPs in rat 

airways and lung tissues: A). Subcellular expression pattern of AQP5 in alveolar space. 

AQP5 (shown in red) is expressed in apical membrane of type 1 pneumocytes (P1) but not 

expressed in type 2 pneumocytes (P2) and AQP1 is expressed in the alveolar capillaries; B). 
Cellular expression pattern of AQPs in respiratory epithelial layer, depicting no expression 
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in goblet cells, AQP3 expression in basal cells, AQP4 expression in surface columnar cells, 

and AQP1 in underlying capillaries and fibroblasts; C). Subcellular expression pattern of 

AQPs in secretory glands: AQP5 (red) in apical membrane of acinar cells, AQP3 (yellow) 

and 4 (blue) in basolateral domains of glandular cells of nasopharynx and conchus but not in 

salivary glands. Reproduced with permission the Upper panel image from Borok and 
Verkman 2002 [2] and the Lower panel images A, B, and C from Nielsen et al 1997 [10].
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TABLE 1:

Role of aquaporin expression in different acute lung injury (ALI) models

ALI model Etiological agent Aquaporin 
regulation

Primary injury 
type/target Related symptoms Source 

reference

LPS-induced ALI mouse 
model Lipopolysaccharide (LPS) AQP5↓

Capillary 
endothelium and 
alveolar epithelium

Lung inflammation 
(increased vascular 
permeability and 
cellular infiltration)

[60]

HCl-induced ALI mouse 
model Hydrochloric acid (HCl) AQP4↓ Alveolar 

epithelium

Lung inflammation 
(increased vascular 
permeability and 
cellular infiltration)

[60]

Ventilator-induced ALI 
mouse model Mechanical ventilation AQP4↓ Alveolar 

epithelium

Lung inflammation 
(increased vascular 
permeability and 
cellular infiltration 
PLUS altered lung 
mechanics)

[60]

Ventilator-induced ALI rat 
model

Mechanical ventilation at 
high tidal volume AQP1↓ Alveolar-Capillary 

membrane Lung injury and edema [61]

AKI-associated ALI rat 
model

Bilateral nephrectomy 
(BNx)-induced acute 
kidney injury (AKI)

AQP5↓ Interstitial tissue Interstitial tissue 
thickening [62]

Sepsis-induced Diffuse 
Alveolar Damage (DAD)/
Acute Respiratory Failure 
(ARF) in Human patient

Non-pulmonary sepsis AQP3↑
AQP5↑ Alveolar region DAD/ARF [63]

H1N1 Virus infection-
induced DAD/ARF 
(Human)

H1N1 virus infection AQP3↑
AQP5↑ Alveolar region DAD/ARF [63]

Leptospirosis-induced 
DAD/ARF (Human) Leptospirosis AQP3↑

AQP5↑ Alveolar region DAD/ARF [63]

High altitude hypoxia-
induced ALI rat model High altitude hypoxia AQP1↓

Alveolar wall 
thickening, 
outstretching and 
congestion

Pulmonary edema [64]

CPB-induced Ischemia/
Reperfusion acute lung 
injury (I/R ALI) dog model

Cardiopulmonary bypass 
(CPB) procedure AQP1↓ Lung tissue 

(different lobes)

Pulmonary structure 
and function 
deterioration; Edema

[228]

LPS-induced ALI mouse 
model LPS AQP1↓

AQP5↓ Lung tissue
Increased inflammatory 
factors and apoptotic 
cells

[65]

AKI-induced ALI rat model

Continually occluding 
bilateral renal artery and 
veins to induce Ischemic 
AKI.

AQP1↓ Interstitial and 
alveolar spaces

AKI; Lung 
inflammation and 
edema

[66]
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TABLE 2:

Role of aquaporin regulation in different pulmonary edema models

Pulmonary edema (PE) 
model Etiological agent Aquaporin 

regulation Related information Source 
reference

H2S-induced acute PE 
mouse model

Hydrogen sulfide (acute 
exposure) AQP5↓ MAPK pathways (ERK1/2 and p38) 

implicated in AQP5 down regulation [67]

FES-induced PE mouse 
model

Fat Embolism Syndrome 
(FES) AQP1↑ P38 MAPK pathway implicated in 

AQP1 upregulation [68]

LPS-induced DIC-
associated PE rat model

Intravenously infused LPS-
induced disseminated 
intravascular coagulation 
(DIC) syndrome

AQP5↓
MicroRNAs (miR-96 and miR-330) 
implicated in AQP5 upregulation in this 
model

[69,70]

Pneumothorax-induced PE 
rat model

Air injection-induced 
pneumothorax

Undrained 
(AQP1↑AQP3↓)
Drained (AQP5↑)

Duration of pneumothorax (5 min vs. 
30 min) and fluid drainage regulated 
the AQP expression

[71]

Oral gavage-induced PE 
mouse model

Oral gavage frequency: a) 
One-time dose caused 
alveologenic edema b) 
Repeated dose caused 
perivascular edema and 
hydrostatic pressure edema

AQP1↑
AQP4↑

In this lung toxicity evaluation of plant/
herb extracts, edema condition was 
associated with multiple immunological 
and pathological changes in the lungs

[72]
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TABLE 3:

Aquaporin regulation in different pulmonary conditions (Environmental exposures and Infections)

Experimental model Lung AQP 
regulated Related information Source 

reference

Exposure model

Chronic hypoxia exposure as in 
Hypoxia pulmonary hypertension 
(HPH) mouse model

AQP1↑

AQP1 was upregulated in both endothelia and smooth muscle 
cells which showed dysfunction and proliferation, 
respectively. AQP1 deficiency protected from these effects in 
gene KO mice..

[73]

Lung phlegm-blocking rat model (SO2 
inhalation + cold wind exposure) AQP1↓AQP5↓ Reversal of the levels of these AQPs using natural products 

had expectorant effects [74]

Deep hypothermia cardiac arrest -
induced Ischemia/reperfusion lung 
injury in rat model

AQP5↓ cAMP-PKA signaling pathway implicated in AQP5 regulation [75]

Acute cold exposure rat model (−25 °C) AQP5↓ Body core temperature of the cold-exposed rats was 28.07 ± 
4.15 °C versus the control rats at 37.33 ± 0.25 °C. [76]

Hot-humid stress and acclimation AQP5↓ Mucus hypersecretion in airways [77]

Pulmonary silicosis rat model (silica 
dust exposure) AQP1↓ Suggested role of AQP1 in silicosis development [78]

Asbestos (fluoroadenite fiber)-exposed 
sheep lung model AQP1↓ These amphibole asbestos-like fibers cause chronic 

inflammation and carcinogenesis in lung tissue [79]

Radiation-induced lung toxicity (RILT) 
leading to pneumonia or fibrosis AQP1↓AQP5↓ Suggested role of AQP1&5 [80]

Infection/sepsis model

PRRSV virus-infected lung porcine 
model AQP1↓AQP5↓

Porcine Reproductive and Respiratory Syndrome Virus 
(PRRSV) infection possibly impaired the lung edema 
resolution via downregulation of these AQPs

[[81]

Sepsis rat model AQP5↓

Inflammatory mediators (TNF-α, IL-6) and phosphop38 
increased. The effect was reversed using Tanshinol (this 
compound is the primary active component of a Chinese 
Medicine (Salvia miltiorrhiza Bunge) traditionally used to 
treat cardiovascular problems)

[82]

LPS + Air drawing-induced sepsis rat 
model AQP1↓ Hydrogen treatment improved the pulmonary epithelial 

barrier function and modulated AQP1 expression [83]

LPS-induced sepsis rat model AQP1↓AQP5↓
Hydrogen-rich saline attenuated the impaired lung function 
via upregulation of AQPs and inhibition of MAPKs (p38 and 
JNK)

[84]
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TABLE 4:

Aquaporin-directed natural product therapeutics for different lung pathologies

Natural Therapeutic candidate Lung Disease Model 
tested Therapeutic effects observed Lung AQP 

regulated
Source 

reference

1. Acute Lung Injury

Dachengqi decoction (traditional Chinese 
herbal medicine with anti-inflammatory 
property)

LPS-induced ALI rat 
model

Anti-inflammatory effects
-Suppressed TLR4 pathway
-Inhibited cytokines;
Reduction of lung edema

AQP1↑
AQP5↑ [174]

Dai-Huang-Fu-Zi-Tang (DHFZT- a 
Traditional Chinese prescription for GI 
ailments (Acute pancreatitis, 
Cholecystalgia, Obstruction)

Na-taurocholate induced 
Severe acute pancreatitis 
(SAP)-associated ALI 
rat model

Anti-inflammatory effects
-Suppressed proinflammatory 
cytokines
- Enhanced anti-inflammatory 
cytokine;
Reduction of lung edema

AQP1↑
AQP5↑ [175]

Qing Ying Tang (a Traditional Chinese 
medicine used for septicemia and 
immune diseases)

SAP-induced ALI rat 
model

Suppression of inflammation (TNF-
α);
Reduction of lung edema

AQP1↑ [176]

Ginkgo biloba leaves extract (Ginaton)- a 
traditional Chinese medicine used for 
Ischemic cerebrovascular disease

Ischemic/Reperfusion 
Lung injury rat model

Pretreatment with Ginaton reduced the 
ALI symptoms AQP1↑ [177]

2. Lung Inflammatory conditions (Asthma, COPD, etc.)

Ziziphora clinopodioides extract 
(Traditional medication plant with anti-
asthmatic activity)

OVA-induced allergic 
asthma mouse model

Anti-inflammatory effects
-Downregulated IL-4 and IL-5
-Attenuated leukocytes in blood and 
BALF Ameliorated lung edema

AQP1↑
AQP5↑ [178]

San-Ao Decoction (a traditional Chinese 
anti-asthmatic prescription developed 
from Taiping Huimin Heji Jufang)

OVA-induced Bronchial 
asthma mouse model

Urine volume regulated (increased);
AQPs 1&2 in kidneys downregulated 
via ET-1, NO, and AngII;
Weakened airway resistance

AQP1↓
AQP2↓ 
(kidneys)

[92]

Pistacia integerrima extract (a traditional 
Indian medicine for cough, asthma, fever, 
vomiting, and diarrhea)

OVA-induced allergic 
asthma mouse model

Anti-asthmatic activity
-Reduction in TNF-α, IL-4, and IL-5;
Reduction in pulmonary edema

AQP1↑
AQP5↑ [179]

Abnormal Savda Munziq (Herbal 
Preparation of Traditional Uighur/
Chinese Medicine used for asthma, 
digestive cancer, diabetes, cardiovascular 
diseases)

Fumigation/Elastase-
induced COPD rat 
model

Improved pulmonary function
AQP1↑
AQP4↑
AQP5↑

[180]
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TABLE 5:

Chemical therapeutic candidates evaluated for AQP-associated lung pathologies

Chemical Therapeutic 
candidate Lung Disease Model tested Therapeutic effects observed Lung AQP 

regulated
Source 

reference

1. Lung Injury

TGN-020 (AQP4 inhibitor) LPS-induced ALI mouse 
model

Attenuated lung injury;
Reduced proinflammatory cytokines 
(IL-1α, IL-1β, IL-6, TNFα, IL-23, 
IL-17A); Inhibited IL-17A thru down- 
regulation of P13 K/Akt pathway;
Improved survival rate.

AQP4 inhibited [190]

Glucocorticosteroid 
(Dexamethasone)

LPS-induced neonatal piglet 
AEC-II cell injury model (to 
simulate neonatal lung injury 
due to bacterial infection)

Pretreatment partially protected cells 
from injury;
Increased SP-C expression

AQP5↑ [202]

Glucocorticosteroid + Peritoneal 
dialysis

Blast lung injury rat model 
(injured using a biological 
shock tube-I)

Early peritoneal dialysis attenuated 
edema and inflammatory response and 
conferred protection from lung injury; 
dialysis group showed 6.67-fold higher 
AQP1 expression.

AQP1↑ [203]

N-Acetyl cysteine (a non-
specific ROS scavenger)

p-Cresyl sulfate (PCS)-
induced human alveolar cell 
model [modeling chronic 
kidney disease-associated 
uremic lung injury (ULI)]

Intracellular ROS abrogated;
Protected from PCS-induced cell death AQP4↑ [204]

Angiopoietin-1

Phosgene-induced ALI rat 
model (treated with 
Angiopoietin-1 overexpressing 
Bone marrow Mesenchymal 
stem cells/MSCs)

Enhanced the therapeutic potential of 
MSCs; Reduced proinflammatory 
cytokines (IL-1β, TGF-β1) and 
increased anti-inflammatory IL-10 in 
serum and BALF

AQP5↑ [205]

Tanshinol (an aqueous 
polyphenol from Salvia 
Miltiorrhiza Bunge)

Sepsis rat model [cecal 
ligation and puncture (CLP) 
method]

Reduced the Pro-inflammatory 
cytokines (TNFα, IL-6) in lung tissue;
Decreased p-p38 levels in the lung

AQP5↑ [82]

Alpinetin (a flavonoid from 
Alpinia Katsumadai Hayata used 
in Chinese medicine)

Severe Acute Pancreatitis 
(SAP)-induced acute lung 
injury rat model

Alleviated acute lung injury;
Inhibited proinflammatory cytokine 
(TNFα) via upregulation of AQP1

AQP↑ [206]

Lipoxin A4 (Endogenous lipid)

Acute Pancreatitis-induced 
ALI mouse model; LPS 
injection-induced ALI mouse 
model

Reduced alveolar fluid exudation by F-
actin reconstruction via inhibiting 
PKC/SSeCKS pathway and apoptosis;
Maintained the alveolar fluid clearance 
via regulation of AQP5 and MMP-9;
Restored alveolar fluid clearance 
capacity via upregulation of AQP5 and 
inhibition of p-p38 and p-JNK

AQP5↑
AQP5↑

[143]
[207]

Specialized Pro-resolving 
Mediators (SPMs)

Acute Respiratory Distress 
Syndrome (ARDS)

Direct effects on ion channels and 
pumps of alveolar epithelium;
Inhibition of pro-inflammatory 
cytokines;
Repaired alveolar epithelium

AQP↑ [208]

Celecoxib
Hyperoxia-induced 
bronchopulmonary dysplasia 
(BDP)/lung injury rat model

Inhibited NF-kB phosphorylation and 
nuclear translocation;
Upregulated AQP1 expression via 
COX activity inhibition.

AQP1↑ [209]

Saquinavir (HIV protease 
inhibitor)

LPS-induced cell injury model 
(using human pulmonary 
AECI cells);LPS-induced ALI 
mouse model

Reduced injury in human AECI cells 
with a decrease of NF-kB and increase 
of AQP5;
Prevented experimental ALI and 
ameliorated glucocorticoid 
insensitivity

AQP5↑ [210]

Fasudi (a selective rho kinase 
inhibitor)

LPS-induced lung injury 
mouse model

Attenuated injury, edema, and 
suppressed inflammation via inhibiting 
NF-kB and upregulating AQP5

AQP5↑ [211]
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Chemical Therapeutic 
candidate Lung Disease Model tested Therapeutic effects observed Lung AQP 

regulated
Source 

reference

SB239063 (p38 MAPK 
inhibitor)

Intestinal ischemia reperfusion 
(II/R)-induced ALI rat model

Inhibition of p38 MAPK 
downregulating AQP4 expression AQP4↓ [212]

Emodin 
(trihydroxyanthraquinone 
compound present in various 
plants, fungi, lichens)

Severe Acute pancreatitis 
(SAP)-induced ALI rat model

Reduced pulmonary edema; 
ameliorated lung injury; upregulated 
aquaporins.

AQP1↑
AQP5↑ [213]

Sepsis-induced ALI rat model Pretreatment effective in reducing 
edema AQP5↑ [214]

CGRP8-37 (an antagonist of α-
Calcitonin gene-related peptide 
receptor)

LPS injection-induced ALI rat 
model

This CGRP receptor antagonist 
exacerbated the LPS-ALI phenotype 
via AQP downregulation (AQP 1 and 
5); thus, regulation of endogenous 
CGRP could upregulate AQP1 and 
prove a potential treatment for ALI

AQP1 lowered 
by this 
antagonist

[215]

Glycerol

Intratracheal Naphthalene-
induced airway injury mouse 
model using AQP3 knockout 
strain

Glycerol corrected the impaired self-
healing capacity in the AQP3 KO 
airway injury model by making up for 
this aquaglyceroporin deficiency.

AQP3 function 
substituted [216]

Dobutamine (common 
Vasoactive drug)

Intravenous LPS injection-
induced ALI Rabbit model

Protected against ALI via upregulation 
of AQP5 via increased cAMP. AQP5↑ [217]

Dexmedetomidine (a new 
generation highly selective α2-
adrenergic receptor (α2-AR) 
agonist)

Intravenous LPS injection-
induced ALI rat model

Reduced the lung tissue damage, 
pulmonary edema, and inflammatory 
response via aquaporin upregulation

AQP1↑
AQP5↑ [218]

Hyperbaric Oxygen (HBO 
therapy) LPS-induced ALI rat model

Palliated lung injury by 
downregulating TNFα and 
upregulating AQPs 1 and 5 expression.

AQP1↑
AQP5↑ [219]

Diammonium glycyrrhizinate Intratracheal LPS-induced 
ALI mouse model

Ameliorated lung pathology and 
edema; upregulated AQP5 possibly via 
inactivated NF-kB

AQP5↑ [220]

2. Lung Inflammatory conditions (Asthma, COPD, etc.)

Sevoflurane OVA-induced allergic asthma 
mouse model

Modulated expression of AQPs 1 and 
5; Inhibited ER stress response AQP1↑AQP5↑ [191]

TGN-020 (AQP4 inhibitor) Radiation pneumonitis mouse 
model

Alleviated lung damage development 
& severity;
Attenuated inflammatory response;
Inhibited M2 macrophage activation

AQP4 inhibition [43]

Phosphodiesterase-4 (PDE-4) 
inhibitor (YM976)

Acrolein atomization 
inhalation-induced Airway 
mucus hypersecretion rat 
model (12 day)

Alleviated pathological damage of 
lung tissue (mucus gland hyperplasia, 
airway mucus hypersecretion); 
Upregulated AQP5 expression

AQP5↑ [221]

3. Lung cancer

Berberine + Cinnamaldehyde 
(activators of AMP kinase, a 
sensor of cellular energy status)

Urethane-induced lung cancer 
mouse model

Reduced susceptibility to cancer 
induction; Reversed the urethane-
induced decrease of AMPK and 
mTOR and increase of NF-kB and 
AQP-1

AQP-1↑ [222]

Preoperative chemotherapy

Human Lung cancer patients 
subjected to pulmonary 
resection after 3-cycles of 
gemcitabine-cisplatin

Chemotherapy was associated with:
-upregulation of genes involved in 
remodeling of alveolar septa and 
parenchyma scaffold (fostering a 
fibrosing effect and altered alveolar-
capillary membrane);
- AQP upregulations (AQP1 by 51% 
and AQP5 by 36%)

AQP1↑
AQP5↑ [223]

Propofol Human Alveolar epithelial 
type II cell line A549

Inhibited cell invasion capacity by 
downregulating MMP-9 and AQP-3 AQP3↓ [224]

Cetuximab (EGFR mab) + 
Afatinib (EGFR and 
hEGFR2TK irreversible 
inhibitor)

Human Alveolar epithelial 
type II cell line A549

Synergistically inhibited growth and 
migration of cells and downregulated 
kinase domain receptor (KDR) and 
AQP1

AQP1↓ [225]
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Source 
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Cetuximab + Celecoxib (an 
NSAID)

Human Alveolar epithelial 
type II cell line A549

Synergistically inhibited growth of 
cells and downregulated KDR and 
AQP1

AQP1↓ [226]

4. Miscellaneous lung pathologies

Betamethasone-acetate 
(antenatal steroid)

Preterm fetal sheep (fetal lung 
maturation model)

A single dose of Betamethasone 
acetate is an effective alternative to 
double dose treatment to induce safe 
fetal lung maturation; upregulates 
AQP5 and surfactant proteins.

AQP5↑ [227]
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