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Abstract

Drugs targeting aquaporins have broad potential clinical applications, including cancer, obesity, 

edema, glaucoma, skin diseases and others. The astrocyte water channel aquaporin-4 is a 

particularly compelling target because of its role of brain water movement, neuroexcitation and 

glia scarring, and because it is the target of pathogenic autoantibodies in the neuroinflammatory 

demyelinating disease neuromyelitis optica. There has been considerable interest in the 

identification of small molecule inhibitors of aquaporins, with various candidates emerging from 

testing of known ion transport inhibitors, as well as compound screening and computational 

chemistry. However, in general, the activity of reported aquaporin inhibitors has not been 

confirmed on retesting, which may be due to technical problems in water transport assays used in 

the original identification studies, and the challenges in modulating the activity of small, compact, 

pore-containing membrane proteins. We review here the state of the field of aquaporin-modulating 

small molecules and biologics, and the challenges and opportunities in moving forward.
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16.1 Introduction and Potential Indications of Aquaporin Modulators

As reviewed in elsewhere in this book, more than a dozen mammalian aquaporins (AQPs) 

have been identified, many of which function as water channels, and some, the 

aquaglyceroporins, also transport various small, polar non-electrolytes including glycerol 

and hydrogen peroxide. Structurally, AQP monomers are small, membrane-spanning 

proteins of molecular size ~30 kDa, each containing one narrow aqueous pore. AQP 

monomers assemble in membranes as tetramers, with some AQPs such as AQP4 assembling 

further into supramolecular aggregates called orthogonal arrays of particles. There is high-

resolution crystal structure data for some AQPs, as well as molecular dynamics simulations 

of how water and small polar molecules might traverse the aqueous pore. The AQPs have 

broad tissue expression, which includes absorptive and secretory epithelia, astrocytes, 

myocytes, adipocytes, epidermal cells, and others. A priori challenges in AQP drug 

discovery include: (i) the wide distribution and the many structurally similar AQP isoforms; 

(ii) the structural features of a narrow, drug-excluding pore and a compact tetramer; (iii) the 

lack of physiological regulation of intrinsic AQP function; and (iv) the unique ability of 

water, which is present at 55 molar concentration, to circumvent obstacles. Nevertheless, 

there is no single compelling reason to exclude the possibility of identifying useful inhibitors 

of AQP function, modulators of AQP expression, or blockers of AQP-targeted pathogenic 

antibodies in certain diseases. Indeed, mercury-containing and other heavy metal-containing 

sulfhydryl-reactive compounds inhibit the function of some AQPs by chemical modification 

of cysteine residues, though their marked toxicity and lack of selectivity preclude their 

development as drugs.

Notwithstanding the caveats listed above, there are compelling potential opportunities for 

AQP-targeted therapeutics in human disease. The physiological functions of AQPs, which 

have been elucidated largely from phenotype studies on knockout mice, are reviewed 

elsewhere [39]. Some interesting potential applications are mentioned briefly. Inhibitors of 

AQP1 water transport are predicted to act as unique diuretics, inhibit tumor angiogenesis 

and growth, reduce intraocular pressure in glaucoma, and potentially reduce nociception [7, 

19, 31, 32, 47, 49]. Inhibitors of AQP4 water transport are predicted to reduce brain swelling 

in ischemic stroke [22]. Inhibitors of AQP3 glycerol and/or hydrogen peroxide transport are 

predicted to prevent or retard skin tumor growth and inflammatory skin diseases [9, 10]. 

Though it is unlikely that AQP ‘activators’ can be identified, as the AQPs are probably 

already maximally active, selective transcriptional upregulators of AQP7 may reduce 

adipocyte hypertrophy in obesity, of AQP3 may promote wound healing, of AQP4 may have 

anti-epileptic activity, and of AQP5 might increase glandular fluid secretion. There is 

evidence that AQP gene transfer may increase epithelial water permeability, promoting 

saliva secretion in salivary gland disorders [2] and bile secretion in liver diseases associated 

with cholestasis [23]. Finally, blockers of binding of pathogenic AQP4-targeted 

autoantibodies to astrocyte AQP4 might prevent or reduce neuropathology and neurological 

deficit in neuromyelitis optica [28].

Herein, we review approaches to assay for AQP-modulating compounds, the state of the 

field in the identification and validation of AQP modulators, and potential directions in 

moving forward.
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16.2 Aquaporin Functional Measurements

Reliable assay of AQP function is central to the identification and validation of 

pharmacological AQP modulators. This section focuses on measurements of AQP water 

permeability, some of which are suitable for primary high-throughput screening, with 

discussion of assay limitations and potential artifacts. Alternative assays of transport 

functions of some AQPs, including glycerol, hydrogen peroxide and gas transport, merit 

consideration, but are not discussed further as available assays are not sufficiently robust for 

primary screening applications.

Measurement of water transport across an intact epithelium is accomplished by 

determination of net volume movement in response to a transepithelial osmotic gradient, 

which can be accomplished by a variety of methods such as displaced volume and dye 

dilution as measured by electrical of fluorescence methods (Fig. 16.1a). The epithelial cell 

layer can consist of cells cultured on a porous support or a native epithelium such as a 

kidney tubule or urinary bladder. Measurement of transepithelial water transport is robust 

and reliable, though not highly precise or suitable for high-throughput measurements. 

Additionally, because transcellular water transport involves two barriers in series (apical and 

basolateral membranes) the results probe mainly the rate-limiting barrier.

Osmotic water transport in suspended or adherent cells is measured from the kinetics of cell 

volume in response to an osmotic gradient that is imposed over a time much less than the 

osmotic equilibration time (Fig. 16.1b). For suspended cells (or vesicles or liposomes) an 

osmotic gradient can be imposed using a stopped-flow instrument in which cell-containing 

and anisomolar solutions are mixed within milliseconds or less. For adherent cells such as 

AQP-expressing transfected or transduced cells, an osmotic gradient can be imposed using a 

perfusion chamber, or, for high-throughput applications, by rapid solution addition in a 

multi-well plate format. Cell volume readouts include light scattering, fluorescence of a 

volume-sensing dye, or direct imaging. Light scattering is used mainly to study small cells 

in suspension, such as erythrocytes, and is subject to various artifacts because the intensity 

of light scattered from cells depends not only on cell volume but on cell shape, the refractive 

index of intracellular and extracellular solutions, and membrane optical properties, each of 

which can be influenced by a putative AQP modulator. In addition, a ‘mixing artifact’ results 

from changes in light scattering as flow slows, which is unrelated to cell water permeability. 

Fluorescence methods are relatively insensitive to cell shape, membrane properties and 

mixing artifact, but can be affected directly by test compounds and confounded by dye 

leakage and binding to cell membranes, particularly in the calcein method in which calcein 

fluorescence is quenched by cytoplasmic proteins as cells shrink [35]. An alternative, 

genetically encoded chloride-sensing yellow fluorescent protein [3] does not suffer from 

leakage artifact, but is affected by changes in intracellular pH and anion concentrations, and 

has limited time resolution.

One particular cell type, the Xenopus oocyte, has been used in many studies to measure 

water permeability. Xenopus oocytes are injected with cRNA encoding an AQP, and the 

kinetics of oocyte swelling is measured in response to an osmotic gradient. Generally oocyte 

volume is inferred from its cross-sectional area (shadow) as measured with transmitted light 
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microscopy using a low magnification lens. Though the oocyte swelling method was 

valuable in the original identification of AQP1 as a water channel, where large and 

unambiguous increases in the rate of swelling were seen, leading to oocyte bursting, oocytes 

have limited value for study of potential AQP modulators because of many potential 

artifacts. Changes in oocyte cross-sectional area depend not only on oocyte osmotic water 

permeability, but on oocyte geometry, membrane properties, solute transport, cytoplasmic 

and extracellular unstirred layers, and other factors. For example, preincubation of oocytes 

with an ion transport inhibitor can alter oocyte volume and cytoplasmic ionic concentrations, 

precluding meaningful measurement of osmotic water permeability. A further problem with 

many published measurements is that oocyte volume responses are measured over minutes, 

rather than seconds, a time scale where mechanical restrictions can affect swelling and 

solute transport can affect the osmotic gradient.

For measurement of erythrocyte AQP1 water permeability, we developed a simple method 

that relies on a single read-out of cell lysis (Fig. 16.1c). Erythrocytes, which natively express 

AQP1 and urea transporter UT-B, are preloaded with acetamide, a urea analog that is 

transported by UT-B and equilibrates across the erythrocyte membrane over a time course 

similar to that of osmotic water transport. Dilution of erythrocytes into an acetamide-free 

solution produces rapid, AQP1-dependent cell swelling and lysis, as assayed by solution 

absorbance in a platereader. Inhibition of AQP1 water permeability reduces cell lysis, as 

water influx is slower than dissipation of the osmotic gradient by acetamide efflux. A 

variation of this approach has been used to identify inhibitors of UT-B urea transport with 

low nanomolar potency [18], but a small-molecule screen for AQP1 inhibitors did not 

produce useful active compounds (unpublished data).

We have been developing microfluidics methods to measure water permeability, as 

microfluidics can provide a technically robust platform for rapid assays using very small 

samples. In one study, a perfusion channel was developed to measure volume changes of 

epithelial organoids in which the organoids are entrapped by pillars and volume measured by 

dye exclusion [16]. In another study [15], a microfluidic channel was designed to mimic 

rapid stopped-flow mixing methodology, in which cells are subjected to an osmotic gradient 

in milliseconds by solution mixing inside a ~ 0.1 nL droplet surrounded by oil (Fig. 16.2a). 

Rapid mixing of cells with an anisomolar solution is accomplished in a mixing channel, 

which then deposits the cell-containing droplets in an observation area in which time after 

mixing is determined by spatial position. Osmotic water permeability is then determined 

from a single, time-integrated fluorescence image of the observation area. As an example, 

water permeability was measured in calcein-labeled erythrocytes (Fig. 16.2b). Fluorescence 

of the observation area showed reduced fluorescence in the presence of an osmotic gradient 

(Fig. 16.2c), from which the kinetics of water transport can be deduced. Figure 16.2d shows 

the deduced kinetics data from wildtype and AQP1-null mouse erythrocytes (left) and from 

control and pCMBS (a mercurial)-treated human erythrocytes (right), which agree with 

results using the conventional stopped-flow light scattering method. Compared with costly 

stopped-flow instrumentation, this microfluidics platform utilizes sub-microliter blood 

sample volume, does not suffer from mixing artifact, and replaces kinetic measurements by a 

single image capture using a standard laboratory fluorescence microscope. However, 

microfluidics methods are in general not yet suited for automated high-throughput screening 
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and do not obviate potential measurement artifacts in conventional suspended cell 

measurements.

16.3 Aquaporin Inhibitors – State of the Field

16.3.1 Older Literature on Aquaporin Inhibitors

It has long been known that mercurial sulfhydryl-reactive compounds, including mercuric 

chloride and p-chloromercuribenzene sulfonate (pCMBS), inhibit water transport in 

erythrocytes and various epithelia [20]. After the discovery of AQPs the cysteine(s) involved 

in mercurial water transport inhibition were identified, such as Cys-187 in AQP1 [48]. More 

recently, gold-containing compounds were reported to inhibit AQP3, with auphen being the 

most potent [24]. Various non-metal-containing small molecules were reported to inhibit 

water permeability in some AQPs, including the K+ channel blocker tetraethylammonium 

(TEA+), the carbonic anhydrase inhibitor acetazolamide, several anti-epileptic drugs and 

dimethylsulfoxide (DMSO) [5, 12, 34]. Subsequent testing, however, did not confirm AQP 

inhibition by these small molecules [34, 43–45], suggesting measurement artifact in the 

oocyte swelling studies used to identify the compounds, which, as discussed above, are 

prone to artifact, especially for compounds that inhibit ion transport processes.

16.3.2 Screening to Identify Aquaporin Inhibitors

Additional putative small molecule AQP inhibitors have emerged from experimental and 

computational screens, with structures of 12 proposed AQP1 inhibitors, and one AQP1 

activator, shown in Fig. 16.3. Compounds #1, #2, and #3 were identified by virtual 

(computational) screening involving docking to the extracellular surface of human AQP1, 

and testing 14 compounds for inhibition of osmotic swelling in AQP1-expressing Xenopus 

oocytes [33]. These compounds reduced osmotic swelling of oocytes by ~80% with IC50 of 

8–20 μM, but were reported not to inhibit AQP1 in erythrocytes. Compound #4 (AqB013), 

an analog of the NKCC1 inhibitor bumetanide, came from a small synthesis study, and was 

claimed to inhibit AQP1 and AQP4 with IC50 ~20 μM [25], though it did not show the 

predicted in vivo beneficial effect when tested in a brain injury model [27]. The same group 

also reported that an analog of the loop diuretic furosemide, compound #5 (AqF026), 

activated AQP1 by ~20% in the oocyte assay [46], which is probably well below the limited 

reliability of such assays. Compounds #6, #7, #8 and #9, identified in small screen using the 

calcein fluorescence assay, were reported to inhibit AQP1 with IC50 values of 25–50 μM 

[26]; however the organolead and organotin structures are not drug-like and likely toxic, and 

compound #7 (trichopolyn I) is a 10-residue fungal, pore-forming lipopeptide. More 

recently, compounds #10 and #11 emerged from a small screen using a yeast freeze-thaw 

assay, of unclear rationale, done in E. coli expressing AQP1 [36]. Compounds #12 and #13 

emerged from a small screen [29], though their reported activities were quite variable in 

oocyte, erythrocyte ghost and AQP1 proteoliposome assays. As described below, we have 

retested each of these compounds using several sensitive assays of AQP1 water permeability 

[6].
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16.3.3 Screening by Computational Chemistry

Several reports utilize computational methods (virtual screening, some with molecular 

dynamics (MD) simulations) to identify putative inhibitors of various AQPs. Surprisingly, 

multiple chemically unrelated antiepileptic drugs, which were selected from docking 

computation using an electron diffraction structure of rat AQP4, were reported to inhibit 

oocyte swelling [12]. The same investigators reported non-antiepileptic drugs as AQP4 

inhibitors with IC50 of 2–11 μM, including 2-(nicotinamido)-1,3,4-thiadiazole, sumatriptan, 

and rizatriptan [13]. However, retesting of the compounds in Refs. [12, 13] did not confirm 

activity [45]. As mentioned above, several compounds emerged from a docking screen of 

~106 compounds from the UCSF-ZINC library against an MD-refined structure of human 

AQP1 at a site near the ar/R selectivity filter [33]; docked conformations of two of the more 

promising structures were subjected to several hundred-ns MD simulations to confirm the 

stability of the docked poses. In a recent study, docking and MD simulations were done 

using homology models of mouse AQP9 [41], which identified a small set of inhibitors with 

IC50 <50 μM from a shrinking assay in AQP9-expressing CHO cells, though compound 

activities have not been independently tested to date. In our lab, we carried out large-scale 

docking studies against high-resolution structures of AQP1 and AQP4, with testing of the 

best-scoring ~2000 compounds, which, disappointingly, showed <20% inhibition at 50 μM 

(unpublished data). An example of a well-scored compound of the ben-zoxazin-3-one class 

is shown in Fig. 16.4a bound to the cytoplasmic pore region of mouse AQP1. A surface 

depiction of the complex (Fig. 16.4b) shows a complementary fit, with the nonpolar 

cyclohexyl substituent projecting deep into the channel, positioned to interact with residues 

Ile-60, Leu-149, and Val-79.

16.3.4 Reevaluation of Proposed AQP1 Inhibitors

In a recent study [6] we reevaluated the 13 compounds shown in Fig. 16.3 for AQP1-

modulating activity. The compounds were tested at 50 μM, a concentration predicted from 

published data to strongly inhibit (or weakly activate) AQP1 water permeability. One 

approach was stopped-flow light scattering in freshly obtained human erythrocytes. 

Representative light scattering curves are shown in Fig. 16.5 (left), with averaged data 

summarized in the right panel. Whereas HgCl2 strongly inhibited osmotic water 

permeability in erythrocytes, no significant effect was seen for 12 of the 13 test compounds, 

with the small apparent effect of compound #13 related to cell toxicity. In addition, to rule 

out the possibility that the lack of inhibition might be due to hemoglobin, which might bind 

compounds, similar studies done in sealed, hemoglobin-free ghost membranes also showed 

no inhibition (or activation). Several of the compounds (#6, #9, #10, #12 and #13) showed 

toxicity as evidenced by erythrocyte crenation and aggregation. Multiple additional assays 

supported the conclusion that compounds #1 to #13 do not inhibit (or activate) AQP1 water 

permeability, including erythrocyte swelling assays, erythrocyte water transport assays using 

calcein fluorescence, and water transport assays in plasma membrane vesicles from AQP1-

transfected CHO cells.

It is uncertain why activity could not be confirmed of the many putative AQP modulators 

reported in the literature. As discussed above the oocyte swelling or calcein fluorescence 

assays used in most of the studies are subject to considerable artifact in which apparent 
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inhibition of osmotic cell swelling could result from changes in cell size or shape, cell 

volume regulation, activities of non-AQP ion or solute transporters, etc. Inhibitors of known 

cell membrane transporter processes, such as bumetanide, acetazolamide and 

tetraethylammonium, may affect resting cell volume and volume regulation. Because of the 

very low probability of identifying AQP inhibitors, as suggested from screening work, it is 

unlikely that testing of common drugs, such as loop diuretics, carbonic anhydrase inhibitors, 

and antiepileptics, without large-scale screening, would yield bona fide AQP inhibitors.

16.3.5 Antibodies as AQP Therapeutics

Given the challenges and limited progress in small molecule AQP-targeted therapeutics, 

consideration of biologic therapeutics is warranted. Of particular interest are IgG1 anti-

AQP4 autoantibodies (“AQP4-IgG”) in neuromyelitis optica (NMO), an inflammatory 

demyelinating disease of the central nervous system that can cause paralysis and blindness. 

It is thought that AQP4-IgG produces neuropathology by binding to AQP4 on astrocytes 

(Fig. 16.6a) to cause complement- and cell-mediated astrocyte cytotoxicity, which produces 

inflammation, blood-brain barrier disruption, oligodendrocyte injury, demyelination and 

neurological deficit [28]. The AQP4-IgG autoantibodies are directed against various 3-

dimensional epitopes on the AQP4 extracellular surface. Though it was initially proposed 

from oocyte swelling studies that inhibition of AQP4 water permeability plays a causal role 

in NMO [11], subsequent studies showed that AQP4-IgGs, even at saturating concentrations, 

do not inhibit AQP4 water permeability [30]. Interestingly, autoantibodies against AQP2 

[17] and AQP5 [1] have been found recently in interstitial nephritis and Sjogren’s syndrome, 

respectively, though their involvement in disease pathogenesis is not known.

Though the identification of a neutralizing anti-AQP antibody is unlikely because of its large 

molecular size and binding to extracellular loop regions far from the narrow AQP pore, 

AQP-binding antibodies have other therapeutic applications. In one application, we 

generated a high-affinity anti-AQP4 antibody (“aquaporumab”) in which the antibody Fc 

portion was mutated to eliminate effectors functions involved in complement- and cell-

mediated cytotoxicity (Fig. 16.6b, left) [37]. The antibody prevented cytotoxicity from NMO 

patient sera in cell cultures (Fig. 16.6b, right) and prevented pathology and demyelination in 

animal models of NMO, suggesting its application for primary therapy of NMO. Screening 

and computational analysis of small molecule blockers of AQP4-IgG binding to AQP4 

produced candidate molecules (Fig. 16.6c) [21, 38]; however, their affinities are too low for 

development as NMO therapeutics, which is not unexpected given the recognized challenges 

in identifying potent small molecule blockers of protein-protein interactions.

16.4 Perspective and Future Directions

Though there is much speculation about the utility of AQP-targeted therapeutics [4, 8, 14, 

40, 42], as well as compelling animal data to support AQP drug development, progress in the 

field has been disappointing. Reports of AQP inhibition by common ion transport inhibitors, 

such as loop diuretics and antiepileptics, have confused the literature, as have reports of 

small molecule AQP inhibitors that could not be confirmed on retesting. The potential 

pitfalls in assays of AQP function merit appreciation, as does the importance of showing 
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robust, cell context-independent compound action. Well-conceived, large-scale functional 

screens of random, drug-like small molecules may yield useful, bona fide AQP inhibitors, as 

might smaller screens of compounds collections biased by computation chemistry. A 

relatively unexplored subject is antibody- and peptide-based AQP therapeutics, and small 

molecule transcriptional regulators of AQP expression. The interest in commercializing 

AQP-targeted therapeutics, and the need for useful research tools to overcome the limitations 

of transgenic animal models, will likely drive further developments in the field.
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Fig. 16.1. Assays of osmotic water permeability
(a) Water transport across an epithelial cell monolayer in response to a transepithelial 

osmotic gradient produces net volume flux. Osm, osmolality. (b) Water permeability across 

cells or vesicles in suspension (top) or across immobilized cells (bottom) in response to an 

osmotic gradient produces time-dependent volume change. Figure depicts water efflux in 

response to an inward osmotic gradient and cell shrinkage. (c) AQP1 water transport 

measured in erythrocytes, which express AQP1 and the urea/acetamide transporter UT-B. 

Dilution of acetamide-loaded erythrocytes into an acetamide-free solution drives water 

influx, cell swelling and lysis, which are reduced by AQP1 inhibition. See text for further 

explanations
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Fig. 16.2. Microfluidic ‘stopped-flow’ approach to measure water permeability
(a) Microfluidic channel design, in which mixture of cells with an anisomolar solution in 

droplets drives osmotic water transport and cell volume change, as measured by 

fluorescence in a measurement area. (b) Fluorescence micrograph of calcein-loaded 

erythrocytes on a coverglass (left) and in aqueous droplets in the microfluidic channel 

(right). (c) The microfluidic channel was perfused with an erythrocyte suspension in PBS, 

PBS (in central channel), and PBS containing 500 mm NaCl (bottom channel), to give a 

200-mM NaCl gradient. Fluorescence micrographs of the measurement region for zero 

gradient (left) or a 200-mM NaCl gradient (right). (d) Deduced time course of erythrocyte 

calcein fluorescence in erythrocytes from wild-type and AQP1-knockout mice for a 200-mM 

NaCl gradient, and in the absence of an osmotic gradient (PBS) (left). Measurements on 

human erythrocytes preincubated with indicated concentration of the mercurial AQP1 

inhibitor pCMBS (right) (Adapted from Ref. [15])
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Fig. 16.3. 
Chemical structures of putative small-molecule AQP1 inhibitors and an AQP1 activator 

(Compounds shown are reported in Refs. [25, 26, 29, 33, 36, 46]. See text for further 

explanations)
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Fig. 16.4. Computational approach to identify aquaporin-interacting small molecules
Docking computation using a homology model of mouse AQP1. (a) Side view of an AQP1-

ligand complex with the approximate membrane position indicated. (b) Surface view of the 

same complex, showing the cyclohexyl group of the ligand projecting deep into the channel, 

interacting with a hydrophobic surface
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Fig. 16.5. Testing of putative AQP1 modulators in human erythrocytes
Osmotic water permeability was measured in human erythrocytes from the time course of 

scattered light intensity at 530 nm in response to a 250-mM inwardly directed sucrose 

gradient. Representative original light scattering data shown on the left for negative control 

(DMSO vehicle alone) and positive control (HgCl2), and indicated compounds at 50 μM. 

Summary of relative osmotic water permeability shown on the right (S.E., n = 4, *P < 0.05 

compared to control) (Adapted from Ref. [6])

Tradtrantip et al. Page 15

Adv Exp Med Biol. Author manuscript; available in PMC 2017 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 16.6. Antibody and small molecule blockers of AQP4 binding of anti-AQP4 autoantibodies 
causing neuromyelitis optica
(a) To-scale diagram of IgG antibody binding to AQP4 on membranes. (b) Anti-AQP4 IgG1 

antibody with L234A/L235A mutations that eliminate effector functions (left). Live/dead 

(green/red) cell staining of AQP4-expressing cells exposed to control or human NMO 

serum, showing protection by aquaporumab. (c) Structures of small molecule blockers of 

autoantibody binding to AQP4 (Adapted from Refs. [37, 38])
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