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2. Aquaporins in Health 
and Disease

This chapter is based on two publications:
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Gold compounds as aquaporin inhibitors: new opportunities for therapy and imaging 
Med.Chem.Comm. (2014) 5: 1444-1453

Angela Casini and Andreia de Almeida 
Aquaporins in health and disease: New molecular targets for drug discovery
Chapter: Inorganic compounds as aquaporins substrates or as potent inhibitors: a coordination 
chemistry point of view 
CRC Press/Taylor & Francis Group (in press)
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Aquaporins represent a family of transmembrane water channel proteins widely distributed 
in various tissues throughout the body that play a major role in transcellular and transepithelial 
water movement [1, 2]. Among the 13 mammalian AQPs described so far, two sub-groups are 
now classified mainly accordingly to their transport capabilities: i) orthodox or classical aquaporins 
(AQP0, AQP1, AQP2, AQP4, AQP5, AQP6 and AQP8), which are primarily water selective 
and facilitate water movement across cell membranes in response to osmotic gradients, and 
ii) aquaglyceroporins (AQP3, AQP7, AQP9 and AQP10) which facilitate the transport of small 
uncharged solutes such as glycerol and urea in addition to water [3]. Although AQP6 has been 
proved to be a pH-sensitive chloride channel or possibly a nitrate channel and AQP8 has been 
found permeable to urea, they are both classified under the classical AQP group. A third sub-
group named superaquaporin (S-aquaporins) (AQP11 and AQP12)[4] was defined based on 
their primarily subcellular location and lower sequence similarity to the other mammalian AQPs; 
although their permeability specificity has been difficult to establish, AQP11 was recently reported 
to transport both water and glycerol [5]. There is also controversial evidence that some AQPs may 
transport gases and ions across membranes [6]. The mammalian AQPs are expressed in various 
epithelia and endothelia involved in fluid transport, such as kidney tubules and glandular epithelia, 
as well as in other cell types such as brain glial cells, epidermis and adipocytes. 

2.1. Aquaporin structure and function

A functional AQP consists of four monomers super-assembled in membranes as tetramers 
(Figure 1 A-B). There is a considerable body of information about AQP structure from electron and 
X-ray crystallography [2], in several organisms, showing AQP monomers (~30 kDa) containing six 
membrane-spanning helical domains surrounding a narrow aqueous pore (Figure 1 C-D). 

The most remarkable feature of the aquaporin channels is their high selectivity and efficiency 
for water or glycerol permeation; in fact, AQPs allow water/glycerol to move freely and bidirectionally 
across the cell membrane, but exclude all ions such as hydroxide and hydronium ions [7], the 
latter being essential to preserve the electrochemical potential across the membrane. Although 
classical aquaporins are still considered mostly specific for water, AQP1-mediated permeation by 
small polar solutes has been recently proposed, while an inverse correlation between permeability 
and solute hydrophobicity was found [8]. In the pore region, the water specificity is achieved by the 
presence of specific amino acid residues conferring size constrictions and/or charge characteristics 
that enable water molecules to pass through, while preventing permeation to protons or any solutes 
above 2.8 Å. 

AQPs share a common protein fold, with the typical six membrane-spanning helices 
surrounding the 20-Å-long and 3-4-Å-wide amphipathic channel (Figure 1). 

Two constriction sites with distinguishing features that identify the protein subfamilies 
compose the AQP channel. A first selectivity filter (SF), so called aromatic/Arginine SF (ar/R SF), 
is a constricted region formed by three (in aquaglyceroporins) or four (in orthodox aquaporins) 
residues near the periplasmic/extracellular entrance (Figure 1E), determining the size of molecules 
allowed to pass through and providing distinguishing features that identify the subfamilies [9].

One ar/R residue that is conserved in all isoforms is an arginine, which gives the name to 
this region. The positive charge of this sidechain, at neutral pH, is the first electrostatic barrier to 
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Figure 1. Structure of AQP1 water channel (pdb code 1H6I). Top panels represent the functional membrane-embedded tetramer, 
both in ribbon and surface representation, in lateral (A) and extracellular top (B) views. Panels C and D display the monomeric 
form of the channel, displayed in ribbon (C) and surface (D), with the channel surface represented as blue mesh. The main 
protein regions are identified: ar/R SF filter residues and identified cysteine are coloured in blue (sulphur atom in yellow), NPA 
residues in green. The figures were generated with MOE software. E: Schematic representation of the helical structure of an AQP. 
(TM: Transmembrane helix; H: Half Helix).
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the passage of charged species. The second residue to name this filter is an aromatic side-chain, 
which is, in most cases, a phenylalanine, located at the second transmembrane helix (TM2). In 
classical aquaporins, the other two residues are most commonly histidine and cysteine, located 
in TM5 and loop E, respectively. A more neutral residue, in some cases, may substitute the 
cysteine. In aquaglyceroporins, the third residue is usually also an aromatic one, such as tyrosine, 
located in loop E, in the same position as the cysteines in orthodox aquaporins. Interestingly, in 
microorganisms, the position of the phenylalanine in the sequence appears to be switched with 
the third residue as, in the bacterial glycerol facilitator (bGlpF), Plasmodium falciparum aquaporin 
(PfAQP) or Leishmania AQP1 (LAQP1, a tryptophan is located in TM2 and the phenylalanine is 
located in loop E instead.

The second selectivity filter, generating an electrostatic barrier essential for proton exclusion, 
is composed by two conserved asparagine-proline-alanine (NPA) sequence motifs, located at the 
N-terminal ends of the two half-helices, at the centre of the channel (Figure 1C-E), HB and HE. The 
localization of these sequences of residues appears to be important also for the maintenance of the 
channel’s structure, as the motifs meet in the centre of the channel, forming important hydrogen 
bonds (Figure 1C). The asparagine residues, in particular, seem to be conserved in all isoforms and 
in all organisms. The sidechains of the asparagine residues are located inside the channel and form 
an electrostatic barrier that has been shown to flip water molecules, preventing them to go back in 
direction (Figure 2B) [10, 11]. As this is not the narrowest part of the channel, this selectivity filter 
acts mostly by selecting residues based on affinity, rather than size. It has been shown that the OH 
groups of glycerol molecules form several H-bonds in the NPA region.

Figure 2. (A) Molecular representation of the channel lining of hAQP7 with hydrophobic and hydrophilic aminoacids are 
represented in green and yellow, respectively). Arg229, Asn94 and Asn226 represent the two selectivity filters. The figure was 
generated with MOE software. (B) Schematic representation of the phenomenon of water flipping, after crossing the NPA filter. 
Dashed lines represent H-bonds between atoms. Adapted from data presented in chapter 2.3.

A

B
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Another interesting feature of aquaporins is the composition of the channel lining, half 
hydrophilic and half hydrophobic (Figure 2A). This helps orienting the substrate molecules, 
allowing important hydrogen bonds to be formed, in order to guide the substrate through the 
channel, while preventing that hydrogen bonds are formed on the opposite side. In fact, the latter 
would otherwise make the passage slower. As an example, as described later in Chapter 2.2, we can 
observe glycerol molecules oriented with the OH groups to form H-bonds with the sidechains of 
the asparagine residues of the NPA SF, while the carbon atoms are oriented to the hydrophobic side 
of the channel.

In spite of the fact that all aquaporins share a common tridimensional structure, their 
aminoacid composition is considerably different. For example, the sequence identity between 
human aquaporins can vary from 62.4% (AQP5-AQP2) to 12.3% (AQP4-AQP11) (Table 1). These 
differences are key to each isoform’s selectivity. Thus, it is not surprising that aquaporins of the 
same type share a higher sequence identity, e.g., aquaglyceroporins have a higher sequence identity 
with others of the same group and lower with orthodox aquaporins. As explained in detail above, 
the selectivity filters of aquaporins are variable, according to the permeated solutes and to the 
protein isoform. Also the channel lining composition changes significantly between isoforms, even 
though the type of aminoacids in a certain position is commonly the same. As the side-chains of 
aminoacids can have different sizes, even for aminoacids of the same type, the sequence of each 
isoform determines also the size of the pore and, consequently, the size of the molecules permeated. 
This feature is not only important for solute selectivity, but also a key feature for selective drug 
targeting to different aquaporin isoforms, as discussed in detail in Chapters 2.1-3.

As can be seen in Table 1, the sequence identity of AQP8 with other isoforms is around 
23%, appearing not to be fitting in any of the two main aquaporin subfamilies. Moreover, AQP8 
does not have a common ar/R SF: even though it has the conserved arginine, the phenylalanine is 
substituted by a histidine and the other residues by glycine and isoleucine residues. This change in 
the selectivity filter directly affects the size of the pore, as glycine and isoleucine are much smaller 
than the tyrosine in one of the positions. In fact, AQP8 has been shown to permeate ammonia and 
to belong to the so-called aquaammoniaporin family [12]. 

Another special case is constituted by AQP11 and AQP12. These aquaporins belong to the 
S-aquaporin subfamily, as they are very different from the other human isoforms (Table 1). In fact, 
this subfamily has only been identified in humans and a nematode, C. elegans, and, in all cases, its 
expression is exclusively intracellular [13, 14]. The role of these two human isoforms is still unclear 
and the intracellular distribution makes it difficult to study their function and permeability, even if 
transfected in a simple model, as oocytes. Despite this, AQP11 has been shown to permeate both 
water and glycerol [15, 16] and, despite no human diseases have been linked to the superaquaporin 
family, knockout studies in mice reveal a crucial role of this isoform in kidney development [17]. One 
of the special characteristics of these aquaporins is the lack of the conserved arginine, substituted by 
a leucine, in both cases, and different NPA motifs (NPC/NPA in AQP11 and NPT/NPA in AQP12). 
The substitution of the conserved arginine by a smaller, uncharged and hydrophobic residue may 
account for different selectivity and pore size. Moreover, while changes in the NPA motif seem to 
affect water permeability, they do not appear to have a clear role in channel structure and cellular 
localization [18]. Thus, the role of AQP11 and AQP12 in human health and pathology, as well as 
their structure and function, still remains to be disclosed.
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2.2. Aquaporins in disease

Much of our understanding of AQP functions in mammalian physiology has come from 
relatively recent phenotype analysis of mice lacking one of the AQPs [19]. These studies have 
confirmed the anticipated involvement of AQPs in the mechanism of urine concentration and 
glandular fluid secretion, and led to the discovery of unanticipated roles of AQPs in brain water 
balance, cell migration (angiogenesis, wound healing), cell proliferation, neural function (sensory 
signaling, seizures), epidermal hydration and ocular function. Specifically, the aquaglyceroporins, 
regulate glycerol content in epidermal, fat and other tissues, and are involved in skin hydration, cell 
proliferation, carcinogenesis and fat metabolism. In cancer, AQPs have proved to be highly expressed 
in different tumor types, where they are involved in tumor invasion, metastasis and growth [20]. 
Below are summarized the main features of the human aquaglyceroporins characterized so far and 
the evidences of their possible roles in human diseases.

2.2.1. Aquaglyceroporins

The subclass of water channels termed aquaglyceroporins includes isoforms (AQP3, AQP7, 
AQP9 and AQP10), which are also able to transport glycerol and possibly urea as well as other small 
non-charged solutes. Their physiological roles have been more difficult to ascertain, in part because 
the understanding of the role of glycerol in mammals is incomplete. There is now compelling 
evidence for the involvement of aquaglyceroporin-mediated glycerol transport in cell proliferation, 
adipocyte metabolism and epidermal water retention, and their dysfunction or aberrant expression 
has been correlated with several pathophysiological conditions.

Figure 3. Schematic representation of the expression of aquaporins in the human body. In blue are represented the water 
channels, in orange the aquaglyceroporins and in black the isoforms whose permeability is still unclear. * represents the 
superaquaporin subfamily.
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AQP3 is expressed in a wide variety of organs such as the kidney and urinary tract, digestive 
tract, respiratory tract, skin, and eye [21] (Figure 3). Phenotype analysis of AQP3-null mice 
revealed an important role of AQP3 in kidney and in epidermal physiology, leading to defects 
in urine-concentrating function [22], reduced skin hydration and elasticity and impaired skin 
wound healing [21]. Interestingly, AQP3 is highly expressed in skin tumors and AQP3 deficiency 
or blockage inhibits cell proliferation and reduces tumor growth in mice, which may result from 
impaired glycerol uptake by tumor cells [23]. AQP3 was also found to have high expression levels 
in tumors from different origin, such esophageal and oral squamous cell carcinoma [24], ovarian 
[25] and cervical [26] cancer. Liu et al investigated AQP3 expression in normal and neoplastic 
lung tissues and found AQP3 expression was related to tumor differentiation and clinical stage 
in lung adenocarcinomas [27], pointing to a novel function for AQP3 expression in high-grade 
tumors. The involvement of AQP3 expression and functional activity in cell proliferation was 
further demonstrated using a human epidermoid carcinoma cell line [28, 29], suggesting that the 
modulation of AQP3 expression or function could be explored for cancer therapeutics.

AQP7 is widely expressed in testis [30], kidney, pancreas and adipose tissue [31] (Figure 3), 
where its role in glycerol release/uptake in adipocytes has been correlated with obesity onset [32]. In 
adipocytes, triglycerides are hydrolyzed to glycerol and free fatty acids, which are released into the 
circulation. Thus, glycerol is taken up by the liver for hepatic glucose synthesis. While for sometime 
controversy on the precise cellular localization of AQP7 existed [31], its simultaneous expression 
in adipocytes and in the capillary endothelia of mice adipose tissue was detected and its role as a 
water and glycerol channel was correlated with adipocyte lipid accumulation [33]. AQP7 has also 
been investigated in human subjects and studies revealed a correlation of AQP7 down-regulation 
with obesity [34] or with reduced plasma glycerol during exercise [35]. Additional investigations in 
mice and human-AQP7 are needed to better define AQP7 role on obesity and diabetes.

AQP9 is expressed in various organs (Figure 3), including testis, brain, leukocytes, epididymis, 
spleen and liver [36] where it was proposed to play a role in glycerol uptake for gluconeogenesis during 
fasting [37, 38]. In hepatocytes it is expressed in the sinusoidal (basolateral) plasma membrane. 
Because AQP9 is also highly permeable to glycerol and urea, it may provide an entry route for 
glycerol and an exit route for urea and a number of other solutes produced within hepatocytes 
[39]. Indeed, in vivo studies have demonstrated that in rats fasted for 96 hours, expression of AQP9 
in the liver increases 20-fold, suggesting that during starvation, the liver takes up glycerol for 
gluconeogenesis and does it with the involvement of AQP9 [38]. In addition, studies in AQP9-null 
mice suggested an impairment of liver glycerol uptake, which may result in an improvement of 
the diabetic state [31, 40], but further studies are necessary to determine the exact contribution of 
AQP9 in metabolic disorders such as diabetes and obesity.

Human AQP10 is found mainly in the gastrointestinal tract, but was also detected in teeth, 
muscle and gingiva [31] (Figure 3). Recently, in vivo studies on healthy volunteers have demonstrated 
the presence of AQP10 (together with AQP3) in the stratum corneum [41]. Interestingly, AQP10 
was reported to be a pseudogene in mice [42], rendering impossible the generation of AQP10-
null mice for the identification of disease phenotypes. Thus, the functional significance of this 
aquaglyceroporin is still obscure.

In addition to mammalian pathophysiology, some aquaglyceroporins seem to be relevant in 
non-mammalian cell survival. This is the case of AQP3 and AQP9 expressed in human and mice red 
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blood cells respectively, facilitating glycerol delivery to the cells infected with the malaria parasite 
Plasmodium falciparum. Since glycerol can be used by the malaria parasite for lipid biogenesis and 
as an energy source, inhibition of AQP3 and AQP9 may be exploited in the search for antimalarial 
agents [43]. In addition, P. falciparum has its own aquaglyceroproin (PfAQP) whose X-ray structure 
has been reported and which contains NLA and NPS residue patterns instead of the NPA motifs of 
other AQPs [44]. 

Interestingly, a number of aquaglyceroporins were identified in parasitic protozoa 
(Plasmodium, Trypanosoma brucei, Leishmania, Toxoplasma and Cryptosporifium) and are known 
to permeate water, glycerol, urea and several other polyols [45]. Parasitic AQPs are important for 
glycerol recruitment during the organism’s reproductive blood stage and, thus, modulation of those 
AQPs involved in parasite life-cycle regulation or reproduction may represent a strategy for novel 
therapeutics. Moreover, parasitic AQPs appear to be the major entry routes of uptake of cytotoxic 
compounds (hydroxyurea, dihydroxyacetone, and the hydroxide of trivalent metalloids arsenic and 
antimony) able to kill protozoan parasites, and AQP deletion renders the parasites more resistant 
to treatments [46]. Thus, the use of parasitic AQPs as a vehicle for toxic substances may also be a 
further pathway for research. Interestingly, since aquaporins are able to transport solutes bilaterally 
across the cellular membranes they can not only import glycerol for metabolism, but, due to their 
ability to transport other solutes, such as urea and ammonia, may also be important to export 
small-molecule toxins, important for pathogenicity [45].

2.3. Aquaglyceroporins as metalloids transporters

2.3.1 Arsenic compounds transport through aquaglyceroporins

Arsenic has been used in several forms, including in industrial components, medicines, 
embalming, manufacture of cosmetics, rodenticides and pesticides, pigments, food and wood 
preservatives. It is the most ubiquitous environmental toxin and carcinogen, labelled as Group 
1 human carcinogen and, even though arsenic embalming and pigments are no longer available, 
arsenic is still present in several building structures as lead alloys as well as component of batteries, 
lasers, diodes and transistors. Water contamination with arsenic is a major problem in several 
countries and chronic exposure may cause different types of cancer, including skin, bladder and 
lung cancers [47]. Thus, exposure to this element is still one of the biggest issues in world-health. 

Arsenic is bioavailable in three oxidation states, As(V) (arsenate), As(III) (arsenite) and As(0) 
(elemental). As(III), when dissolved in water at pH 7.0 forms arsenous acid, As(OH)3 (Figure 4) 
and this species is neutral at physiological pH (pKa1 = 9.3, pKa2 = 13.5 and pKa3 = 14.0) [48]. 
The aqueous form of arsenic(V) oxide is arsenic acid, H3AsO4 (Figure 4), and in physiological 
conditions, it exists as hydrogen arsenate and dihydrogen arsenate (pKa1 = 2.19, pKa2 = 6.94 and 
pKa3 = 11.5). Exposure to trivalent arsenic is more toxic than exposure to its pentavalent form, 
most likely due to the increased affinity of As(III) for sulphur ligands [49]. Interestingly, while 
pentavalent arsenic is transported into cells via phosphate transport systems in both prokaryotes 
and eukaryotes, initial studies using Escherichia coli showed that As(III) accumulation goes via the 
glycerol facilitator protein (GlpF), which belongs to the aquaglyceroporin family [50]. Moreover, 
it appears that trivalent arsenic is transported as the neutral form of arsenous acid. In fact, X-ray 
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absorption spectroscopy (XAS) was used to determine the nearest neighbour coordination 
environment of As(III) under a variety of solution conditions [51]. Extended X-ray Absorption 
Fine Structure (EXAFS) analysis demonstrated three oxygen ligands at 1.78 Å from the arsenic 
atom, showing that the major species in solution is As(OH)3, an inorganic molecular mimic of 
glycerol (Figure 4).

In humans, two aquaglyceroporins have been identified as arsenic transporters, namely 
AQP7 and AQP9, with the latter being the most effective arsenous acid transporter, four-fold 
higher than AQP7. Conversely, the other human aquaglyceroporins AQP3 and AQP10 show little 
arsenic transport. These results were obtained in Xenopus oocytes engineered to overexpress the 
four human glycerol channels [52]. Subsequent studies suggested that As(OH)3 and glycerol use 
the same translocation pathway, as mutations in selectivity filter residues of AQPs affected the 
transport of both solutes to the same extent [52]. Interestingly, AQP9 is also abundantly expressed 
in leukocytes; however, in this cell type no glycerol permeability via this isoform could be observed, 
leaving the possible role for AQP9 uptake of As(OH)3 in leukocytes still to be disclosed [53].

Human AQP9 is highly expressed in the liver, where it is responsible for fluxes of glycerol, 
for processes like glycolysis and gluconeogenesis, and urea, having an interplay with human 
AQP7 in adipose tissue [54]. Liver is responsible for metabolizing most drugs and excreting their 
metabolic products and, in mammalian cells, the metabolism of arsenic involves detoxification 
of the arsenic species in the liver. Notably, ca. 70% of arsenic is excreted and hAQP9, as efficient 
arsenic transporter, may be responsible for excretion of arsenic from the liver into the bloodstream. 
Metabolic processing of inorganic As(III) is carried out by a series of methylation reactions. These 
reactions involve the interaction of arsenous acid with arsenic(III) methyltransferase (AS3MT). 
This protein catalyses the methylation of both arsenous acid and methylarsonous acid (MAs(III)) 
in the presence of adequate reduction and methyl equivalents. Thus, inorganic arsenic (As(III)) 
can also be metabolized via methylation to methylarsonic acid (MAs(V)) and dimethylarsinic acid 
(DMAs(V)) (Figure 4). The liver is considered a major site of arsenic methylation to MAs(III) 
[55-57]. Therefore, hAQP9 ability to transport arsenic in its methylated form was evaluated using 
a Sacharomyces cerevisiae strain HD9 (acr3Δ ycf1Δ fps1Δ), resistant to As(III). Usually, these cells 
exhibit little permeability to As(III) and MAs(III), but when AQP9 expression was induced in 
HD9 cells, cells became sensitive to both As-containing species [58, 59]. Interestingly, AQP9 
appears to be three-fold more permeable to MAs(III) than to As(OH)3. Since the final fate of the 
monomethylated form of arsenic is excretion, the proposed mechanism of transport of arsenical 
species in the liver involves uptake of As(III), likely as As(OH)3, and excretion into the bloodstream 
of MAs(III) through AQP9 [58]. The methylated arsenicals are released from the liver into the 
bloodstream and end up in urine, skin, hair, and other tissues.

In spite of its known toxic effects, the use of arsenic in medicine is an ancient practice [60]. 
Thus, Hippocrates (460-377 B.C.) recommended a paste of realgar, a mineral form of arsenic, as 
treatment for ulcers and used arsenic as an eschariotic to treat skin and breast cancer. Interestingly, 
in the 19th century, arsenic was a major component of Materia Medica, and was used to treat a 
variety of diseases, from skin problems, to ulcers and cancer. In 1910, Noble laureate Paul Ehrlich 
developed Salvarsan (dihydroxy-diamino-arsenobenzene-dihydrochloride), an organic arsenical 
for the treatment of syphilis [60]. Due to its severe toxicity, fatal arsenic poisoning from medical 
treatments was very common in the past. Nowadays, a few arsenic drugs are still in use. The greatest 
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clinical success has been the use of arsenic trioxide (As2O3, Trisenox®) (Figure 4) in the treatment 
of haematological cancers, most notably in acute promyelocytic leukaemia (APL), which is a 
subtype of acute myeloid leukaemia (AML) [61]. An established major determinant of the action 
of arsenical-containing drugs is the pathway of metallodrug uptake in cancer cells, and, therefore, 
understanding the factors that modulate the cellular accumulation of arsenic is important to 
improve the effects of chemotherapy. Arsenic trioxide almost certainly dissolves to form inorganic 
As(OH)3, the species that moves through aquaglyceroporin channels. Overexpression of AQP9, 
AQP7 or AQP3 renders human leukaemia cells hypersensitive to the drug as a result of higher 
steady-state levels of accumulation [62]. In particular, sensitivity to arsenic trioxide is directly 
proportional to AQP9 expression in leukaemia cells of different lineages [63]. For example, the 
APL cell line NB4 showed the highest expression level of AQP9 and is the most sensitive to the 
drug. Conversely, the chronic myeloid leukemia cell line K562 shows low endogenous AQP9 
expression, and it is insensitive to As2O3. When human AQP9 was overexpressed either in K562 or 
in the promyelocytic leukemia cell line HL60, both became hypersensitive to As(III) due to higher 
intracellular accumulation of the metalloid [63].

Since, according to these studies, responsiveness to drug therapy is correlated with increased 
expression of the drug uptake system, the possibility of using pharmacological agents to increase 
aquaglyceroporin expression delivers the promise of therapies for the treatment of leukaemia in 
combination with Trisenox.

Among the successful organoarsenical drugs, melarsoprol (2-[4-[(4,6-diamino-1,3,5-triazin-
2-yl) amino]phenyl]-1,3,2-dithiarsolane-4-methanol) (Figure 4) is a prodrug currently used as 
treatment for late-stage east African trypanosomiasis, commonly known as sleeping sickness [64]. 
Melarsoprol is metabolized into the highly reactive melarsen oxide, which irreversibly binds to 
vicinal sulfhydryl groups causing the inactivation of various enzymes. Even though melarsoprol is 
highly toxic, with severe side effects similar to those of arsenic poisoning, and causes fatal reactive 
encephalopathy in ca. 5% of the patients, this is the only effective chemotherapeutic in both strains 
of Trypanosoma brucei and in late-stages of trypanosomiasis [64, 65]. In spite of the efficacy of 
melarsoprol, one recurrent problem of the treatment with arsenic compounds is the development 
of parasite resistance.

T. brucei parasites contain three aquaglyceroporins, TbAQP1-3, which are thought to be 
involved in osmoregulation and glycerol transport [66]. Interestingly, T. brucei’s aquaglyceroporins 
were shown to be involved in merlasoprol/pentamidine cross-resistance (MPXR), when deletion 
of both TbAQP2 and TbAQP3 showed a 2-fold increase of IC50 of the arsenic drug and 15-fold 
increase in pentamidine, compared to the wild-type strain [67]. Later, it was confirmed that only 
TbAQP2 was involved in resistance, as knockout strains for TbAQP3 did not show any difference 
in melarsoprol/pentamidine toxicity, when compared to the wild-type strain [68]. Reintroducing 
an inducible copy of TbAQP2 into aqp2/aqp3-null cells, which restored MPXR, validated these 
results. Interestingly, the induction of TbAQP2 expression restored cell sensitivity to treatment, 
even in the absence of TbAQP3, while induction of TbAQP3 did not have an effect in MPXR [68]. 
These studies reinforce the crucial role of TbAQP2 in drug uptake and support the central role of 
this aquaporin isoform in MPXR. Although TbAQP2 and TbAQP3 are closely related, TbAQP2 
lacks the usual motifs of the selectivity filter. Indeed, while TbAQP1 and TbAQP3 harbour the 
conventional ‘NPA/NPA’ motifs, TbAQP2 is the only T. brucei isoform with NSA/NPS and to 
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lack the conserved arginine in the ar/R selectivity filter, and this difference may account for the 
selectivity towards metalloid transport. 

Following promising results with arsenic trioxide, melarsoprol was also tested in vitro and 
entered clinical trials as a treatment for acute promeylocytic leukemia [69, 70]. However, Due 
to its severe neurotoxicity, in the same dosage and treatment scheme used for the treatment of 
trypanosomiasis, clinical trials for the treatment of APL with melarsoprol were abandoned [69]. 

2.3.2. Antimonial compounds transport through aquaglyceroporins

Antimony compounds are used in the semiconductor industry, ceramics and plastics, flame-
retardant applications, and are often alloyed with other metals to increase their strength and 
hardness. Exposure to antimony can occur from natural sources and also from industrial activities. 
The primary effects from chronic exposure to antimony in humans are respiratory problems, lung 
damage, cardiovascular effects, gastrointestinal disorders, and adverse reproductive outcome. 

Nowadays, antimony-based drugs found applications in the treatment of protozoal diseases. 
Specifically, pentavalent antimony-containing drugs with of Sb(V) with N-methyl-D-glucamine 
such as Pentostam® (sodium stibogluconate) and Glucantime® (meglumine antimoniate) (Figure 
4) are the treatment of choice for Leishmania infections (leishmaniasis). Leishmaniasis is a disease 
caused by the protozoan parasite Leishmania, from the same family as Trypanosoma. The disease, 
endemic in 88 countries, with 400,000 cases per year, is transmitted by a type of sandfly and 
can manifest in three main forms: cutaneous, mucocutaneous, or visceral [71, 72]. While anti-
leishmania vaccines are still under development or undergoing clinical trials [73], antimony 
[Sb(V)]-based compounds have been used for treatment of all forms of the disease for more than 
60 years [74]. However, as for arsenic drugs, a large increase in cases of resistance to treatment with 
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antimonials has been reported; for example, in India, 65% of previously untreated patients fail to 
respond promptly or relapse after therapy with antimonials [75]. Thus, it is extremely important to 
understand the mechanisms of action and resistance of pentavalent antimonial drugs in order to 
develop better therapeutic agents. 

According to one of the most accredited mechanisms of activity, pentavalent antimony 
(Sb(V)) behaves as a prodrug, which undergoes biological reduction to much more active/toxic 
trivalent form of antimony Sb(III), that exhibits antileishmanial activity. [76] However, the site 
(amastigote or host macrophage) and mechanism of reduction (enzymatic or nonenzymatic) 
remain controversial. Furthermore, the ability of Leishmania parasites to reduce Sb(V) to Sb(III) is 
stage-specific. The first transport studies of antimony in Leishmania parasites were performed using 
a pentavalent Sb(V) compound (125Sb), sodium stibogluconate (commercialized as Pentostam) 
(Figure 4) [77]. Moreover, mass spectroscopic approaches revealed the accumulation of two forms 
of antimony (Sb(V) and Sb(III)) in both stages of the parasite [78]. Thus, the possibility of in vivo 
metabolic conversion of pentavalent Sb(V) to trivalent Sb(III) antimonials was suggested, followed 
by uptake into the parasite.

Although antimony is less abundant than arsenic, their chemical properties are very similar. 
In fact, in solution, arsenic and antimony are mainly present as their trivalent species, as As(OH)3 
and Sb(OH)3 , respectively, both sharing some similarity to glycerol. In fact, as for As(III), it has 
been shown that Sb(III) can be transported in E. coli, by the glycerol facilitator (GlpF) [50]. In 
E. coli, disruption of GlpF leads to a resistant phenotype and reduced levels of uptake of Sb(III) 
(and As(III)), confirming that aquaglyceroporins are an important route for antimony uptake [79]. 
Indeed, structural, thermodynamic, and electrostatic comparison of As(III) and Sb(III) species 
at physiological pH showed that they exhibit similar conformation and charge distribution and a 
slightly smaller volume than glycerol, which may aid in their passage through the narrowest region 
of the GlpF channel [80]. However, the metalloid hydroxyl groups lack the flexibility of glycerol, 
which probably helps the latter to adapt its conformation to the topology of the GlpF channel. 

Interestingly, in Leishmania cells, the accumulation of Sb(III) is competitively inhibited by 
the related metal As(III), suggesting that Sb(III) and As(III) enter the parasite cell via the same 
route [78]. Notably, Leishmania parasites express one aquaglyceroporin, LAQP1, which has been 
demonstrated to mediate Sb(III) uptake, and whose overexpression restores Sb(III)-sensitivity 
to three resistant phenotypes [81]. Studies by Kumar et al. showed that LAQP1 can be used as 
a biomarker for Sb(III)-resistance, as LAQP1 downregulation in resistant parasites is strongly 
correlated to reduction of compound’s efficacy on parasite viability [82]. In spite of these results, the 
exact mechanism of transport and resistance to Sb(III) in Leishmania is still not fully understood 
[83].

As the Leishmania parasite develops inside human macrophages, it is crucial, for the 
therapeutic effects of metalloids, to understand their mechanism of uptake into these human 
cells. Macrophages express AQP3 in their membrane and this protein is essential for macrophage 
development and motility [84]. This channel isoform does not appear to be very efficient in As(III) 
transport, but overexpression of AQP3 in human embryonic kidney cells (HEK-293T) led to an 
increase of As(III) accumulation and cells’ sensitivity to the drug  [85]. Considering that As(III) 
and Sb(III) most likely share routes of uptake, AQP3 is also a likely candidate for Sb(III) transport 
into macrophages.
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2.4. AQP modulators (inhibitors)

As important players in several physiological roles, as well as in many diseases, aquaporins 
have been identified as important drug targets [86]. However, the identification of AQP modulators 
has turned out to be unexpectedly challenging. Three classes of AQP-targeted small molecules have 
been described so far: i) small-molecule organic inhibitors; ii) small-molecule organic modulators 
targeting the interaction between AQP4 and the neuromyelitis optica (NMO) autoantibody; iii) 
inorganic inhibitors [87].

Following this categorization, the chemical compounds that modulate (inhibitors/regulators) 
AQP mediated water flux include heavy metals (e.g. HgCl2, silver sulfadiazine) [88-91], and inorganic 
salts (e.g. ZnCl2, NiCl2) [92], quaternary ammonium salts [93-95], as well as sulfonamides, all 
acting as inhibitors of orthodox water channels [96]. Unfortunately, all these compounds are not 
suitable for therapeutic applications or to study AQP function in biological systems mostly due to 
their toxic side effects and lack of selectivity.

Concerning aquaglyceroporin modulators, only a few small molecule inhibitors of AQP9 
water permeability were identified (Figure 5), although it must be noted that effects on glycerol 
transport have not been evaluated for most of these compounds, made exception for HTS13286, 
which was shown to effectively inhibit this isoform [97, 98]. Moreover, as the compounds’ solubility 
in aqueous solution is very limited, they are currently not suitable for in vivo experiments. Overall, 
independent verification of AQP inhibition by these compounds is still awaited. 

2.4.1. Small-molecule organic inhibitors

The library of small-molecule AQP inhibitors is still limited in number. Nonetheless, a few 
different classes of compounds are known (Figure 6).  

Aquaporins and ion channels are evolutionary different but share a number of common 
features. Due to these common features, several authors investigated the possible inhibitory 
properties of the tetraalkylammonium ion channel blockers [92, 98]. Two of these quaternary 
ammonium compounds, tetraethylammonium (TEA) and tetrapropylammonium (TPrA), have 
been found to be inhibitors of AQP1 and, later, AQP2 and AQP4. While TPrA showed AQP1 

Figure 5. Small-molecule inhibitors of AQP9.
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inhibition at 100 μM, TEA showed stronger inhibition of three water channel isoforms, with IC50 
of about 1.4, 6.2 and 9.8 μM for AQP1, AQP2 and AQP4, respectively, and no inhibition of two 
other isoforms, AQP5, a water channel, and AQP3, an aquaglyceroporin [92, 98]. Site-directed 
mutagenesis indicated that TEA may have a binding site in loop E, particularly involving Tyr186, a 
residue close to the ar/R SF of AQP1, as mutation of this tyrosine considerably reduces inhibition 
[92]. Interestingly, this tyrosine is conserved in AQP1, 2 and 4 but is not present in the isoforms 
that show no inhibition by TEA. Further studies revealed that, at a TEA concentration of 100 
μM, the three water channel isoforms containing a mutated tyrosine to phenylalanine showed no 
significant decrease in water permeability, supporting the role of this residue in the binding of this 
drug [98]. The same authors performed molecular dynamics simulations of the interaction of TEA 
with AQP1 and revealed that, even though Tyr186 appears to be crucial for inhibition, it is still 
unclear if this is by direct or indirect interaction. The simulations demonstrate that the binding 
site may be formed by residues in loop A, C and E and loop A may be of particular importance, by 
acting as a cap and preventing TEA to leave the binding site. Despite these promising results, the 
inhibition of aquaporins by TEA could not be confirmed using other methodologies [99].

Blockers for Na+-K+-2Cl- (NKCC1) co-transporter, were also identified to inhibit AQP1 
and AQP4 isoforms. One of these inhibitors, bumetanide, was identified to have several positive 
physiological effects in in vivo models, such as reduction of edema after an ischemic-induced 
event [100, 101], inhibiting seizure episodes both in animal models [102-104] and infants [105]. 
Interestingly, all these effects were initially attributed to inhibition of NKCC1 [106] but it was later 
discovered that, instead of NKCC1, the effect on brain swelling reduction after ischemia was due 
to AQP4 inhibition [107]. Research with Xenopus oocytes revealed that the inhibition of AQP4 
by bumetanide was low when oocytes where incubated with bumetanide-contaning solution, but 
increased when the oocytes were injected with the drug, suggesting that the compound may bind to 
AQP4 in the intracellular side of the channel [107, 108]. In a similar fashion, Furosemide, another 
NKCC1 inhibitor, is active against both AQP1 and AQP4 only when administered internally to the 
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oocytes, by injection [108]. Remarkably, a new bumetanide-related compound without inhibitory 
properties against NKCC1, AqB013, shows strong inhibition of both aquaporin isoforms when 
administered externally in the medium (IC50 ≈ 20 μM) [108]. 

Even though inhibitors of other channels may seem promising, other drugs showed potency 
towards aquaporins, namely acetazolamide (AZA). This compound is a carbonic anhydrase 
inhibitor used for the treatment of epileptic seizures, glaucoma and idiopathic intracranial 
hypertension, among others. The inhibition of AQP1-mediated water transport by AZA was 
evaluated in Xenopus oocytes [109] and HEK cells [110], the later using a fluorescence intensity 
assay, together with a surface Plasmon resonance assay, to determine binding. In both systems 
AZA was found to inhibit AQP1. In oocytes, AZA appeared to potently inhibit water transport, 
in micromolar range, and similar to HEK cells, with a determined KD of 174 μM. Even though, 
just as TEA, these results could not be confirmed by further studies [99], AZA was tested in a 
Xenopus oocyte system expressing hAQP4-M23, an aquaporin 4 isoform. Results showed a dose-
dependent inhibition of water permeability, with a very low IC50 of 0.9 μM and a maximum of 
inhibition of 85% [111]. Again, these results are quite controversial, as later research performed 
using human erythrocytes and epithelial cells failed to show any inhibition of AQP4 by AZA, up to 
concentrations of 10 mM [112].

Recently, ca. 1,000,000 compounds were screened on AQP9 by virtual screening revealed 
an intracellular binding site for inhibitors. The best compounds from the initial virtual screening 
were tested in AQP9-expressing Chinese hamster ovarian cells (CHO) using a fluorescent calcein 
assay [97]. From the whole library, 6 compounds (ID1-6), two of them showed in Figure 5, arose as 
AQP9 inhibitors, with IC50  between 4 and 10 μM. Several computational studies were performed 
to evaluate the possible binding mode of these compounds but these studies did not evidence the 
same affinities found in vitro. 

Several attempts have been made to design compounds with the purpose of targeting 
aquaglyceroporins, mainly by designing compounds based on the natural substrate of the channel, 
glycerol [113]. In one study, various derivatives were designed to target a parasite isoform pfAQP, 
from P. falciparum. In order to evaluate inhibition, the authors performed both in vitro growth 
inhibition and toxicity assays, using two different parasite strains, as well as functional assays, using 
pfAQP-expressing yeast. Despite the fact that growth and toxicity inhibition results revealed that 
some of the tested drugs had a very potent effect, with IC50 as low as 1.4 μM, these did not show any 
inhibition of pfAQP in the yeast functional assays. This shows that even rational ab initio design of 
AQP inhibitors is a very challenging task and more functional models and methodologies need to 
be developed/improved.

2.4.2. AQP4-targeted NMO therapeutics

Aquaporin-4 is an isoform present in several tissues and cell types in the human body and 
involved in many pathological conditions. One of these states is neuromyelitis optica (NMO), 
an inflammatory demyelinating disease of spinal cord and optic nerve caused by pathogenic 
autoantibodies (NMO-IgG) against AQP4 in astrocytes [114]. A study on astrocytes revealed 
that the binding of NMO-IgG to AQP4 directly impairs water flux, which may lead to some of 
the symptoms observed for NMO, such as edema, inflammation and demyelination [115]. This 
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revealed a new possible approach for modulators as, in this case, an inhibition of AQP4 would lead 
to unwanted outcomes. A high-throughput screening of ca. 60,000 compounds, using a human 
recombinant monoclonal NMO-IgG and transfected Fisher rat thyroid cells stably expressing 
human M23-AQP4, revealed three classes of possible inhibitors: i) arbidol, an antiviral drug; 
ii) tamarixetin, a flavonoid and iii) berbamine, and other alkaloid derivatives (Figure 7) [116]. 
Remarkably, these drugs were able to block the binding of NMO-IgG to AQP4 without inhibiting 
water transport. Moreover, the blockage of NMO-IgG-AQP4 interaction led to a decrease in 
drug toxicity, consistent with a more functional water channel. Even though further studies are 
required in order to be able to translate these studies into clinical therapies, this show potential for 
modulators of aquaporins, other than inhibitors.
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2.4.3. Inorganic inhibitors

As metals play important roles in biological systems and the interaction of metal drugs and 
salts, such as mercurials, with biomolecules is well described, it is also interesting to develop and/
or test inorganic aquaporin inhibitors. 

Several antibacterials contain metals, in particular silver-containing molecules, such as 
silver sulfadiazine. Peribacteroid membrane (PBM) of soybean nodules contains a high density 
of Noduline 26 (NOD26), an aquaglyceroporin, which makes these membranes a good system for 
evaluation of the function of this AQP isoform [117, 118]. One study used this system to investigate 
the effects of silver sulfadiazine and silver nitrate (AgNO3) in comparison to other transition metals 
(including gold, which will be discussed further on), using dynamic light scattering (DLS) [119]. 
Interestingly, the silver compounds showed a more potent inhibition of NOD26-mediated water 
transport, with IC50 one order of magnitude lower than HgCl2. The same study used also human 
red blood cells (hRBC) to test inhibition of water transport, mainly via AQP1, by the silver drugs. 
The inhibition showed to be of the same potency of the one found in PBM vesicles, with IC50 of 3.90 
and 1.24 μM for AgNO3 and silver sulfadiazine, respectively [119].

The development of new drugs as AQP inhibitors has revealed to be quite challenging, 
but also the development of new high-throughput methodologies for aquaporin screening has 
demonstrated to not be so trivial either. Nonetheless, Mola et al. have developed a methodology 
to assess AQP function, based on calcein fluorescence [120]. This assay allowed the screening of 
3,575 small molecules, 418 of which are US Food and Drug Administration (FDA)-approved. The 
compounds were screened on mouse astrocytes, with endogenous expression of AQP4, mouse 
fibroblasts, which express also AQP1, and AQP-deficient astrocytoma cells (TNC1 cells), transfected 
with AQP4. The best drugs were further tested using stopped-flow and six compounds were found 
to be inhibitors of water transport, among them NSC168597 and NSC164914, containing lead 
and antimony, respectively.  These drugs were further tested on erythrocytes, using a stopped-flow 
method, again for inhibition of AQP1, widely expressed in this cell type. These two compounds 
showed to be inhibitors of water transport via both AQP4, in different cell types, and AQP1 in 
erythrocytes [120].

2.4.3.1. Mercurial compounds as aquaporins inhibitors

Concerning mercurial compounds, it has always been postulated that aquaporins are inhibited 
by Hg2+ ions via covalent modification of cysteine residues based on the classical Hard Soft Acid 
Base (HSAB) theory. In order to confirm such mechanism and to assess the importance of cysteine 
residues for mercury inhibition, several studies were performed on Cys-mutated isoforms of human 
AQP1. For example, Xenopus oocytes were transfected with each Cys-mutated AQP1 isoform and 
the effects of mercury inhibition were evaluated [121, 122]. From all cysteine residues in AQP1, only 
one was shown to be responsible for sensitivity to the mercurial salt HgCl2, namely Cys189. When 
this cysteine is mutated to either serine or glycine, water permeability of the oocytes was slightly 
decreased, indicating that this residue may be of importance for water transport. Moreover, cells 
expressing the Cys189Ser mutant lost sensitivity to HgCl2, and didn’t show significant inhibition by 
HgCl2 up to a concentration of 3 mM. Later on, as the atomic-resolution structure of human AQP1 
was solved, Cys189 was shown to be positioned inside the channel, just above the ar/R SF [123]. 
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Therefore, it was hypothesized that Hg2+ binding to this site was likely to prevent passage of water 
molecules via steric effects.

The current literature provides two mechanisms of inhibition of AQPs by mercury: the 
first is simple occlusion of the water pore by the mercury atoms/ions found in the vicinity of the 
cysteine residues lining the water channel wall; the second is conformational change (collapse of 
the water pore) at the selectivity filter (SF) (namely, the aromatic/ arginine (ar/R) constriction) 
region, induced by mercury bonded to a cysteine residue nearby. In an effort to better understand 
the influence of cysteines and their location on the inhibition of hAQP1 by mercury, Savage et al. 
studied the bacterial homolog of hAQP1, AqpZ [124]. This bacterial isoform has been previously 
described as a water channel [125] and it is structurally very similar to hAQP1, containing the 
same ar/R SF residues, but it is not sensitive to mercury since it lacks Cys189 crucial for Hg2+ 
inhibition in hAQP1. In this position, AqpZ has a threonine residue, Thr183. Thus, by site-directed 
mutagenesis a model AqpZ was obtained lacking all endogenous cysteins and with a mutation 
Thr183Cys, in order to evaluate the role of this specific residue [124]. The crystal structure of this 
mutant, co-crystalized with HgCl2, showed no significant conformational changes between the 
apo- and metal bound forms, suggesting that inhibition by mercury is not due to major changes in 
the tridimensional structure of AqpZ both at the level of the monomer folding and of the tetrameric 
axes. Instead, as seen in Figure 9, a Hg2+ ion (Hg-1) appears to be positioned inside the channel, 
just bellow the ar/R SF, suggesting a steric blockage of the channel upon metal binding [124]. 
Notably, the distance between the Hg2+ atom and Thr183Cys is not ideal to demonstrate binding 
to the thiol residue (ca. 5.6 Å). In this structure, another Hg2+ atom (Hg-2) is outside the pore 
(Figure 9), pointing towards Cys183 (distance of ca. 4.0 Å) and residing in a hydrophilic pocket 

Figure 9. Structure of the mercury-blocked AqpZ Tyr183Cys mutant. Molecular surface of residues lining the pore is shown 
as grey mesh. Selectivity filter residues are shown in black, while NPA motifs are represented in green. Two mercury atoms 
are located inside or close to the channel and are shown in space-filling representation, in magenta (Hg-1) and orange (Hg-2), 
respectively. The same colour code is used to represent the amino acid residue that is located closer to each of the mercury atoms, 
in magenta and orange. Adapted from reference [124].
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formed by conserved Glu138 and Ser177 where it makes favourable electrostatic interactions at 2.6 
Å and 3.1 Å distance, respectively. Interestingly, Glu138 appears to be important for maintaining 
the orientation of the backbone carbonyl oxygen of Gly190, Cys191, and Gly192. This may imply 
that a conformational change can also occur in Thr183Cys-AQPZ bound to mercury, although this 
mechanism has still to be confirmed. In order to validate steric blockage by mercury, the authors 
produced another mutant, Leu170Cys, with the cysteine located in between the ar/R SF and the 
NPA motifs. This mutant was proven to be even more sensitive to HgCl2 and the resulting X-ray 
structure revealed four Hg2+ atoms inside the channel, one covalently bound to the thiol group 
of Leu140Cys. Overall, authors conclude that their results indicate that binding of Hg2+ to thiol 
residue of Cys side-chain inside the channel is ideal for AQPs inhibition of solute transport, most 
likely due to steric blockage [124]. However, since a real coordination bond could not be assessed 
between Hg2+ and the thiol residue of Cys183, further structural information should be provided 
to validate the proposed mechanism. 

The second mechanism of AQP inhibition by mercurial compounds was proposed in an in 
silico study on the basis of molecular dynamics (MD) simulations of the bovine aquaporin AQP1 
(bAQP1) [126]. As hAQP1, also bAQP1 has cysteine residue, Cys191, at the ar/R region, located 
8 Å above the NPA region, which may bound Hg. According to the MD simulations of both free 
AQP1 and Hg-bound AQP1, the energy barrier for Hg-AQP1 is much higher than that of free 
AQP1 at the ar/R region. Moreover, calculations show that mercury binding induces a collapse of 
the orientation of amino acid residues at the ar/R region and the constriction of the space between 
Arg197 and His182.

A third mechanism of mercury inhibition has been proposed on the basis of MD simulations 
by Zhang et al. according to which the mercury ion, covalently bound to the cysteine residue 
(Cys170) in the Leu170Cys mutant of AQPZ, causes water molecules to clog the water channel 
[127]. The obtained in silico results unravelled the interactions between the mercury ion and 
the waters in its vicinity and found that five to six waters are strongly attracted by the mercury 
ion, occluding the space of the water channel. However, it should be noted that binding of water 
molecules to Hg ions is highly reversible and the predicted mechanism may not be relevant in 
physiological environment.

Other transition metal compounds have been investigated, as inhibitors, with respect to 
water permeation through aquaporins (e.g. human AQP1). Thus, for example AgNO3 and HAuCl4 
were among the most effective in inhibiting water transport. In the case of mercury, the mechanism 
of silver and gold inhibition is most likely due to their ability to interact with sulfhydryl groups 
of proteins. Interestingly, silver resulted to be more efficient in inhibiting water transport than 
HgCl2. For example, silver as AgNO3 or silver sulfadiazine (Figure 8) inhibited with high potency 
(EC50 1-10  μM) the water permeability of the peribacteroid membrane from soybean (containing 
Nodulin 26 aquaporin NOD26), the water permeability of the plasma membrane from roots 
(containing plasma membrane integral proteins), and the water permeability of human red blood 
cells (containing AQP1) [119]. However, it should be noted that more recent results by Casini et al. 
showed that silver sulfadiazine is actually not inhibiting water transport via AQP1 in human red 
blood cells even at 100 μM concentration [128].
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2.4.3.2. Inhibition of human AQP3 by gold(III) complexes

The limited number of AQP modulators available in the literature, prompted us to explore the 
properties of coordination metal complexes as possible inhibitors. Thus, we reported on the potent 
and selective inhibition of AQP3 by a water-soluble gold(III) coordination compound, [Au(phen)
Cl2]Cl (phen = 1,10-phenatroline, Auphen) (Figure 8). Notably, Auphen inhibited glycerol 
transport in human red blood cells (hRBC), with an IC50 = 0.8 ± 0.08 μM, while having only a 
modest inhibitory effect on water permeability [129]. hRBC are know to express large amount of 
AQP1 and AQP3 accountable for membrane permeability to water and glycerol, respectively [130]. 
The selectivity of the compound towards AQP3 was confirmed in transfected PC12 cell lines with 
overexpression of either AQP1 or AQP3. Later, we have shown that Auphen also potently inhibits 
human AQP7 in adipocytes. The data available on this topic will be further discussed in Chapter 
2.2.

Among all the identified aquaporin inhibitors, gold(III) compounds shows a big advantage 
as a possible therapeutic agent: selectivity. Most of the described inhibitors were tested on only one 
AQP isoform or lack any selectivity for different aquaporins. TEA is the only inhibitor that showed 
to be selective towards certain orthodox aquaporins (AQP1, AQP2 and AQP4). Unfortunately, 
due to the broad spectrum of targets and the severe, and even fatal, side effects in patients, this 
drug is not a suitable candidate for therapeutic applications [131]. On the other hand, inorganic 
drugs containing gold, such as auranofin, are already currently in the market and have been shown 
to have many properties, including as anti-cancer agents [132]. As gold(III) drugs, as Auphen, 
show selectivity towards aquaglyceroporin isoforms (AQP3 and AQP7) and no activity towards 
orthodox aquaporins (AQP1), they are advantageous when compared to other compounds, as 
potential therapeutical drugs.

Effects of gold compounds on cell proliferation

Concerning the possible roles of aquaglyceroporins, specifically AQP3, in cancer 
progressions, we also recently analysed in depth Auphen’s capacity of inhibiting cell proliferation 
in different cell lines (cancerous and non-cancerous), with different levels of AQP3 expression, and 
also investigated the possible correlation of the observed antiproliferative activities with the AQP3 
inhibition properties of Auphen in the selected cells [27].

 To this end, various mammalian cell lines differing in AQP3 expression level were used: 
no expression (PC12), moderate (NIH/3T3) or high (A431, epidermoid carcinoma) endogenous 
expression, cells stably expressing AQP3 (PC12-AQP3), and HEK293T cells transiently transfected 
(HEK-AQP3) for AQP3 expression. Auphen reduced approximately 50% the proliferation of A431 
and PC12-AQP3 cells, 15% in HEK-AQP3 and had no effect in wt-PC12 and NIH/3T3. Dose 
response curves with the A431 tumoral cell line showed an EC50 of 1.99 ± 0.47 μM. Silencing 
AQP3 expression in the same A431 cell line alleviated Auphen effect on cell proliferation with 
a subsequent increase in the EC50. The effect on cell proliferation was confirmed by detecting a 
strong arrest in the S-G2/M phases of the cell cycle of cells treated with Auphen.

Additionally, functional studies allowed correlating the inhibition of cell proliferation with 
the impairment of AQP3 activity. In fact, evaluation of glycerol permeability of cells differing in 
AQP3 expression showed 50% inhibition of glycerol uptake in A431 treated cells, demonstrating 
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that the anti-proliferative effect of Auphen correlates with its ability to block the AQP3 channel. 
Overall, these results anticipate a targeted therapeutic effect on carcinomas and other cancer types 
with large AQP3 expression and provide a rational for the use of gold compounds as anticancer 
agents.

2.4.3.3. Inhibition of aquaporins by other transition metal ions

Interestingly, ionic metal compounds have also been shown to modulate the function of 
AQPs. For example, among the endogenous transition metal ions, Ni2+ ions in the form of NiCl2 
has been demonstrated to cause water permeability (Pf ) decrease in cells expressing human AQP3-
GFP in a dose-dependent manner and the effect was rapid and reversible [133]. Moreover, the effect 
of Ni2+ was pH-dependent: at neutral and acidic pH, the AQP3-mediated water permeability was 
completely inhibited by 1 mM NiCl2. At pH 7.4 and 8.0, the Pf  in transfected cells was decreased 
by Ni2+, but remained significantly higher than that in non-transfected cells. Conversely, treatment 
of cells with 1 mM ZnCl2 or CdCl2 did not produce any effect on AQP3 water permeability. Site-
directed mutagenesis studies identified three residues, Trp128 and Ser152 in the second extracellular 
loop and His241 in the third extracellular loop of AQP3, as determinants of Ni2+ sensitivity [133]. 
Interestingly, Ser152 was identified as a common determinant of both Ni2+ and pH sensitivity. In the 
same study, the water permeability of neither AQP4 nor of AQP5 transfected cells was Ni2+or pH-
sensitive [133]. Alignment of the protein structures showed that all amino acid residues involved 
in the regulation of AQP3 by Ni2+ or pH are absent in AQP4 and AQP5. 

In a subsequent study, the same three extracellular amino acidic residues in AQP3 were found 
to be essential for the inhibition of both water and glycerol AQP3 permeability by CuSO4 in human 
epithelial cell line BEAS-2b that was transiently transfected with human AQP3 [134]. However, in 
the same study, neither Cu2+ nor Ni2+ ions influenced the permeability of AQP7-overexpressing 
cells. 

In contrast to Hg2+, divalent copper and nickel ions form coordination bonds with amino 
acids that are to a large extent reversible by simple washout of the metal ions (the effect of mercury 
is only reversible upon treatment of the cells with a reducing agent, such as  β-mercaptoethanol). 
The speed and reversibility of the inhibition effects of these transition metal ions may be convenient 
to use them as test tools in AQP3 functional studies. Moreover, the results of these studies provide 
also a better understanding of the gating mechanisms of AQPs, and of processes that may occur in 
severe copper metabolism defects and nickel/copper poisoning.
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