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Discussion and Future Perspectives
The work presented in this thesis focuses on metal-based compounds and their role in
medicine and chemical biology. Metallodrugs have currently several different applications in
medicine, such as anticancer, antiartritic or treatment for parasitic diseases. Despite their broad
range of applications, the mechanism of action of several of these drugs is poorly understood and
their biological targets still remain uncertain. Within this scope, the work presented in this thesis
is divided in two separate, yet complementary parts: A and B.
PART A
In Part A, the work focuses on the study of aquaporins and related metal-based inhibitors.
As described in the previous chapters, aquaporins (AQPs) are involved in several physiological
processes and their essential roles of water and glycerol channels in different cells and tissues make
them attractive drug targets in a variety of diseases related to their malfunction. Nonetheless, the
development of aquaporin inhibitors and modulators for therapeutic purposes is a challenging task
[1].
Thus, in part A we aim at elucidating the mechanism of AQPs’ inhibition by metal-based
compounds, as well as the physiological pH gating mechanisms of aquaglyceroporins. The latter is
of interest since new approaches to inhibiting AQPs function may be derived. The main findings of
our investigations are summarized below.

Our group has recently identified a gold(III) compound, Auphen, as a selective inhibitor
of the human aquaglyceroporin isoform AQP3 which does not inhibit the orthodox water channel
AQP1 [2]. After these initial promising results, as described in Chapter A.1, we expanded the
library of gold(III) compounds as aquaporin inhibitors. Thus, we described the inhibitory effects of
a new series of gold(III) compounds with N-donor ligands (Figure 1) on hAQP3, using human red
blood cell (hRBC) as model. Initially, in order to achieve structure-activity relationship information,
a series of Auphen-related compounds was studied, namely Aubipy and its derivatives, as well as
Auterpy (Figure 1). Even though all compounds were effective as hAQP3 inhibitors (IC50 in the
low micromolar range) only two of them (AubipyMe and Auterpy) showed a similar potency to
Auphen at about 1 µM, while Aubipy and AubipyNH2 were significantly less effective. Subsequently
a second series of gold(III) compounds was investigated as hAQP3 inhibitors, comprising one
organometallic Au(III) complex (pyb-H)AuCl2 , and three other Au(III) compounds with N-donor
ligands, including Audipyam, AuPbImH and AuPbImMe (Figure 1).
The inhibition potency followed the trend: AuPbImMe > AuPbImH ≥ Audipyam > (pyb-H)
AuCl2. Interestingly, AuPbImMe showed to be even more potent than Auphen on hAQP3
permeability, with an IC50 of 0.57 ± 0.13 µM. The least active compound is the organometallic
complex, which is known to be more stable in solution than the others due to the direct Au-C bond,
and whose organometallic scaffold influences its reactivity also in terms of redox properties and
nucleophilicity. Importantly, none of the tested compounds affected water permeability via hAQP1
showing the necessary degree of selectivity to study aquaglyceroporin-3 and aquaporin-1 isoforms
in situation where both of them are expressed in the same cell.
To investigate the molecular mechanism of inhibition, and based on previous knowledge on
aquaporin inhibition by HgCl2 [3] and our previous studies on Auphen [2], we studied the effects of
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a reducing agent, such as 2-mercaptoethanol (EtSH) (which may also be a possible sulphur donor
to metal ions) on the potency of the compounds. In fact, EtSH-washing after 30 min of incubation
with the gold-based drugs, allowed an almost complete recovery of glycerol permeability in the
hRBC model. Thus, we suggest that the AQP3 inhibition by gold complexes involves direct binding
to cysteine residues (namely, Cys40 in hAQP3). Indirect evidence in support of this hypothesis
was achieved by site-directed mutagenesis studies published later on by our group [4], as well as by
molecular modelling studies [2, 5].

Figure 1. Gold(III) compounds investigated as AQP3 inhibitors and related potency.

As described in Chapter A.1, the differences between AuPbImMe and AuPbImH are limited
to the addition of a CH3 group to one of the N atoms in the imidazole ring, conferring a positive
charge to AuPbImMe and most likely affecting the reactivity of the gold(III) center (e.g. redox
properties). How these small differences may affect the potency of this compound so drastically
still remains to be identified. Future in silico studies, as well as non-covalent docking or potent
DFT and QM/MM calculations may help disclosing the mechanistic details behind the inhibition
of hAQP3 by AuPbImMe.
Moreover, as for the first series of gold-based drugs, the reversibility of AuPbImMe
inhibition was investigated. This time, in addition to direct binding of the gold centre to Cys40,
oxidation of cysteines was considered as another possible mechanism of inhibition of AQP3, as
this oxidation could affect the permeability of the channel. Thus, the reversibility of inhibition was
tested by washing cells with EtSH (sulphur donor and reducing agent), as well as with 1 mM of
L-cysteine (sulphur donor). In both cases, restored AQP3 activity was observed, which leads us to
conclude that the mechanism of inhibition does not involve oxidation of cysteine residues.
Future work in the development of AQP3 gold-based inhibitors involves expanding the
library of compounds to deepen the knowledge on structure-activity relationships and improve
drug design. As an example, our group is currently studying a series of dinuclear gold(III) complexes
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with N-donor ligands, where the gold centres are bridged by oxygen atoms (Figure 2).

Figure 2. Series of dinuclear gold(III) compounds, currently being investigated as AQP3
inhibitors.

In terms of structure-activity relationships derived so far for the design of gold compounds
as AQPs inhibitors, the following conclusions can be drawn:
• The gold centre is essential for inhibition;
• Gold(III) ions should be present in the molecule, while gold(I) complexes are
not active;
• The presence of an aromatic ligand is crucial for enhancement of inhibition
potency;
• The presence of two chlorido ligands bound to gold, capable of undergoing
substitution reactions, favour inhibition most likely due to enhanced protein binding
properties of the resulting metal complex.

Inhibitors of aquaglyceroporins can be used as probes to assess their function in several
models, as discussed further, and without the need for RNA silencing or knockout models, which
have additional limitations and drawbacks, such as adaptive changes in phenotypes. However, when
developing a new inhibitor, possible selectivity issues among different aquaglyceroporin isoforms
(in humans AQP3, AQP7, AQP9, AQP10 and AQP11) should be considered. Thus, we started
studying the effects of the lead gold compound Auphen (Figure 1) on the hAQP7 isoform [6], (see
Chapter A.2).
The glycerol channel isoform AQP7, which is expressed in adipocytes and liver among
other organs, plays a role in lipidogenesis and insulin secretion, and has an interplay with another
glycerol channel isoform, AQP9. For the functional studies, a murine adipocyte model was chosen,
overexpressing human AQP7, and the permeability analysed by fluorescence microscopy. Our
results show the potent inhibition of water and glycerol permeability by Auphen via hAQP7, with
an IC50 of 6.5 ± 3.7 µM.
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With our previous knowledge on the possible mechanism of gold binding to hAQP3, we
investigated the possible mechanism of inhibition of hAQP7 by Auphen, using in silico approaches,
such as molecular modelling and non-covalent docking. Interestingly, despite their overall similar
structural features, aquaporins have different aminoacid composition. Thus, whereas certain
regions are highly conserved, such as the asparagine-proline-alanine (NPA) and the aromatic/
arginine (ar/R) selectivity filters, the channel lining may vary substantially. At variance with AQP3,
AQP7 does not have a cysteine in the position of Cys40. Instead, using our new AQP7 homology
model, the mapping of the channel evidenced the presence of thiol groups of methionine residues,
in particular Met47, which are likely candidates for binding to the gold(III) complex. While the
Cys40 of AQP3 was located in the extracellular opening of the channel, the methionine residues of
AQP7 are located in the NPA region, bellow the ar/R selectivity filter. Moreover, the investigation of
non-covalent binding of Auphen by docking approaches revealed its preferential binding to AQP7
in the NPA filter region, which is accessible only from the intracellular side (Figure 3). Therefore,
the exact mechanism of inhibition of gold compounds in the two isoforms may differ substantially.
In the case of AQP7, most likely the compound needs to enter the cell before being able to exert
its inhibition. This may explain why the potency of inhibition of this isoform is lower than AQP3.

Figure 3. Molecular docking of gold(III) complex Auphen (in green ball-and-stick representation) in a lateral (A) and top view
(B, from extracellular side) of NPA pocket of hAQP7 (grey cartoon ribbon representation). Chlorides are shown in dark green.
Gold atom in the selected position is shown in yellow-gold colour, while the other positions for this atom are shown as magenta
spheres. The atoms in the protein are coloured by element.

Alternatively, other mechanisms of binding to amino acids outside the protein channel may be
possible, which then induce loop movements and pore closure.
Currently, despite all the structural knowledge on human and non-human aquaporin
isoforms, the knowledge on aquaglyceroporin structure is still very limited. Up to now, only two
glycerol channels have been structurally characterized: the bacterial glycerol facilitator (bGlpF)
and the P. falciparum aquaglyceroporin (PfAQP) [7, 8]. Even though the current sequence analysis
methods allow prediction of secondary structure of proteins, such as helices, the exact position
of certain aminoacid side-chains will still remain unknown without structural information.
Thus, homology modelling reveals to be a powerful in silico tool that allows the understanding
of important aquaporin features and the composition of the channel lining. Indeed, as shown for
AQP3 and AQP7, the detailed modelling information allowed us predicting the possible binding
modes of our compounds in the two isoforms, as well as possible pH gating mechanisms.
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Thus, based on these promising results, our next research question has been:
• Can Auphen and other gold-based compounds inhibit hAQP9?

Figure 4. Sequence alignment of the sequences of human aquaporin 3, 7 and 9. Red bars represent helical regions, predicted
by homology modelling, while blue boxes highlight residues lining the pore. The NPA regions are highlighted in green and
predicted binding sites for gold compounds in human AQP3 and AQP7 are represented in yellow. The predicted binding sites for
gold-based drugs in AQP9 are highlighted in magenta.

Mechanisms of AQP inhibition by mercury
Gold-based drugs are not the only inorganic inhibitors of aquaporins. In fact, mercurial
compounds, such as HgCl2, have been shown to inhibit water and glycerol permeation through
aquaporins and are widely used as a standard for aquaporin inhibition in functional studies [1, 9].
Up to now, studies on the molecular mechanism of mercury inhibition were focused mainly on
orthodox aquaporins, namely AQP1.
Overall, the mechanism of aquaporin inhibition by mercury supports two main mechanisms
of inhibition: i) simple pore occlusion by mercury atoms/ions, in the proximity of cysteine residues;
ii) conformational changes at the ar/R SF, induced by mercury binding to cysteines [10-12].
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By analysing the different sequences and pore lining in the homology models, we can predict
two binding sites for gold compounds in this isoform. In Figure 4 we can observe that, while AQP9
does not share any of the predicted sites with AQP7, it has a cysteine corresponding to Cys40 in
AQP3. Moreover, another cysteine residue, Cys213, is lining the channel, close to the NPA region
and, if the orientation of the side-chain is favourable, this amino acid can be suitable for gold
binding. Therefore, we believe that AQP9 may also be inhibited by gold-based drugs and may share
the inhibition mechanism and binding site with AQP3. Thus, an important addition to our current
knowledge on aquaglyceroporin inhibition would be testing our library of gold-based drugs in a
system expressing AQP9.
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These hypotheses are based on results from X-ray crystallography and molecular dynamics (MD)
simulations.
Since knowledge on the exact mechanism of mercury inhibition could help the understanding
of the mechanism of other metal-based compounds such as our gold complexes, we investigated
the mechanism of inhibition of AQP3 by mercury, using MD simulations, described in Chapter
A3. Even though a few MD studies have already reported on the glycerol permeation in GlpF (a
bacterial glycerol facilitator) some bias was always included, as glycerol permeation is a rare event
in molecular dynamics simulations, due to its concentration during simulation [13-17]. Before our
MD work, no other similar studies were published reporting on glycerol permeation of human
aquaglyceroporins. In fact, the only known MD study of human aquaglyceroporin AQP9 transport
only focuses on water permeation [18].
In our study, we performed MD simulations of human tetrameric AQP3, for 200 ns in the
absence and presence of Hg2+ ions. Interestingly, in the absence of Hg2+, we were able to simulate,
for the first time, the unbiased passage of a glycerol molecule through the pore. Interestingly, the
glycerol molecule was predicted to adopt different molecular geometries, but the favourable ones
correspond to the observed glycerol positions in the crystal structures of GlpF and PfAQP [8,
19]. Glycerol forms several hydrogen bonds with residues in the channel lining, which guides the
molecule towards the intracellular side. Moreover, the MD modelling showed the phenomenon of
the flipping of water molecules in the NPA region, as previously observed by other authors [20].
This information is important for future inhibitor design, since disruption of the hydrogen bond
network, crucial for the permeation of both water and glycerol, may be a part of the mode of action
of novel AQP inhibitors.
Furthermore, in order to study the mechanism of inhibition, Hg2+ was simulated to bind to
deprotonated Cys40 in each monomer. Overall, the following effects could be observed:
• Binding of Hg2+ leads to a decrease in the diameter of the channel, which leads to
a higher degree of selectivity and hinders the passage of bulkier molecules, as glycerol.
• Each monomer showed a different behaviour upon metal binding: while three
channels were completely closed to both water and glycerol, one was only partially
closed and maintained low water permeability.
• We have identified two main mechanisms of channel closure, both involving
residues in the ar/R SF region:
i) Rotation of the aromatic ring of Phe63, leading to blockage of the pore;
ii) Displacement of Arg218, leading to collapse of ar/R SF and consequent
blockage of permeation.
• Upon metal binding, a movement of flexible extracellular loops was modelled,
which may occlude the pore and prevent the passage of substrates.
The observation of movement of the flexible extracellular loops, previously observed in
spinach aquaporin SoPIP2 [21], and resulting (fully or partial) channel blockage, is a main step
forward in our current knowledge of aquaporin permeation and closure, as we described in detail
in Chapter A.4.
Future work on solving the structure of human aquaglyceroporin adducts with metal
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compounds, is crucial for our understanding of the mechanisms of inhibition by metals.
Nevertheless, MD simulations and other in silico approaches have proven to be reliable tools to
study aquaporin permeation and inhibition.
Unravelling the mechanisms of pH gating in AQPs
In a biological context, the regulation of the activity of aquaporins is probably not achieved
by inhibitors. In fact, it has been shown that eukaryotic orthodox aquaporins may be subjected to
physiological regulation by several processes, including pH changes [22, 23]. Previous studies show
that rat AQP3 permeation is regulated by pH [24-26]. In Chapter A.4 we report on the pH gating
of two human aquaglyceroporins AQP3 and AQP7 in different cellular models, as well as on their
mechanisms of closure upon pH changes.
Interestingly, although both isoforms show gating by pH, their mechanisms of pore closure
appear to be different:
• AQP3 shows approximately the same pKa for water and glycerol, but different
Hill slopes, while AQP7 has the same pKa and Hill slope for both solutes.
• AQP3 and AQP7 have less than 40% of sequence identity (see Table 1 in the
introductory chapter and Figure 4 in this chapter), even though both are human glycerol
channels, which may lead to different mechanisms of regulation.

Homology modelling is again a very advantageous asset to study protein function, and
specifically in the case of pH gating, the use of tetrameric homology models allows identification of
pH-sensitive residues located at the monomer-monomer interface, which would remain otherwise
impossible to predict.
The homology models can also be used to study important features of the pores, such as their
hydrophilicity. In fact, the hydrophilicity of the intra- and extracellular entrances may differ among
aquaporins (Figure 15 in Chapter A.4) which may account not only for the pH sensitivity and for
different mechanisms of pore closure, but also for the orientation of the solutes when they approach
the AQPs before entering the channel. In fact, both the shape/dimension and hydrophilicity of the
entrances differ among isoforms and a relatively small structural change can have diverse outcomes
in pore closure and permeability. Thus, we hypothesize that:
• For both isoforms, protonation of the sensitive amino acid residues is achieved
sequentially, with pH changes, rather than all at the same pH.
• The same amino acid residues may have different pKa values, according to where
they are located in the protein and to what their chemical neighbourhood is.
• Gradual structural changes, induced by protonation/deprotonation of aminoacid
side-chains may close the channel for glycerol permeation, while keeping the channel
open for water passage, in the case of AQP3 (see mechanism described in Chapter A3).
• Protonation or deprotonation of the pH-sensitive residues in AQP3 may lead
to disruption/formation of hydrogen bonds, which may change the overall channel
structure, as well as the important monomer-monomer interactions.
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• Several similarities are observed between the homology model structure and the
sequence of AQP3 and AQP7 isoforms. However, the two isoforms do not share all the
residues found to be responsible for pH sensitivity.
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Our group is currently performing mutagenesis studies to confirm the importance of the
identified residues in AQP7 pH sensitivity.
As we have observed that not only hAQP3 but also hAQP7 is gated by pH, it is interesting to
investigate the possible gating of other aquaglyceroporin isoforms. As an initial study, we performed
sequence alignments of the human aquaglyceroporins, hAQP3, 7, 9 and 10, in order to investigate
if the pH-sensitive residues are present in any other isoforms (Figure 5). Interestingly, hAQP9
has none of the pH-sensitive histidines of hAQP3. While the location and pKa of the sidechains
of histidines in AQP3 and AQP7 makes them very susceptible for pH changes, the residues in
AQP9 may not be interacting with each other in the same way as in AQP3. In addition, the high
pKa (>9) of the sidechains of both residues in AQP9 makes them less likely to be involved in a
mechanism of gating of this isoform, in a range of pH 5-8. Moreover, AQP9 has an alanine in the
same position of Ser152 in hAQP3. However, this residue itself may not be crucial for the gating of
aquaglyceroporins, because AQP7 also has a substitution of serine by a proline and still holds the
features of pH gating. Nonetheless, the residue corresponding to Tyr135 is conserved in AQP7 and

Figure 5. Sequence alignment of the sequences of human aquaporin 3, 7, 9, 10 and bovine AQP0. Red bars represent helical regions,
predicted by homology modelling, while dark blue bars represent loops. The pH-sensitive residues identified in hAQP3 are highlighted
by blue boxes, while the grey dashed box represents the pH-sensitive residue in bAQP0. The grey box highlights the pH-sensitive
residue of AQP6 and AQP4 (not represented in this alignment), which is a conserved histidine. The green (*) represents the histidine
residues in both AQP3 and AQP7, predicted to interact with His154 and His165, respectively. The sequence alignement is based on
a structural alignement between the homology model of hAQP3 described in Part A and the X-Ray structure of bAQP0 (pdb 2B6P).
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also AQP9. Since we could not disclose a possible role for this tyrosine neither in AQP3 or AQP7,
it is questionable if this residue is involved in gating per se.
AQP10, like AQP9, does not share the sensitive residues of AQP3, not even Tyr135, as this
is substituted by a histidine. Possibly, this histidine may be involved in pH gating of hAQP10 but,
given the location of this residue in the protein, this is unlikely. Again, similar to AQP9, His 154
and His 129 are replaced by a tyrosine and asparagine. Moreover, as these residues have very high
pKa, it is not very likely that these sidechains would be interacting as we observed for AQP3 and
less likely to be influenced by pH.
As can be observed in Figure 5 (and in the full sequence alignment in the introductory
chapter), the His residue responsible for pH sensitivity in AQP6 and AQP4 [27] is conserved in all
the isoforms, even in those with no pH sensitivity, as AQP1 [24]. It is difficult to imagine that this
residue alone may be responsible for gating in one isoform, but not in others, even though it is present
in all isoforms. Therefore, the role of this histidine could be related to its location and neighbouring
residues, as the composition of the channel lining and the size of the pore varies among isoforms.
On the other hand, a few of the pH-sensitive residues in hAQP3 are the pH sensitive residues of
bovine AQP0 (hAQP), or are in similar positions (Figure 5) [28]. The mechanism of pore closure
upon pH changes in bAQP0 has been described as the movement of extracellular loops [28], as we
describe in Chapter A4, for both hAQP3 and hAQP7 and also as observed in molecular dynamics
of hAQP3, after Hg2+ binding [29].
Taking into account this analysis, we can conclude that it is unlikely that AQP9 and AQP10
are gated by pH in the same range of pH as AQP3 and AQP7. The fact that most residues are not
conserved may not mean that these isoforms are not gated at all, but only that they do not share
the same gating mechanism. It is therefore, interesting to investigate the gating of both AQP9 and
AQP10, using a similar methodology as the one applied for AQP7.
The investigation of the detailed mechanism of pH gating of aquaporins and in particular
aquaglyceroporins, is very important to understand how structural changes may affect the
permeability of the channels. Such knowledge can allow us to identify new pathways to achieve
AQPs inhibition, for example targeting the inter-monomer interactions, and provide us with new
clues to the design of isoform selective inhibitors.

As previously mentioned, aquaporins have an important role in physiological and
pathophysiological states and this is why they are such important drug targets [1, 30]. AQP3, in
particular, has been proven to be involved in skin elasticity, hydration and wound healing, as well
as in cell proliferation, diabetes and cancer [1, 31]. Moreover, AQP3 was shown to be expressed in
several lung cancer types, with higher prevalence in lung adenocarcinomas, as well as in healthy
lung tissue [32].
In cancer disease, the hypothesis concerning the roles of aquaglyceroporins, such as AQP3,
mainly concerns tumour cell migration and formation of metastasis [33, 34]. Aquaporins have
also been implicated in cancer progression and their expression levels in tumours show a positive
correlation with cancer stage. Specifically, the roles of aquaglyceroporins in cell physiology have
been correlated with synthesis of triglycerides and with the maintenance of optimal glycerol levels
for ATP production, both of importance in cancer tissues [1]. In addition the concentration of
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glycerol in cancer cells has been associated with p53 activity and induction of apoptosis, suggesting
a role of AQP in cell proliferation [35].
Within this frame, our gold inhibitors could be used to clarify the function of AQP3 in
cancer development. As a matter of fact our group has already demonstrated that Auphen inhibits
cell proliferation in cells with high expression levels of AQP3. Furthermore, the role of the gold
binding site, Cys40 in AQP3, was confirmed by analysing the effects of Auphen in wild type AQP3expressing cells. The obtained result showed that mutated AQP3 cells are less sensitive to Auphen’s
antiproliferative effects [4].
In spite of these initial evidences of AQP3 relation to cancer cells proliferation, the situation
is much more complicated than it appears. In fact, different factors have been implicated in the
upregulation of AQP3 in cell lines, tissues and in vivo models, as well as in the development
of certain diseases, such as diabetes mellitus [36].Even other proteins, such as transferrin [37],
have been shown to affect AQP3 expression. Additionally, drug treatments with the nucleoside
analogues gemcitabine and 5’deoxy-5-fluoridine (5’DFUR) (commonly used as anticancer drugs)
[38-40], the anti-inflammatory glucocorticoid dexamethasone (administered to treat acute lung
inflammation) and the mucolytic agent ambroxol (used to treat chronic bronchitis and neonatal
respiratory distress syndrome (used to treat chronic bronchitis and neonatal respiratory distress
syndrome ) also show to upregulate AQP3 in vitro (Figure 6), [41, 42].
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Figure 6. Anticancer drugs gemcitabine and 5’DFUR, mucolytic agent ambroxol and glucocorticoid dexamethasone, shown to
upregulate AQP3 in vitro.

Based on these considerations and in order to continue our investigation in this area and to
further apply gold complexes as chemical probes to study AQP3 function, two main questions need
to be addressed:
• Do our gold compounds influence AQP3 expression in biological systems?
• Is increased AQP3 expression in response to drug treatment responsible for cancer
progression and cell proliferation or vice-versa?
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Figure 7. Subcellular localization of AQP3 after 24 and 72 hours of treatment. AQP3 immunoreactivity is shown in green, DAPI staining for nucleus is shown in blue. Bars represent 25 μm.
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In vitro work
Knowing that several drugs, used for the treatment of various diseases, including lung
diseases, can upregulate AQP3 expression, we investigated the influence of different compounds in
vitro, in the lung adenocarcinoma cell line A549, known for expressing AQP3 [40, 42](Figure 6).
We tested our gold compound Auphen, its ligand Phen and the anticancer drug cisplatin for their
possible effects on AQP3 expression with gemcitabine and ambroxol as positive controls. Cells were
treated for 24 or 72 h with the compounds at concentrations below their IC50, (the concentration
that induces cell death in 50% of the cells) in order to avoid toxicity. Preliminary results show that
after 24 h drug treatment we observed an increase in AQP3 expression compared to control cells,
but no differences between the different treatments. With this exposure time, expression of AQP3
is localized in the cytoplasm and cell membrane (Figure 7). After 72 h treatment, the differences
among different drug treatments are marked: even though all compounds appear to upregulate
AQP3, the highest expression was found for ambroxol and Phen, while gemcitabine, cisplatin and
Auphen showed a similar lower effect. The subcellular localization is slightly altered in the 72 h
treatment, as AQP3 appears to be expressed also at the nuclear membrane, which is best visible
after Phen treatment (Figure 7). Moreover, with longer incubation time the cells appear to swell to
double the size, in particular when treated with Phen, Auphen and ambroxol. This may be a direct
effect of the upregulation of AQP3 and increased water permeation due to drug-induced stress.
Additionally, in Figure 7 it is observed that not all cells upregulate AQP3 in response to treatment.
In fact, flow cytometry data show that most untreated cells have basal levels of AQP3 and, though
the number of AQP3-positive cells decrease, there is an increase in fluorescence intensity after
treatment (data not shown). Thus only few cells show upregulation of AQP3, while others keep
their basal protein level or even downregulate the AQP3 expression. This phenomenon needs
further investigation. Interestingly AQP3 was shown to be linked to the process of gemcitabineinduced cell cycle arrest [43] and other aquaporins, such as AQP1 and AQP2 were found to be
involved in cell-cycle control [44-47].
In vivo work
In order to better characterize the expression patterns of AQP3 in lung cancer tissues with
respect to normal tissues, we decided to address the in vivo situation. Thus, in collaboration
with Prof. W. Timens of the Pathology Department of the Groningen University Medical Centre
(UMCG), we are currently studying the expression profile and immunolocalization of AQP3 in
healthy lung sections as well as in primary and secondary lung cancer tissues.
Figure 8 shows that AQP3 is expressed in epithelia of lower and upper respiratory tract,
in cell types linked to proliferation and migration, suggesting a role in processes in healthy and
tumour cells. Further studies need to be carried out, in order to confirm the cell types in which
AQP3 expression is observed.
In lung cancer, it is important to separate the two types of cancer: primary, which is
originated from lung cells, such as adenocarcinoma, and secondary lung cancer, metastasized from
several other cell types and organs. In primary lung cancer, it is known that AQP3 expression is
predominantly higher in adenocarcinoma, when compared to healthy lung [32, 48]. Our data, from
three different primary lung cancer subtypes - adenocarcinoma, little and mixed adenocarcinoma
and papillary adenocarcinoma - show that AQP3 expression is observed in the same cell types as in
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healthy lung (Figure 9). However, in the primary lung tissue, AQP3 expression was generally lower
than observed for healthy lung and different in the various subtypes. This observation is in line with
literature and appears to be related to lung cancer stage, as it has been shown that higher AQP3
expression is observed in earlier cancer stages [32]. As for secondary lung cancer, several metastatic
cancer subtypes from different origins were analysed: rectum and mucinous rectum carcinomas,
intestinal carcinoma and adenocarcinoma, endometrium adenocarcinoma and renal carcinoma.
Not much is known about expression of AQP3 in secondary lung cancer and our preliminary
studies show that the expression levels highly differ among subtypes, in particular in bronchial cells
(Figure 9). To further investigate the role of AQP3 in the development of cancer in the lung, it is
important to add specific markers to distinguish between primary and secondary lung cancer cells.
An important addition to this research topic would be to correlate the type of anticancer
treatment these patients were subjected to, if any, with their lung cancer type and with the AQP3
expression levels and cellular/subcellular distribution.
Relationship between aquaglyceroporins and other diseases
Interestingly, aquaporins have been also correlated with cholestasis and fibrosis, processes
related with high proliferation of certain liver cell types. In the liver, aquaglyceroporins are present
in most cell types and AQP7 and AQP9 are thought to play an important role in uptake of glycerol
in the liver, for de novo synthesis of glucose and triglycerides [49], essential for several metabolic
processes and for cell proliferation.
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Figure 8. AQP3 in healthy lung tissue. (A) AQP3 expression is observed in the basal cells of the bronchus, (B) bronchiolar cells,
(C) bronchial gland cells, (D) and type II alveolar cells. The bars correspond to 50 µm in the top panels and 100 µm in the lower
panels. The red staining indicates AQP3, blue staining the cell nucleus.
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Figure 9. AQP3 in secondary lung tissue. (A) AQP3 expression in metastatic rectum carcinoma, (B) metastatic mucinous rectum
carcinoma, (C) metastatic intestinal adenocarcinoma, (D) metastatic intestinal carcinoma, (E) metastatic renal carcinoma, (F)
metastatic endometrium adenocarcinoma. The bars correspond to100 µm. The red staining indicates AQP3, blue staining the
cell nucleus.

In cholestasis, three aquaporins were found to be upregulated: AQP7, AQP8 and AQP9.
While AQP7 is expressed in hepatocytes, AQP9 is expressed in cholangiocytes and, as glycerol
channels, both may have an important role in cell proliferation. It would be very interesting to
study the effect of inhibition of the aquaglyceroporins in the liver, either in healthy or cholestatic/
fibrotic tissue. Several inhibitors are available for influx and efflux transporters in the liver and our
identified gold-based inhibitors would be an added asset to study the interplay between aquaporins
and other membrane transporters involved in liver disease. Furthermore, the ex vivo model used
in our lab, precision-cut tissue slices [50], could be a very good model to test this type of interplay
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and to disclose the role of aquaporins in the liver. With this model, it is possible to use fresh tissue,
either from animal models or human tissue, usually from transplants or biopsies, and culture the
tissue for several days. These slices contain all the liver cell types in their natural matrix and thus
mimic a whole liver model, while cell cultures are often limited to the use of cells lines, which only
represent one particular cell type, and often lost their differentiation. It has been shown by our
group that these slices maintain the metabolic functions of a liver and that it is possible to assess
drug metabolism, transport and toxicity [50-52]. Therefore, this ex vivo model offers many more
advantages than the in vitro models, and even allows us to overcome species differences, by using
human tissue.
Part B of this thesis is focused on investigating the biological activity and possible biological
targets for gold-based compounds others than aquaporins.
Several metal-based drugs are currently on the market as anticancer agents. Among them
the platinum-based complex, cisplatin, is widely used in different chemotherapic regimes alone or
in combination therapy [53]. However, severe side effects, such as kidney toxicity, reveal the need
to develop new anticancer drugs, more selective and targeted. Therefore, several non-platinum
drugs are currently investigated for their antitumor properties [54]. Gold compounds, in particular
organometallic gold complexes, appear as promising anticancer agents [55]. These complexes
present several advantages when compared to coordination compounds, such as an easier way to
fine-tune their reactivity.
In Chapter B1, we describe the the antiproliferative effects of gold(I) N-heterocyclic carbenes
(NHC) with fluorescent coumarin moiety, synthesized and characterized by Dr. B. Bertrand,
in several cancerous and non-cancerous cell lines. The antiproliferative effects of three gold(I)
complexes were evaluated in three cancer cell lines and a non-cancerous cell line (HEK-293T,
human embryonic kidney cells), after 72 h of drug exposure. The uptake and cellular distribution
of the most promising complex, compound 3 (Figure 10) was also evaluated by fluorescence
microscopy. Furthermore, all three compounds were tested as inhibitors of the seleno-enzymes
thioredoxin reductase (TrxR) and glutathione peroxidase (Grpx), as well as the enzyme glutathione
reductase (GR), responsible for the maintenance of the levels of reduced glutathione. The enzyme
inhibition studies were performed in collaboration with the group
O
of Prof. Maria Pia Rigobello (University of Padova, Italy). Overall,
we could observe the following:
O
• Complex 3 (Figure 10) is the most potent of the series
O
and shows toxicity in all cancer cell lines and also in the nonN
N
O
cancerous cell line HEK-293T. However, the complex is still
Au
O
less toxic than cisplatin, in most cell lines tested (with the
S
O
O
O
exception of MCF-7).
O

O
O
O

Figure 10. Structure of complex 3, a
gold(I) complex bearing coumarin and
acetylated thioglucose as ligands.

• Complexes 1 (ligand) and 2 (gold-coumarin) are only
moderately toxic against all cell lines, while complex 4 (goldcoumarin with thioglucose moiety) shows no toxicity against
most of the cell lines, and is only moderately toxic in MCF-7
cells.
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• Complexes 2-4 have inhibitory activity for TrxR, targeting the selenocysteine
residue. Interestingly, complex 4, non-active in the tested cell lines, is the most effective
TrxR inhibitor. None of the complexes inhibited GR or Gpx.
•

Complex 3 is taken up in A2780 cells and localizes in the nuclei.

Interestingly, the complex that showed the highest inhibition of TrxR is the most ineffective
compound in vitro. Despite being the most toxic compound, complex 3 appears to have other
targets in the cells. However, complex 4, despite the low IC50 as TrxR inhibitor, is not toxic in the
tested cell lines, which may be due to poor uptake of this compound.
The use of sugar-like moieties is aimed at improving the cellular uptake of the drugs. In
Chapter B2 we followed a similar approach, Dr. Margot Wenzel (University of Burgundy), prepared
several fluorescent complexes, with and without acetylated thioglucose. In contrast to the complexes
described in Chapter B1, these new complexes bear two metal centres: one ruthenium metal centre
with a fluorescent moiety, and a gold centre, which is the therapeutic moiety. Additionally, the
complexes were also synthesized with different metals in the therapeutic moiety (osmium, rhenium
and ruthenium). The fluorescent moiety was aimed at tracing the uptake and cellular distribution
of the complexes in vitro, functioning as a “diagnostics” moiety. They were synthesized with
organic linkers of two different sizes, binding the therapeutic and diagnostic moieties together. The
complexes were evaluated for their antiproliferative effects against four different cell lines (A2780
and A280cisR, ovarian carcinoma sensitive and resistant to cisplatin, respectively; A549, lung
adenocarcinoma; HEK-293T, human embryonic kidney cells), after 72 h of drug exposure, using a
classical MTT assay.

Figure 11. Structures of complexes 1D, 2A and 2D, the most potent compounds from the
fluorescent polynuclear metal complex series.
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Overall, several factors appear to be contributing to the toxicity of the complexes:
• The complexes containing Ru, Rh or Os instead of gold in the therapeutic moiety,
are non-toxic or have low toxicity in the tested cell lines.
• Only the heteronuclear Ru-Au complexes have antiproliferative effects against
the tested cells.
• The linker itself appears to change the toxic properties of the complexes, as
complexes 2D and 1D have different cytotoxic properties: the complex with the
“long linker” (1D) is non-toxic, while the complex with the “short linker” (2D)
shows moderate toxicity.
• Complexes 2A, 2D and 1D (Figure 11) were the most effective compounds
against the tested cell lines and showed higher toxicity than cisplatin against the
cisplatin resistant cell line, A2780cisR.

Discussion

Moreover, the complexes bearing the acetylated thioglucose show higher cytotoxicity
against the tested cell lines than the complexes without this targeting moiety. In order to assess the
involvement of glucose transporters in the uptake of the complexes, in particular GluT-1, highly
expressed in cancer cells, we tested the influence of a GluT-1 inhibitor on the toxicity of the drugs.
Interestingly, the presence of the GluT-1 inhibitor did not influence the toxicity of the complexes
bearing the targeting moiety, which makes the involvement of GluT-1 in the uptake of the complexes
unlikely, even though we cannot infer about the influence of other glucose transporters in the cells.
The use of complexes bearing two types of moieties and centres, therapeutic and fluorescent,
is very appealing, as we can trace the intracellular fate of the complexes while testing their toxic
properties. Knowing the intracellular localization of the tested drugs takes us one step closer to
target identification, as it is possible to infer if the complexes are targeting nucleic acids or proteins,
and if it acts in the cytoplasm or in a particular organelle. These complexes could be further
developed for use in the clinic, where several metallodrugs are already being tested as imaging/
therapeutic agents [56].
Additionally, the presence of two (or more) metal centres can also improve the cytotoxic
properties of the complexes. In fact, our group reported on the toxic Fe-Au and Fe-Pd complexes

Figure 12. Structure of the tri and bimetallic iminophosphorane Fe-Au and Fe-Pd complexes.
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[57]. In this study, several complexes were synthesized, based on Fe-iminophosphorane complexes,
with one or two gold or palladium centres, in addition to the Fe centre (Figure 12). Interestingly,
the trimetallic derivatives show antiproliferative effects against several cell lines (A2780/A2780cisR,
MCF-7 and HEK-293T) and are more potent than their correspondent monometallic complexes,
which indicates that there might be a synergistic effect of the metal centres. The complexes also
showed a high toxic effect in the cisplatin resistant cell line (A2780cisR), suggesting a different
mechanism of toxicity than cisplatin. Indeed, Pd and Au complexes appear to have different targets:
while the palladium derivatives showed high affinity towards nucleic acids, the Au complexes had
very low affinity to nucleic acids but showed to be good inhibitors of the zinc-finger protein PARP1.
Due to the attractive properties of fluorescent moieties, described in this Part B, we later
reported on a similar series to the iminophosphorane Fe-Au and Fe-Pd, described above, of
luminescent iminophosphorane complexes of gold(III), palladium(II) and platinum(II), derived
from 8-aminoquinoline (Figure 13) [58]. The antiproliferative effects of the complexes were evaluated
in three cell lines (A2780, A549 and HEK-293T). All complexes showed good antiproliferative
effects against A2780 cells, but only 5 and 7, both containing platinum, were also active on the A549
cell line. Despite showing good antiproliferative effects, similar to those of cisplatin, in A549 cells,
the platinum complexes also have high toxicity in our non-cancerous cell model, HEK-293T, which
makes them less promising lead drugs. The gold(III) complex 2, as well as the palladium complexes

Figure 13. Structure of the Au, Pd and platinum luminescent complexes.

4 and 6 showed also good effects in growth inhibition of A2780 cells, but higher activity in A549
cells. These three complexes have a higher IC50 in the non-tumorigenic HEK-293T. Therefore, they
are more promising, as we wish to have a higher selectivity for cancer cells, compared to healthy
tissues.
Futhermore, the complexes were also tested for possible targets and, contrary to the
iminophosphorane Fe-Pd complexes, none of the derivatives showed DNA interaction, which
suggests a different mechanism of action than cisplatin, and also than the previous palladium
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complexes. Unfortunately, the luminescence of the compounds was not sufficient to allow
intracellular monitoring of uptake and intracellular distribution. Nonetheless, these are good
starting materials for the design of more selective and potent complexes, with improved luminescent
properties.
Silver compounds are also used in clinical practice as anti-bacterial agents [59]. We have recently
reported on the anticancer properties of silver complexes with norharmane (9H-Pyrido[3,4-b]
indole, abbreviated as Hnor;) ligand. Three complexes were synthesized, containing a silver(I)
center, as well as the ligand Hnor, with the general formula [Ag(Hnor)2](anion), with three different
anions (NO3-, ClO4-, BF4-). A fourth complex with PF6- anion was obtained, with a weak acetonitrile coordinated as a co-ligand ([Ag(CH3CN)(Hnor)2](PF6)). The antiproliferative activities of
the complexes were tested in two cancer cell lines (A2780 and A549) and all complexes showed
toxicity in both cell lines. Unfortunately, these complexes are not promising as anticancer agents:
the most active compound [Ag(Hnor)2](ClO4) has similar antiproliferative effects as cisplatin, but
its effect can be attributed to the presence of the perchlorate anion, since this is the only difference
between this and the other complexes.
Interestingly, the Hnor ligand is not toxic in any of the tested cell lines; therefore, it is
interesting to develop other metallodrugs based on this ligand. In recent work (Rais & de Almeida,
et al., unpublished results), we described the synthesis of first transition-row metal (Cu(II), Co(II))
complexes, with Hnor and polypiridine co-ligands (2,2’-bipyridyl, bpy; 1,10-phenantroline, phen)
(Figure 14).
The use of endogenous metals is attractive, since generally they may have less side effects
than elements of the second or third row transition series (Figure 14). The complexes were tested
in two cancer cell lines (A2780 and A549), and their antiproliferative effects were evaluated after 24
h and 72 h. The most cytotoxic compounds are the copper complexes 1 and 2 (Cu(Hnor)phen and
Cu(Hnor)bpy), with a similar effect as cisplatin after 72 h, but already highly toxic after 24 h. On
the other hand, the cobalt complexes 3 and 4 (Co(Hnor)phen and Co(Hnor)bpy) are both not toxic
after 24 h of drug exposure, but complex 3 has a potent antiproliferative effect after 72 h incubation.
In order to evaluate if copper transporters were involved in the uptake of the complexes, we
performed competition experiments, by using CuCl2 as a competitor for drug uptake. Surprisingly,
not only CuCl2 did not inhibit uptake of the complexes, it even potentiated the antiproliferative
effects of all derivatives, with a marked effect on the cobalt complexes, that showed to be toxic at
24 h drug exposure when co-incubated with the copper salt. In fact, despite being endogenous and

Figure 14. Schematic description the metal complexes with Hnor and phen/bpy ligands.
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potentially less toxic, coordination complexes with endogenous metals as Cu and Co are prone to
fast ligand exchange reactions in biological environment. We wanted to investigate if the addition
of the copper salt leads to formation of complex 1 when co-incubated with complex 3. Using
absorption spectroscopy, we were able to observe the formation of a copper complex, when CuCl2
is added to complex 3, which may explain the increase in toxicity, as this new complex would be
similar to complex 1. It is important to note that, while Hnor is a non-toxic ligand, phen and bpy
show high toxicity in both cell lines. Therefore, we cannot exclude that a part of the toxicity of these
complexes may be due to the ligand.
Recently, we also evaluated the anticancer properties of a series of first row-transition metal
(Cu(II), Ni(II) and Zn(II)) complexes, with phen ligand, as well as a with flumequine (Hflmq)
ligand [60]. Flumequine is currently used as treatment for urinary tract infections and is effective
against Gram positive and Gram negative bacteria [61]. Like Hnor, the ligand Hflmq per se is also
non-toxic in the tested cell lines (A2780 and A549). The most effective compound of the series was,
like in the previous series, the copper complex, with higher toxicity than cisplatin. The Ni complex
shows only moderate toxicity in A2780 and no toxicity in A549. These two complexes show a
higher IC50 in the lung adenocarcinoma cells, different from the Zn complex, which has a similar
potency in both cell lines. Since the only difference between the copper and the zinc complexes is
the metal itself, it appears that the difference in toxicity in the two cell lines may be due to different
uptake or toxicity mechanisms/pathways for the different metals.
Regarding metallodrugs, with this work we have shown that the antiproliferative effects of
these drugs do not depend only on the metal, but on several other factors:
•

Type and number of metal centres;

•

Type of counter ion present in each charged complex;

• Overall reactivity of the complexes and ability to ligand exchange in biological
media;
•

Ligands used may be also toxic per se;

• Different metal complexes may have different uptake routes, as well as
cytoplasmic targets, which lead to different toxic effects and selectivity. The fate of the
metal complexes in the cell, including the formation of metabolites of the ligands and
possible toxification and detoxification and the involvement of uptake and excretion
transported is a largely unexplored area, but needs to be addressed, preferably in human
tissues ex vivo.
Overall, when synthesizing metal-based drugs, it is necessary to take into account all these
elements. Most importantly, in addition to in vitro studies, the possibility to use tissue cultures
to assess metallodrugs efficacy and toxicity should also be developed in this field, profiting of
techniques such as the so-called Precision Cut Tissue Slices (PCTS) developed in our department.
We now believe that we have moved a few steps further in understanding the mechanisms of
glycerol permeation, and consequently the role of aquaglyceroporins in health and disease. The use
of selective inhibitors to assess aquaporin function in vitro and ex vivo, will be a major asset in the
development of new therapies for aquaporin-related diseases.
Metals have been around us for millennia and humanity has always used metals for therapeutic
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purposes. But not only the metals makes the drug. We have showed with our work, that there are
several factors that may influence the mechanism of action, reactivity and toxicity of a metal-based
drug and, therefore, not only the choice of the metal centre is important, but the overall drug
scaffold.
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