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Background: Aquaporins (AQPs), members of a superfamily of transmembrane channel proteins, are ubiquitous
in all domains of life. They fall into a number of branches that can be functionally categorized into twomajor sub-
groups: i) orthodox aquaporins, which are water-specific channels, and ii) aquaglyceroporins, which allow the
transport of water, non-polar solutes, such as urea or glycerol, the reactive oxygen species hydrogen peroxide,
and gases such as ammonia, carbon dioxide and nitric oxide and, as described in this review, metalloids.
Scope of review: This review summarizes the key findings that AQP channels conduct bidirectional movement of
metalloids into and out of cells.
Major conclusions:As(OH)3 and Sb(OH)3 behave as inorganicmolecularmimics of glycerol, a property that allows
their passage throughAQP channels. Plant AQPs also allow the passage of boron and silicon as their hydroxyacids,
boric acid (B(OH)3) and orthosilicic acid (Si(OH)4), respectively. Genetic analysis suggests that germanic acid
(GeO2) is also a substrate. While As(III), Sb(III) and Ge(IV) are toxic metalloids, borate (B(III)) and silicate
(Si(IV)) are essential elements in higher plants.

General significance: The uptake of environmentalmetalloids by aquaporins provides anunderstanding of (i) how
toxic elements such as arsenic enter the food chain; (ii) the delivery of arsenic and antimony containing drugs in
the treatment of certain forms of leukemia and chemotherapy of diseases caused by pathogenic protozoa; and
(iii) the possibility that food plants such as rice could be made safer by genetically modifying them to exclude
arsenic while still accumulating boron and silicon. This article is part of a Special Issue entitled Aquaporins.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The term ‘metalloid’ is frequently used to describe a chemical
element that exhibits physical and chemical properties that are inter-
mediate between metals and nonmetals. General characteristics of
metalloids include lustrous, brittle solids with intermediate to good
electrical conductivity. They generally form amphoteric toweakly acidic
oxides; have electronegativity values close to 2.0, and ionization ener-
gies averaging around 200 kcal/mol. The six elements that are generally
recognized as metalloids are arsenic (As), antimony (Sb), boron (B),
germanium (Ge), silicon (Si) and tellurium (Te). The natural abundance
of thesemetalloids varies considerably. Silicon is the secondmost abun-
dant element in the Earth's crust after oxygen and constitutes approxi-
mately 28% of the crust by weight; in contrast, tellurium is present in
trace levels bordering on 1 × 10−7%. The role of the metalloids in bio-
logical processes ranges from essential to toxic. For metalloids to affect
biological systems, they must move across the cellular membrane and
accumulate in cells. This review discusses the role of aquaporins in
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conducting the bidirectional movement of the metalloids B, Ge, Si,
As and Sb across cellular membranes (Fig. 1).

2. Biological associations of arsenic and antimony

Arsenic is ubiquitous in the Earth's crust and enters the food chain
from drinking water that has flown through arsenic-containing soil.
Arsenic, a Group 1 human carcinogen, is the most ubiquitous environ-
mental toxin and carcinogen according to the U.S. Environmental
Protection Agency (EPA) and Agency for Toxic Substances and Disease
Registry (ATSDR), which ranks arsenic at the top of the U.S. Priority
List of Hazardous Substances (http://www.atsdr.cdc.gov/SPL/index.
html). The EPA asserts that it pervades our drinking water [1] and im-
perils the safety of our food supply [2]. It enters ourwater and food sup-
ply in many ways, including natural geochemical sources, herbicides,
antimicrobial growth promoters, wood preservatives, burning of coal
and other sources. Long-term exposure to arsenic in drinking water
and food supply, as well as occupational exposure, causes cancer
[3–7]. Arsenic contamination of groundwater in Bangladesh has been
called the largest mass poisoning of a population in history [8]. In
humans, exposure is a major contributor to arsenic-related diseases
[4,9], including bladder [10], lung [11] and skin cancers [12]. Bladder
cancer, a major form associated with exposure, is the 10th most com-
mon cancer worldwide, accounting for an estimated 261,000 new
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Fig. 1. Periodic table ofmetalloids. The hydroxyacids of lower oxidation statemetalloid species (B(III), Si(IV), Ge(IV), As(III) and Sb(III)) are substrates of aquaglyceroporin (AQP) channels
in bacteria, protozoans, fungi, plants and animals. Like glycerol, they are uncharged polar molecules with volumes small enough to fit through the approximately 5 Å diameter opening
of the channel. Shown is a composite bacterial–yeast–mammalian cell with As(OH)3 entering via the E. coli GlpF AQP (the structure is PDB ID: 1LDA). Inside the cell, the metalloid reacts
with three GSH molecules to form the major cytosolic species, As(GS)3. This molecule is detoxified by removal from the cytosol. In fungi and plants, As(GS)3 (or other thiol derivatives
such as phytochelatin conjugates) are pumped into the vacuole by ABC transporters such as the yeast Ycf1, or, in animals, into the bile or the blood by related MRP pumps.
As(GS)3 can also be detoxified by methylation catalyzed by As(III) S-adenosylmethionine methyltransferases (AS3MT in animals, ArsM in microbes). The product of the first
round of methylation, CH3As(GS)2 is a substrate of MRPs, and, after hydrolysis to CH3As(OH)2, is a substrate of AQPs.
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cases diagnosed and 115,000 deaths each year. In 2002, the EPA's
Maximum Containment Level (MCL) was lowered from 50 to 10 parts
per billion (ppb), but in the U.S. more than 6 million people have drink-
ing water above 10 ppb, and 2.5 million people have levels above
25 ppb, which increases the lifetime risk of dying from bladder cancer
from drinking 1 liter per day of water to approximately 1 per 1000 per-
sons [13]. More than 350,000 people in the United States drink water
containing more than 50 ppb arsenic, which increases the lifetime risk
to as much as 13 per 1000 persons. In addition, arsenic exposure during
pregnancy contributes to low birth weight and fetal loss, as well as
delayed infant development [14].

The two biologically relevant oxidation states of arsenic are the
pentavalent arsenate (As(V)) and trivalent arsenite (As(III)) forms.
In solution at physiological pH, the pentavalent form exists as the
oxyanion As(V), which is a substrate analog of phosphate, and hence a
competitive inhibitor for enzymes that either use phosphate or have
phosphorylated intermediates. Trivalent As(III) and its methylated
forms are much more toxic than As(V) and are primarily responsible
for the biological effects of thismetalloid. Trivalent inorganic and organ-
ic arsenicals have the propensity to form strong, nearly covalent bonds
with the thiolates of closely spaced cysteine residues, thereby inhibiting
the function of many proteins. They also react with other cellular thiols
such as reduced glutathione (GSH), raising the intracellular redox
potential, and leading to oxidative damage.

Although antimonials are less abundant in the environment than
arsenicals, their chemical properties are very similar. Exposure to
antimony can occur from both natural sources and industrial activities.
Antimony compounds are widely used in flame-retardant applications,
as alloying metal, ceramics and plastics, and in the microelectronics
industry. The primary effects from chronic exposure to antimony in
humans are respiratory problems, lung damage, cardiovascular effects,
gastrointestinal disorders, and adverse reproductive outcome. Antimony
has not as yet been classified as a human carcinogen by either the U.S.
Department of Health and Human Services or the EPA (http://www.
atsdr.cdc.gov/toxfaqs/tf.asp?id=331&tid=58).

In spite of their toxicity, arsenic and antimony compounds are also
used as chemotherapeutic agents. Arsenic containing drugs are current-
ly used for the treatment of acute promyelocytic leukemia (APL) [15].
Melarsoprol, an organoarsenical, is the first line of treatment against
late stage sleeping sickness [16]. Pentavalent antimony-containing
drugs such as Pentostam and Glucantime are the treatment of choice
for Leishmania infections (leishmaniasis) [17].

3. Aquaglyceroporins conduct As(III) and Sb(III)

To act as a drug or poison, arsenic and antimony compounds must
accumulate in cells. In this review, we will summarize the role of AQPs
in transport of these metalloids and the functional consequences
in human disease. Additional information about metalloid transport
pathways can be found in several recent reviews [18,19].

3.1. Metalloid channels in bacteria

As a substrate analog of phosphate, arsenate is accumulated in
most cells by phosphate transporters. In Escherichia coli there are two
phosphate transporters, Pit and Pst [20], both ofwhich catalyze arsenate
uptake [21,22] (Fig. 2). Given the structural similarities between
arsenate and phosphate, As(V) is adventitiously taken up by phosphate
transporters in most organisms, including humans.

The pathways for As(III) uptake were identified later (Fig. 2). The
first identification of a cellular transporter for As(III) and Sb(III) accu-
mulation was in E. coli [23]. Cells were subjected to random TnphoA
mutagenesis, which inserts into the genes for membrane proteins to
generate blue colonies because the gene for alkaline phosphatase
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Fig. 2. E. coli GlpF and S. meliloti AqpS are bidirectional As(III) channels with different physiological roles. Arsenate, which is chemically similar to phosphate, is taken up by phosphate
transporters in both E. coli and S. meliloti. In both organisms, As(V) is reduced byArsC to As(III). In both, internally-generatedAs(III) is removed from the cytosol. In E. coli efflux is an active,
energy-dependent reaction catalyzed by the As(OH)3/H+ antiporter ArsB. In S. meliloti, the AqpS channel facilitates downhill efflux of internally-generated As(III). In both cases this results
in resistance to arsenate. E. coli takes up As(III) by GlpF, which is immediately extruded by ArsB, conferring resistance to As(III). In contrast, As(III) uptake by AqpS in S. meliloti results in
lethality. Thus AqpS produces sensitivity to extracellular arsenite but resistance to intracellularly-generated arsenite. This may be an adaptation of themicroaerophilic plant symbiont for
arsenic tolerance under conditions of nitrogen fixation.

1585R. Mukhopadhyay et al. / Biochimica et Biophysica Acta 1840 (2014) 1583–1591
(phoA) is exposed to the periplasmic space, enriching for insertions in
the genes for transporters. An Sb(III)-resistant strain was isolated [23],
which exhibited a 90% reduction in the rate of uptake of both As(III)
and glycerol uptake [24]. Sequence analysis showed that the TnphoA in-
sertion was within the glpF gene, which encodes the aquaglyceroporin,
GlpF. These results suggested that in solution GlpF recognizes either
As(III) or Sb(III) as an inorganic molecular mimic of glycerol. Although
the mutant was resistant to Sb(III), it retained some sensitivity to
As(III), indicating that there may be one or more additional uptake
systems that account for the residual 10% of As(III) uptake.

GlpF is a member of the major intrinsic protein (MIP) superfamily
that allow the transport of water and small solutes such as glycerol
and urea by an energy independent mechanism. Members of the
MIP superfamily fall into a number of branches, but the two main
evolutionary groups are the aquaporins or water specific channels,
and the aquaglyceroporins, which allow the transport of water, glycerol,
and other small, uncharged solutes [25,26]. Both groups are found in all
living organisms. These two groups represent the majority of MIPs in
mammals, including humans [27]. Plants appear to have more MIPs
than other organisms, with additional major subfamilies identified
by phylogeny [28,29]. In plants, metalloids are conducted by the
nodulin26-like MIPs (or NIPs) channels, which are a separate phyloge-
netic branch from GlpF. The other groups differ in substrate specificity,
physiological function and tissue distribution. These include the tono-
plast MIPs or TIPs, PIPs or plasma membrane MIPs, GlpF-like MIPs or
GIPs, small basic MIPs or SIPs and X MIPs or XIPs.

How canAs(III), whichwas often considered to be the anion arsenite
in solution, be taken up by GlpF, a channel for neutral species? Arsenite
in water has a pKa of 9.2, and it would be expected to exist as a
hydroxyacid in solution. To examine this question, X-ray absorption
spectroscopy (XAS)was used to determine the nearest neighbor coordi-
nation environment of As(III) under a variety of solution conditions [30].
Extended X-ray Absorption Fine Structure (EXAFS) analysis demon-
strated three 3 As\O bonds at an average bond length of 1.77 Å, estab-
lishing that the undissociated oxyacid, As(OH)3, is the major arsenite
species in solution at neutral pH [30]. This is the most likely solution
formof the chemotherapeutic drug arsenic trioxide aswell. Additionally,
structural, thermodynamic, and electrostatic comparison of As(OH)3
and Sb(OH)3 showed very strong similarities to each other and the con-
formation of the glycerol molecule. Both As(OH)3 and Sb(OH)3 showed
a similar charge distribution and a slightly smaller volume than glycerol
(Fig. 1). The smaller size of As(III) and Sb(III) may be an advantage for
the metalloids to navigate through the narrowest region of the GlpF
channel [31].

While the E. coli GlpF channel facilitates adventitious uptake of
As(III) and Sb(III) and causes the cells to become sensitive to themetal-
loids, the legume symbiont Sinorhizobium meliloti, a Gram-negative
nitrogen-fixing bacterium, employs an aquaglyceroporin as a novel
route for arsenic efflux and resistance (Fig. 2). When S. meliloti is
exposed to environmental As(V), As(V) enters the cell through the
phosphate transport system and is reduced to As(III) by the cytosolic
arsenate reductase, ArsC. Internally-generated As(III) flows out of the
cell by downhill movement through AqpS, an aquaglyceroporin
ortholog [32]. Together AqpS and ArsC form an unusual pathway of
As(V) detoxification in S. meliloti. Thus, depending upon the concen-
tration gradient, aquaglyceroporins can facilitate movement of arse-
nite either into or out of the cells. This was the first report of an
aquaglyceroporin with a physiological role in arsenic detoxification.

A variant of the above scheme is observed in Salinispora tropica,
amarine actinomycete. The S. tropica genomeencodes for a novel fusion
protein (Strop634), which consists of two domains — an N-terminal
aquaglyceroporin derived channel domain attached by a linker region
to a C-terminal arsenate reductase (ArsC) domain [33]. Thirty nine per-
cent of the residues lining the interior of Strop634 channel are polar
amino acids (by comparison, other AQPs such as GlpF have only about
18% polar residues), which probably accounts for its enhanced selectiv-
ity for arsenite and low permeability for either water or glycerol. The
Strop634 fusion assembly is a unique feat of evolution in assembling
an As(III)-generating enzyme and an As(III) selective channel in one
structure. The advantage of such a system over S. meliloti is that the
As(III) generated by the ArsC reductase activity is compartmentalized
and channeled out of the cell by the same protein, thereby facilitating
removal of the toxic metalloid in an energy-efficient manner.

3.2. Metalloid channels in yeast

The GlpF homologue, Fps1, mediates the influx of As(III), Sb(III), and
B(III) in Saccharomyces cerevisiae [34–36]. Fps1 is a plasma membrane
glycerol channel with a critical role in osmoregulation. It is closed
under hyperosmotic conditions, permitting glycerol accumulation and
turgor recovery, whereas, a hypo-osmotic shock triggers channel
opening, and a rapid release of glycerol to prevent cell bursting [37].

S. cerevisiaewith an FPS1 deletion show improved tolerance to both
As(III) and Sb(III) [34]. Conversely, cells expressing a constitutively
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open form of Fps1 channel are highly sensitive to both As(III) and
Sb(III). Under high osmolarity conditions, when the Fps1 channel
is closed, wild-type cells show the same degree of As(III) and Sb(III) tol-
erance as the fps1Δ mutant. Direct transport assays also demonstrate
that As(III) uptake is mediated by Fps1. Fps1-mediated arsenic uptake
is down-regulated by themitogen-activated protein kinase (MAPK) ho-
mologue Hog1 [38]. Cells with elevated Hog1 activity display improved
metalloid tolerance, whereas cells impaired in Hog1 function are hyper-
sensitive to As(III) and Sb(III). Direct transport assays show that As(III)
uptake is higher in hog1Δmutant than in thewild type yeast cells. Hog1
phosphorylates a threonine residue (Thr231) at the N-terminal exten-
sion of Fps1, resulting in reduced metalloid influx. Therefore, inactiva-
tion of Hog1 reduces Fps1 phosphorylation, ensuing an increased
As(III) influx through Fps1 and hypersensitivity to metalloid.

The paralogous S. cerevisiae proteins, Rgc1 (Ypr115w) and Rgc2
(Ask10), are positive regulators of glycerol efflux through Fps1 [39].
Rgc1 and Rgc2 are members of the family of pleckstrin homology
domain proteins. In comparison to wild type yeast cells that are sensi-
tive to As(III), either the rgc1Δ or rgc2Δ mutants show resistance to
the metalloid, suggesting that Rgc1 and Rgc2 are positive regulators of
Fps1 channel activity. While a hog1Δ mutant is hypersensitive to
As(III) toxicity, the rgc1Δrgc2Δhog1Δ triple mutant is resistant to
As(III), suggesting that Hog1 exerts its negative effect on Fps1 by
inhibiting Rgc1 and Rgc2. Rgc2 is phosphorylated in response to various
Fps1-regulatory stress conditions, such as arsenic stress, hypoosmotic
shock and hyperosmotic shock. Rgc2 also undergoes Hog1-dependent
basal phosphorylation. It is likely that Fps1 channel activity is down-
regulated directly through phosphorylation of Thr231 by Hog1, and
indirectly through phosphorylation of Rgc1 and Rgc2.

Expression of FPS1 is rapidly repressed upon As(III) or Sb(III) addi-
tion to the medium, most likely to prevent metalloid uptake [34].
However, upon prolonged incubation with metalloids, expression of
FPS1 is up-regulated, presumably to export arsenic out of the cell [40].
Like S. meliloti AqpS [32], Fps1 also has a physiological role in mediating
As(V) tolerance and facilitates extrusion of As(III) out of the cells [40].
When yeast cells are exposed to arsenate, pentavalent arsenic entering
the cells via the phosphate transporters is reduced to As(III) by the arse-
nate reductase Acr2. The internally generated As(III) is either actively
extruded by the arsenite permease Acr3 [40–42] or diffuses out of the
cells through the Fps1 channel. Therefore yeast Fps1 is also a bidirec-
tional arsenite channel [40].

3.3. As(III) transport by aquaglyceroporins and hexose permeases in
humans and other vertebrates

Thirteen AQPs have been identified in mammals, of which four are
classical aquaglyceroporins: AQP3, 7, 9, and 10 [43]. A yeast strain lack-
ing Fps1 was used to functionally express rat AQP7 and AQP9 [44].
S. cerevisiae cells lacking Fps1 are resistant to As(III) and Sb(III) and
accumulate low levels of either metalloid, and complementation with
Fps1 reverses this phenotype. When the rat AQP9 gene was expressed
in the FPS1 deletion, even higher rates of uptake and even greater
sensitivity were observed, suggesting that AQP9 is a better channel for
As(III) than Fps1. On the other hand, this may reflect the fact that heter-
ologously expressed AQP9 may not be regulated in yeast. The ability
of the four known human members of the aquaglyceroporin family,
AQP3, AQP7, AQP9, andAQP10, to facilitate As(III)movement in Xenopus
oocytes was also examined [36]. Human AQP9 is a more effective As(III)
transporter than AQP7, with much less transport by AQP3 or AQP10.
AQP9 is highly expressed in the liver, where it plays an essential role
in the uptake of glycerol and urea and in gluconeogenesis [45]. In the
liver As(III) is methylated to the monomethyl species MAs(III) and
subsequently to dimethyl and to some extent trimethyl species [46].
Themethylated species are excreted primarily in the urine, and the abil-
ity to clear arsenic from the body is related to the rate of methylation.
How are the methylated species released from the liver into the blood
and eventually to kidney and urine? Rat AQP9 was found to conduct
MAs(III) at a higher rate than inorganic As(III) [47]. A cycle of uptake
of As(III) and efflux of MAs(III) by AQP9 in the liver has been proposed
to be a key step in arsenic methylation pathway (Fig. 3). As(III) flows
into the hepatocyte down its concentration gradient, where it is
glutathionylated and then methylated to MAs(III). Both As(GS)3 and
MAs(GS)2 are pumped into bile bymultidrug resistance-associated pro-
tein 2 (MRP2) [48]. Internally-generatedMAs(III) can also flowdown its
concentration gradient into the bloodstream. AQP9 expression in rat
liver was upregulated 20-fold by fasting [45], suggesting that uptake of
As(III) and redistribution of MAs(III) may be nutritionally responsive.
Micewith anAQP9 disruption are hypersensitive to As(III) and retain ar-
senic in liver and other organs that express AQP9, suggesting that, like S.
melilotiAqpS, the AQP9 is bidirectional and involved in release of arsenic
species from liver to blood [49].

Paracelsus, the father of pharmacology, said “the dose makes the
poison”. While arsenic is a poison at high concentrations, at lower
concentrations arsenic trioxide is an effective chemotherapeutic drug
for the treatment of acute promyelocytic leukemia. Although theprecise
mechanism of action of arsenic trioxide in chemotherapy is not clear,
it has been suggested that As2O3 at low concentrations (0.1–0.5 μM) in-
duces differentiation of malignant promyelocytes through inactivation
of the PML–RARα fusion protein, while at high concentrations
(0.5–2.0 μM), it triggers apoptosis of the promyelocytes and other
cancer cells through several different mechanisms [50]. The metal-
loid also induces proliferation arrest in a number of cancer cells
and was tested for the treatment of hematological malignancies
and solid tumors, which are mostly refractory to current therapies
[50,51]. To understand the action of arsenical-containing drugs, it is
important to elucidate the pathways of drug uptake, factors that
modulate the uptake, as well as regulation of drug uptake pathways.
Arsenic trioxide almost certainly dissolves to form inorganic As(OH)3,
the species that moves through aquaglyceroporin channels [30]. Over-
expression of AQP9, AQP7 or AQP3 renders human leukemia cells
hypersensitive to the drug as a result of higher steady-state levels of
accumulation (R. Mukhopadhyay, unpublished data; [52]). Sensitivity
to arsenic trioxide is directly proportional to AQP9 expression in leuke-
mia cells of different lineages [53]. APL cell line NB4 showed the highest
expression level of AQP9 and is most sensitive to the drug. In contrast,
the chronic myeloid leukemia cell line K562 showed low endogenous
AQP9 expression and is insensitive to As2O3. When human AQP9 was
overexpressed either in K562 or the promyelocytic leukemia cell line
HL60, both became hypersensitive to As(III) and Sb(III) due to higher
accumulation of metalloids [52,53]. Pretreatment of HL60 cells with
vitamin D showed higher expression of AQP9 and hypersensitivity to
both As(III) and Sb(III). This sensitivity was due to higher rates of
uptake of the trivalent metalloids due to increased expression of AQP9
drug uptake system [52]. Pretreatment of HL60 cells with all-trans
retinoic acid upregulated AQP9 expression, leading to a significantly
increased arsenic uptake [53]. This may explain the improved response
from acute promyelocytic leukemia patients when treated concomi-
tantly with all-trans retinoic acid and arsenic trioxide [54,55]. Thus re-
sponsiveness to drug therapy is correlated with increased expression
of the drug uptake system. The possibility of using pharmacological
agents to increase AQP9 expression delivers the promise of new thera-
pies for the treatment of leukemia.

Conversely, cancer cells might become drug resistant by downregu-
lating aquaglyceroporin expression. When expression of AQPs in
an arsenic-resistant cell line (R15) derived from a human lung adeno-
carcinoma cell line (CL3) was examined, the R15 cells were found to
be 10-fold more resistant to As(OH)3 than the parental CL3 cells [56].
R15 cells accumulated less As(OH)3 and expressed little AQP7 or
AQP9, but AQP3 mRNA levels were two-fold lower than in CL3 cells.
This suggests that, even though AQP3 does not conduct As(III) as well
as AQP9 or AQP7, in some cell types it may be responsible for As(III) up-
take. When AQP3 expression in CL3 cells was knocked down by RNA



Hepatocyte

As(GS)3

Bile 
flow

Blood 
flow

MRP2

AQP9CH3As(OH)2

AQP9As(OH)3 As(OH)3
3 GSH

As(OH)3CH3As(OH)2

SAM

2e-

bile
canaliculus

Hepatocyte

CH3As(III) to urine

Fig. 3. Proposed pathways of metalloid transport in the liver. As(OH)3 in blood flows down its concentration gradient into hepatocytes via AQP9, themajor liver isoform. In the cytosol of
the hepatocyte, As(OH)3 has two primary fates. After glutathionylation to As(GS)3, it can be pumped into the bile byMRP2 ormethylated by AS3MT toMAs(OH)2, which then flows down
its concentration gradient, also via AQP9, into the blood stream, to the bladder and eventually to the urine. Thus, bidirectional AQP9 brings As(III) from the blood to the cytosol and releases
the methylated species from the cytosol to the blood, in both cases passively down a concentration gradient.

1587R. Mukhopadhyay et al. / Biochimica et Biophysica Acta 1840 (2014) 1583–1591
interference, the cells exhibited a reduction in As(OH)3 uptake and
an increase in resistance. Moreover, overexpression of AQP3 in the
human embryonic kidney 293T cells resulted in an increase in both
accumulation of and sensitivity to As(OH)3 [56]. Therefore downregula-
tion of aquaglyceroporin expression may lead to metalloid resistance
phenotype. In recent years, AQP3 and AQP9 have been found to be
upregulated in various malignant tumor types. AQP3 is reported to be
expressed in cancers of the brain, lung, kidney, colon, skin, and ovary,
and to regulate epidermal growth factor signaling to promote cell prolif-
eration and cell migration in human skin fibroblasts and human ovarian
cancer cells. AQP9 overexpression was observed in brain and liver
cancer [57]. Again, the conclusion is that increased expression of the
drug uptake system can lead to higher drug efficacy.

Interestingly, aquaglyceroporins are not the only proteins capable
of transporting As(III) in humans, a discovery first made with yeast.
Although disruption of yeast FPS1 leads to loss of As(III) and Sb(III)
uptake, yeast grown in media lacking glucose accumulated high levels
of As(III), and uptake was inhibited in the presence of glucose
by approximately 80% [58]. Disruption of FPS1 reduced glucose-
independent uptake by only about 25%. The remaining uptake
was inhibited by hexoses, including glucose, galactose, mannose
and fructose, but not pentoses or disaccharides. A strain lacking
FPS1, ACR3 and the 18 genes for hexose permeases (HXT1 to HXT17
and GAL2), exhibited less than 10% of wild type As(III) accumulation.
When HXT1, HXT3, HXT4, HXT5, HXT7 or HXT9 were individually
expressed in that strain, hexose-inhibitable As(III) uptakewas restored.
Glucose uptake was reciprocally inhibited by As(III). Thus, while As(III)
uptake by Fps1 is important in glucose-containing medium, hexose
permeases catalyze themajority of As(III) transport in yeast. The mam-
malian (both human and rat) glucose transporter GLUT1 was also
shown to catalyze transport of both As(III) and CH3As(III) uptake in
yeast or in Xenopus oocytes [59,60]. Thus GLUT1 may be a major path-
way uptake of both inorganic andmethylated arsenicals in erythrocytes
or the epithelial cells of the blood–brain barrier, contributing to arsenic-
related cardiovascular problems and neurotoxicity.
3.4. Fish AQPs as metalloid transporters

Fish and shellfish are often exposed to and accumulate high amounts
of arsenic, and elevated concentrations of arsenic have been found in
the urine of consumers of large amounts of seafood [61]. Other studies
have demonstrated arsenic accumulation and biotransformation in
various types of fish, which also consume arsenic-containing phyto-
and zooplankton [62]. To date, 18 aquaporins have been reported in
fish. Aquaporins in teleosts is divided into three broad sub-groups, the
classical aquaporins permeating water, aquaglyceroporins permeating
water, glycerol and urea, and unorthodox aquaporins similar to
human AQP8 that conduct water and urea but not glycerol. However,
zebrafish Aqp8aa and 8ab, but not Aqp8b or gilthead seabrim Aqp8b,
are significantly permeable to urea when expressed in Xenopus oocytes
[63]. Zebrafish accumulate significant amounts of arsenic in tissues
when exposed to As(III) [62]. Five of these zebrafish aquaglyceroporins
have been shown to be metalloid transporters: Aqp9a, Aqp9b, Aqp3,
Aqp3I and Aqp10. These are most closely related to human AQP9,
AQP3 and AQP10, respectively. Each was shown to conduct both
water, glycerol and As(III) at similar rates. In contrast, Sb(III) perme-
ation by zebrafish AQP3 and -3I is very poor compared to the other
three. On the other hand, MAs(III) uptake by Aqp3I and Aqp10 is 3- to
4-fold higher compared with As(III) [62]. Zebrafish may be a useful
model system for arsenic exposure in vertebrates.
3.5. Aquaglyceroporin channels and metalloid uptake in protozoan
parasites

The ubiquitous nature of aquaporin channel underlines their im-
portance in life processes. However, most aquaporins are redundant,
and individual null mutants, from bacteria to mammals, do not
cause lethality [64,65]. One exception is AQP1 from the parasite
protozoan Leishmania (R. Mukhopadhyay and M. Ouellette, unpub-
lished observation). A number of aquaporins have been identified
in parasitic protozoa from a single aquaglyceroporin in Plasmodium,
to three in Trypanosoma brucei, five in Leishmania, two in Toxoplasma
and one in Cryptosporidium [66–69]. A common feature of parasite
AQPs is that they are generally better water transporters compared to
E. coli (GlpF) [70] and mammalian orthologs. It appears that protozoan
aquaglyceroporins are bifunctional and conduct both water and glycer-
ol at reasonable rates [71]. LeishmaniaAQP1 is involved in accumulation
of metalloids in Leishmania promastigotes and amastigotes along with
water, glycerol, methylglyoxal, glyceraldehyde and other neutral sol-
utes [67]. The other four AQPs are not involved in metalloid transport
(R. Mukhopadhyay, unpublished data) and are closer to classical aqua-
porins. AQPs are at the interface of host–parasite interactions and could
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be attractive drug targets and/or mediator of specific drugs such as
arsenic and antimony.

3.5.1. Trypanosoma
Trypanosomiasis is an infectious disease of humans and animals of

similar etiology and epidemiology. The causative agents of the disease
are protozoan parasites of the genus Trypanosoma that live andmultiply
in their mammalian hosts and are transmitted by the bite of infected
insects. T. brucei causes human African trypanosomiasis (HAT), and
Trypanosoma cruzi causes Chagas disease in Latin America. HAT or
African sleeping sickness is a painful and long-term illness that is almost
always fatal if left untreated. Approximately 300,000 people in Africa
are infected with the disease, with 66 million people at risk in the
rural areas. One of the most effective drugs is the arsenical melarsoprol
(2-(4-(4,6-diamino-1,3,5-triazin-2-ylamino)phenyl)-1,3,2-dithiarsolan-
4-yl) methanol). Although melarsoprol is an arsenic-containing drug,
it was thought to be too big to pass through AQP channels. Three AQPs
have been reported from T. brucei, TbAQP1, TbAQP2 and TbAQP3.
All three belong to the aquaglyceroporin category with reasonably
good water and glycerol permeability [72]. AQP2 has been recently
reported to be involved in susceptibility to melarsoprol in African
trypanosomes [73].

3.5.2. Leishmania
Leishmaniasis is a protozoan parasitic infection ranging from self

healing cutaneous lesions to non-healing mucocutaneous and visceral
ailments caused by Leishmania spp. The disease is endemic in parts
of 88 countries across five continents — the majority of the affected
countries are in the tropics and subtropics. Approximately 12 million
people worldwide are affected by leishmaniasis and 2 million new
cases are considered to occur annually. The Leishmania parasite exists
in two morphologically distinct forms: promastigotes and amastigotes.
The promastigotes reside in the intestinal tract of the sandfly vector
and have a slipper like bodywith an anterior flagellum. Inside themam-
malian host, the promastigote forms of the parasites are transformed
into amastigotes that appear as small, oval-shaped, aflagelleted struc-
tures, and reside in macrophages and other mononuclear phagocytes.
The female phlebotomine sandflies are solely responsible for the trans-
mission of Leishmania parasites among vertebrate hosts. The disease in
humans has been classified in three different forms, each having a
broad range of clinical manifestations. Visceral leishmaniasis (VL),
the most severe form of the disease, is caused by Leishmania donovani,
Leishmania infantum and Leishmania chagasi. Cutaneous leishmaniasis
(CL) is caused by a variety of species including Leishmania major,
Leishmania tropica, Leishmania mexicana and Leishmania panamensis.
Mucocutaneous leishmaniasis (MCL) is caused by Leishmania braziliensis.
90% ofMCL cases occur in Bolivia, Brazil and Peru [74]. During operations
Desert Storm and Desert Shield in the 1990s, many U.S. soldiers
contacted cutaneous leishmaniasis. So many cases of cutaneous infec-
tions occurred in the US military between 2003 and 2005 that Lt. Col.
Peter Weina, director of Leishmania diagnostics at Walter Reed Army
Medical Center commented in Nature Medicine, “This is probably
the largest outbreak of leishmaniasis that the US military has ever seen”
(February, 2004, Vol:10, page: 110). Additionally, VL is an opportunistic
infection among persons who are immunosuppressed, particularly
in patients infected with human immunodeficiency virus [75]. The
first line compounds against all forms of leishmaniasis are the two
pentavalent antimonials, sodium stibogluconate (Pentostam) and
meglumine antimoniate (Glucantime), and clinical drug resistance
is common [76,77]. Leishmania resistant to trivalent antimony has
also been reported [78].

The L. major genome encodes for five aquaporins: LmAQP1,
LmAQPα, LmAQPβ, LmAQPγ, and LmAQPδ. While LmAQP1 shows
strong similarity to bacterial aquaporins, the other L. major aquaporins
(LmAQPα–δ) are closer to plant aquaporins [71]. This is a unique
peculiarity of L.major aquaporins since other knownparasitic aquaporins
are either bacteria-like or plant-like, and not a mixed population [71].
Of the five, only LmAQP1 is involved in the uptake of As(III) and Sb(III),
the activated form of Pentostam and Glucantime [79] (Fig. 4). The
drugs contain Sb(V), and it is postulated that this is reduced to Sb(III)
in the cytosol of the macrophage by an as-yet unidentified Sb(V) reduc-
tase. Alternatively, it might be taken into the amastigote and reduced
to Sb(III) by the parasite reductase LmAcr2 [80]. In either case, Sb(V)
has to be transported across the macrophage cytoplasm membrane,
andSb(III) has to penetrate the doublemembranes of thephagolysosome,
and neither of those processes has been identified. It is clear, howev-
er, that LmAQP1 is responsible for the uptake of Sb(III) into the
amastigote, and that mutations in this channel can lead to drug resis-
tance [79]. LmAQP1 is also permeable to water; its water conduction
capacity is 65% of that of the classical water channel, human AQP1
[67]. In contrast to Plasmodium and Trypanosome aquaglyceroporins
(AQPs) that are inhibited by mercurials, water movement through
LmAQP1 is not inhibited by mercuric chloride. LmAQP1 also con-
ducts glycerol, glyceraldehyde, dihydroxyacetone, and sugar alco-
hols. Expression of LmAQP1 is limited exclusively to the flagellum
of promastigotes, while in amastigotes it is found in the flagellar
pocket, rudimentary flagellum and contractile vacuoles. LmAQP1
plays an important physiological role in water and solute transport,
volume regulation and osmotaxis [67]. Disruption of one of the two
LmAQP1 alleles in L. major conferred a 10-fold increase in resistance
to Sb(III) [79]. LmAQP1 mRNA levels are significantly less in either
the Sb(III)- or As(III)-resistant L. major and Leishmania tarentolae
cells, indicating that downregulation of LmAQP1 leads to drug resis-
tance [81]. These findings were corroborated in field isolates from
India [82] and Nepal [83]. Therefore, LmAQP1 plays a major role in
Leishmania cellular physiology and drug resistance. However,
down-regulation of LmAQP1 is not the sole cause of drug resistance
in Leishmania. Several other factors include, levels of trypanothione
(TSH), antimonite reductase, the MRP homologue PGPA, and an
Sb(III)-TSH conjugate exporter in the plasma membrane.

Although no crystal structure of LmAQP1 has been determined,
structure–function studies have defined the pore mouth residues of
LmAQP1 [84]. An extracellular loop near the C-terminus that includes
residue Glu152 helps the channel to differentiate between metalloids
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and glycerol. Ala163 in the same loop is localized near the pore mouth
and is critical for channel function; mutations in this residue alter
the sensitivity to antimonial drugs [85]. Attempts to generate a nullmu-
tation in LmAQP1 have not been successful, suggesting that it may be an
essential gene for Leishmania survival and growth (R. Mukhopadhyay
and M. Ouellette, unpublished results). Leishmania AQP1 may be a rea-
sonable drug target to control the parasite growth. On the one hand,
overexpression of this channel makes the parasite hypersensitive to
the traditional antimony containing drugs, allowing the use of lower
concentrations of the drug, which is toxic in high concentrations. It is
noteworthy that overexpression of LmAQP1 overcomes every case
of drug resistance, laboratory or clinical isolates, no matter what the
mechanism of drug resistance [79]. On the other hand, drugs that down-
regulate expression or inhibit activity of LmAQP1 may be lethal to the
parasite. Identification of pharmacological agents that induce AQP1
expression by manipulating the regulatory pathways is a feasible goal.
Induction of AQP1 makes the wild type and drug resistant field
isolates susceptible to lower concentrations of antimonials. Thus
co-administration of inducing agents of AQP1 along with pentava-
lent antimony will overcome drug resistance and avoid toxicity.
However, control of gene expression is complicated in Leishmania.
Genes of this parasite are transcribed as a large polycistronic group
and regulated at the post transcriptional level largely by the 3′UTR,
although controlling cis-elements and trans-acting factors is largely
unknown. Mitogen Activated Protein Kinase 2 (MAPK2) was shown
to upregulate AQP1 expression, suggesting that MAPK2 might be a
new drug target [86].
3.6. Plant metalloid channels

Perhaps the greatest surprises have been the large diversity of aqua-
porins in plants and the discoveries that they are generalized metalloid
transporters [87]. Probably due to their need for osmoregulation under
multiple environmental stresses, plants have many more aquaporin
isoforms than members of other kingdoms, e.g., 33 AQPs are encoded
in the rice genome [88]. One subfamily is the nodulin-26-like intrinsic
membrane proteins (NIPs). By expression in an FPS1 deletion strain of
yeast, NIPs from Arabidopsis thaliana (AtNIP5;1 and AtNIP6;1) Oryza
sativa (rice) (OsNIP2;1 and OsNIP3;2), and Lotus japonicus (LjNIP5;1
and LjNIP6;1) were shown to conduct As(III) [89]. This is of concern
because rice is a natural arsenic accumulator, which endangers our
food supply [90,91]. In addition, arsenic causes straighthead disease in
rice, which is characterized by sterility and can lead to 100% loss of yield.

While uptake of the toxic metalloid arsenic is adventitious, plants
have mineral requirements for metalloids not found in animals, in par-
ticular for boric (B(III)), and orthosilicic (Si(IV)) acids, which are also
taken up by plant aquaglyceroporins (Fig. 1) (for reviews see [18,87]).
While the biochemical mechanisms of boron and silicon utilization
by plants are not know, boron deficiency leads to dwarf plants with
reduced numbers of spikelets and reduced grain yield, and silicon
enhances rice growth and grain yield. A. thaliana NIP5;1, a root plas-
ma membrane AQP, is upregulated by boron deficiency, and, when
expressed in Xenopus oocytes, NIP5;1 efficiently transports boric
acid [92]. Like arsenic and antimony, the metalloid germanium is
toxic. By selection for germanium resistance, a rice mutant with
reduced silicon uptake was isolated [93]. The ability to use the
metalloid Ge for genetic selection indicates that germanic acid
is an authentic aquaporin substrate. The gene, termed Lsi1, is an
aquaglyceroporin ortholog [94]. It is constitutively expressed in the
root and is located in the plasma membrane of the distal sides of
cells located near the casparian strips, which controls permeability
into the xylem. Lsi1 is on the distal side of the cells. The Lsi2 protein,
which is located on the proximal side of the same cells, is a silicon efflux
protein [95]. Lsi2 is not an aquaglyceroporin but is distantly related
to ArsB, the bacterial arsenite efflux protein [19,96], suggesting that
other arsenic transporters might have broader substrate specificity for
metalloids than previously recognized.

It appears, therefore, that NIPs conduct not only arsenite but are gen-
eralized metalloid channels [87]. How is that possible? The oxyacids of
the metalloids B(OH)3, Si(OH)4, As(OH)3 and Sb(OH)3, are similar in
cross-sectional area and have similar distribution of polar and nonpolar
faces to glycerol (Fig. 1). Seawater contains approximately 0.4 mM
borate and 0.1 mM silicate. Phytoplankton such as diatoms requires
silicon for cell wall biosynthesis, so silicon homeostasis may have been
a necessity in early evolution. We have hypothesized that the earliest
substrates of aquaglyceroporins might have been the required metal-
loids rather than glycerol or other organic compounds [87].

4. Future perspectives

The identification of aquaglyceroporins as uptake channels for most
metalloids provides an understanding of how toxic elements such as
arsenic and required elements such as boron and silicon enter the
food chain. By engineering their AQPs, food plants such as rice could
be made safer by genetically modifying them to exclude arsenic while
still accumulating boron and silicon. While this may seem implausible,
there is precedence. Leishmania LmAQP1 has an extracellular loop
with several glutamate residues. A single E152A mutation reduced
uptake of As(III) and Sb(III) to negligible levelswithout affecting glycer-
ol permeability [84], demonstrating that there is considerable plasticity
in the selectivity of the aquaglyceroporin pore. While engineering
human genes is less realistic, identification of drugs or pharmacological
agents that reduce uptake of As(III) by AQP9 in the liver might lead
to amelioration of arsenic-related diseases such as bladder cancer.
Conversely, pharmacological agents such as vitamin D that act as
promoters of uptake of As(III) or Sb(III) could lead to more effective
chemotherapeutic treatment of diseases such as acute promyelocytic
leukemia or leishmaniasis. In conclusion, the area ofmetalloid transport
is still immature, and new discoveries could lead to improvement in our
food supply or more effective treatment of arsenic-related diseases,
cancer or parasitic infections.
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