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Abstract
Aquaglyceroporin (AQP) channels facilitate the diffusion of a wide range of neutral solutes including
water, glycerol, and other, small uncharged solutes. More recently, AQPs have been shown to allow
the passage of trivalent arsenic and antimony compounds. Arsenic and antimony are metalloid
elements. At physiological pH, the trivalent metalloids behave as molecular mimics of glycerol, and
are conducted through AQP channels. Arsenicals and antimonials are extremely toxic to cells.
Despite their toxicity, both metalloids are used as chemotherapeutic agents for the treatment of cancer
and protozoan parasitic diseases. The metalloid homeostasis property of AQPs can be a mixed
blessing. In some cases, AQPs form part of the detoxification pathway, and extrude metalloids from
cells. In other instances, AQPs allow the transport of metalloids into cells, thereby conferring
sensitivity. Understanding the factors that modulate AQP expression will aid in a better understanding
of metalloid toxicity and also provide newer approaches to metalloid based chemotherapy.
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1 Introduction
Arsenic (As) and antimony (Sb) are metalloids that display some of the qualities of both metals
and nonmetals. Arsenic is widely distributed in the Earth's crust and occurs primarily in four
oxidation states +5, +3, 0, and −3. Chronic exposure to arsenic causes cancer, cardiovascular
disease, peripheral neuropathies and diabetes mellitus (Abernathy et al., 2003), and arsenic has
consistently ranked first on the U.S. Department of Health and Human Services’ Superfund
Priority List of Hazardous Substances <http://www.atsdr.cdc.gov/cercla/05list.html>. Humans
are exposed to arsenic from mining, copper smelting, coal burning, other combustion processes,
and also volcanic eruptions that bring arsenic into the environment. Anthropogenic sources of
arsenic include its use in various commonly used herbicides, insecticides, rodenticides, wood-
preservatives, animal feeds, paints, dyes, and semiconductors. In addition, arsenic enters the
food chain from drinking water that has flown through arsenic rich soil.

Although antimony is less abundant than arsenic, their chemical properties are very similar.
Antimony compounds are used in the semiconductor industry, ceramics and plastics, flame-
retardant applications, and are often alloyed with other metals to increase their strength and
hardness. Exposure to antimony can occur from natural sources and also from industrial
activities. The primary effects from chronic exposure to antimony in humans are respiratory
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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 Department of Health and Human Services or the Environmental Protection Agency.

Despite their toxicity, arsenic and antimony compounds have been used as chemotherapeutic
agents for over 2,000 years (Klaassen, 1996). In the 18th century, Thomas Fowler developed
a bicarbonate-based arsenic trioxide (As2O3) solution (Fowler’s solution), which was used
empirically to treat a variety of diseases over the next two centuries (Kwong and Todd,
1997). The use of arsenical pastes for skin and breast cancer, and arsenous acid for
hypertension, bleeding gastric ulcers, heartburn, and chronic rheumatism have been described
in the pharmacological texts of the 1880s (Aronson, 1994). In 1910, Noble laureate Paul Ehrlich
developed Salvarsan (dihydroxydiaminoarsenobenzenedihydrochloride), an organic arsenical
for the treatment of syphilis and sleeping sickness. Even today the arsenic containing drug
Melarsoprol is the first line of treatment against late stage sleeping sickness (Staff, 1999).
“Ailing-1”, a solution of crude As2O3 and herbal extracts from China, formed the basis for the
treatment of acute promyelocytic leukemia (APL) (Klaassen, 1996). A controlled clinical trial
with As2O3 showed complete remission of APL (Soignet et al., 1998). Antimonials also have
been used as medicine since the biblical times. For example, tartar emetic, an antimonial
preparation was used earlier as an anthelmintic treatment for schistosomal infection (Cioli et
al., 1995). Pentavalent antimony containing drugs Pentostam and Glucantime are still the first
line of treatment for leishmaniasis.

For the metalloids to work either as a drug or poison they must be accumulated in cells. In this
chapter we will discuss the role of aquaglyceroporins in metalloid transport and the functional
consequences in various human diseases.

2 Aquaglyceroporins as metalloid transporters
2.1 Metalloid transport in prokaryotes

The two biologically important oxidation states of arsenic are the pentavalent arsenate (As(V))
and trivalent arsenite (As(III)) forms. In solution the pentavalent form, H3AsO4, exists as the
oxyanion As(V), which is a substrate analogue of phosphate and hence a competitive inhibitor
for many enzymes. The toxicity of arsenate stems from its ability to enter cells via the phosphate
transport system and interfering with normal phosphorylation processes. In Escherichia coli
there are two phosphate transporters, Pit and Pst (Rosenberg et al., 1977), both of which
catalyze arsenate uptake (Willsky and Malamy, 1980a; b). In the yeast Saccharomyces
cerevisiae arsenate is also taken up by phosphate transporters (Bun-ya et al., 1996). It is likely
that arsenate is similarly taken up by phosphate transporters in most organisms, including
humans. Normally the intracellular levels of phosphate are sufficiently high that arsenate does
not directly cause arsenic toxicity.

Trivalent arsenite is much more toxic than pentavalent arsenate and is primarily responsible
for the biological effects of this metalloid. Arsenite is toxic because of its propensity to form
strong, nearly covalent, bonds with the thiolates of closely spaced cysteine residues, thereby
inhibiting the function of many proteins. As a solid, the unhydrated trivalent form of arsenic
is arsenic trioxide (As2O3). Reflecting a pKa of 9.2, in solution arsenic trioxide is the
undissociated acid, As(OH)3 (Ramirez-Solis et al., 2004). Even though it is not an oxyanion
in solution, As(OH)3 is frequently called arsenite or As(III), and so As(III) will be used
interchangeably with arsenic trioxide in this chapter.

How does As(III), the most toxic inorganic form of arsenic, get into cells? In a search for genes
responsible for the accumulation of metalloids in Escherichia coli, Sanders et al (Sanders et
al., 1997) used TnphoA to create a pool of random insertional mutants. An advantage of this
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strategy is that insertions into the genes for membrane proteins can generate blue colonies when
the gene for alkaline phosphatase (phoA) is exposed to the periplasmic space, enriching for
insertions in the genes for transporters. They selected on media containing either As(III) or
antimonite (Sb(III)) and isolated a single mutant, OSBR1, which was resistant to Sb(III)
(Sanders et al., 1997) and exhibited a 90% reduction in the rate of As(III) uptake (Meng et al.,
2004). Sequence analysis showed that the TnphoA insertion was located in the glpF gene,
coding for the glycerol facilitator GlpF (Sweet et al., 1990). The mutant was shown to be
defective in polyol transport by GlpF. These results suggested that in solution either As(III) or
Sb(III) is recognized as a polyol by the glycerol facilitator (Fig. 1).

Uptake of glycerol in E. coli was first described by Edmund Chi Chien Lin (1928–2006) in
1968 (Sanno et al., 1968). In 1972 he showed that the glpF gene encodes a transporter that
catalyzes facilitated diffusion of glycerol (Richey and Lin, 1972). In a series of papers he and
his collaborator Thomas H. Wilson at Harvard Medical School characterized GlpF as a glycerol
channel. In 1989 the sequence of the glpF gene was reported (Muramatsu and Mizuno,
1989), and, in 1990, E.C.C. Lin cloned the glpF gene in collaboration with W. Boos (Sweet et
al., 1990). 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 two main evolutionary groups,
aquaporins or water specific channels, and aquaglyceroporins, which allow the transport of
water, glycerol, and other small, uncharged solutes (King et al., 2004; Zardoya, 2005). Both
groups are expressed widely in all living organisms.

How can trivalent inorganic arsenic, which is often considered to be the anion arsenite in
solution, be taken up by GlpF, a channel for neutral species? The pKa of arsenite is 9.2 and is
therefore expected to be protonated at physiological pH. To examine this question, X-ray
absorption spectroscopy (XAS) was used to determine the nearest neighbor coordination
environment of As(III) under a variety of solution conditions (Ramirez-Solis et al., 2004).
Extended X-ray Absorption Fine Structure (EXAFS) analysis demonstrated three oxygen
ligands at 1.78 Å from the arsenic atom, showing that the major species in solution is As
(OH)3, an inorganic molecular mimic of glycerol. Additionally, structural, thermodynamic,
and electrostatic comparison of As(III) and Sb(III) at physiological pH showed that, both
compounds exhibit similar conformation and charge distribution and a slightly smaller volume
than glycerol, which may aid in their passage through the narrowest region of the GlpF channel
(Porquet and Filella, 2007).

While the aquaglyceroporin GlpF has been shown to facilitate the adventitious uptake of As
(III) and Sb(III), the legume symbiont Sinorhizobium meliloti employs aquaglyceroporin as a
novel route for arsenic detoxification (Fig. 1). 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 arsenate reductase, ArsC. Internally generated As(III) is extruded out of the cell by
downhill movement through AqpS, an aquaglyceroporin homologue that shows sequence
homology with GlpF (Yang et al., 2005). Therefore, AqpS and ArsC together form a novel
pathway of As(V) detoxification in S. meliloti. This is the only example of an aquaglyceroporin
with a physiological role in arsenic resistance. This pathway may be widespread in organisms
that are exposed primarily to As(V). The above examples show that depending upon the
concentration gradient - aquaglyceroporins can facilitate movement of arsenite either into or
out of cells.

2.2 Metalloid transport in eukaryotes
Jacques Monod (1910–1976; Nobel Prize in Physiology or Medicine in 1965) said about the
value of model systems for understanding human biology and disease, “what is true for E.
coli is true for the elephant, except more so.” Identification of the pathway of As(III) uptake
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in E. coli led first to an understanding of its chemical nature in solution and then to its pathway
of uptake in humans. It was a logical extension of the previous studies to determine whether
aquaglyceroporins (AQPs) in other species could conduct As(OH)3. In the yeast
Saccharomyces cerevisiae the GlpF homologue Fps1p is a glycerol channel involved in
osmoregulation. In 2001, Markus Tamás and his group showed that disruption of Fps1p led to
resistance to both As(III) and Sb(III) (Wysocki et al., 2001), a conclusion reached
independently by Liu et al (Liu et al., 2002). Fps1p mediates the influx of both metalloids in
yeast. Cells expressing a constitutively open form of the Fps1p channel are highly sensitive to
both arsenite and antimonite. Under high osmolarity conditions, when the Fps1p channel is
closed, wild-type cells show the same degree of As(III) and Sb(III) tolerance as the fps1Δ
mutant. Direct uptake assays also indicated that arsenite uptake is mediated by Fps1p. The
Fps1p-mediated pathway is therefore involved in metalloid uptake in yeast and plays a role in
metalloid tolerance (Fig. 2). Phosphorylation of Fps1p at the N-terminus by the mitogen-
activated protein kinase (MAPK) homologue Hog1p regulates influx of As(OH)3 in S.
cerevisiae (Thorsen et al., 2006).

In mammals, thirteen AQPs (0–12) have been identified so far. Among them four are classical
aquaglyceroporins AQP3, 7, 9 and 10 (Hara-Chikuma and Verkman, 2006). For heterologous
expression of mammalian AQPs, a yeast strain lacking Fps1p was used to functionally express
rat AQP9 (Liu et al., 2002). Cells lacking Fps1p were resistant to As(OH)3 and Sb(OH)3 and
had very low rates of uptake of the two metalloids. Cells expressing the yeast fps1 gene on a
plasmid regained both sensitivity and uptake. However, when rat AQP9 gene was expressed,
even higher rates of uptake and even greater sensitivity was observed suggesting that AQP9 is
a better channel for As(OH)3 than Fps1p. Xenopus laevis oocytes microinjected with either
AQP7 or AQP9 cRNA showed that AQP9 and, to a lesser degree, AQP7, conduct As(III) (Liu
et al., 2002).

The ability of the four known human members of the aquaglyceroporin family, hAQP3,
hAQP7, hAQP9, and hAQP10, to facilitate As(OH)3 movement in Xenopus oocytes was also
examined (Liu et al., 2004). Human AQP9 was found to be a more effective As(III) transporter
than hAQP7, with little or no transport by hAQP3 or hAQP10. To explore whether the two
polyhydroxylated substrate glycerol and As(OH)3 share a common channel, the requirement
for specific residues in AQP9 for As(OH)3 conduction was examined by site-directed
mutagenesis (Liu et al., 2004). From the crystal structure of two homologues, bovine AQP1
(Sui et al., 2001) and Escherichia coli GlpF (Fu et al., 2000), AQP9 residues Phe64 and Arg219
were predicted to serve as part of the selectivity filter. The conduction of As(OH)3 and glycerol
in oocytes expressing rat AQP9 mutants R219A, R219K, F64A, F64T, and F64W was
analyzed. A lysine but not an alanine residue could substitute for the highly conserved Arg219,
indicating that a positive charge but not an arginine is required at the entry to the channel. In
contrast, the phenylalanine residue, which is believed to position substrates near the conserved
arginine, was not required for either arsenic trioxide or glycerol uptake. From these results, it
appears that As(OH)3 and glycerol use the same translocation pathway in AQP9.

AQP9 is the primary liver isoform, and liver is the organ of arsenic detoxification. In liver As
(OH)3 is methylated by the enzyme As(III)-S-adenosylmethionine (SAM) methyltransferase
(AS3MT) (Thomas et al., 2004). The final fate of the methylated species is excretion, both in
urine and in feces. How these compounds find their way from liver to other tissues such as
blood, kidney, or cecum is not certain, and the routes of efflux of methylated arsenical from
hepatocytes and uptake into other cell types are unknown. The ability of rat AQP9 to facilitate
movement of methylated arsenicals was examined. Rat AQP9 transported methylarsonous acid
(CH3As(OH)2 or MAs(III)) at a higher rate than inorganic As(OH)3 (Liu et al., 2006). Once
inside human cells, As(III) is methylated to a variety of species, of which the monomethylated
form, MAs(III), represents a significant fraction of total arsenic found in most tissues (Hughes
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et al., 2003; Kenyon et al., 2005). The primary site of methylation is liver, but other organs
such as kidney or testes may also methylate As(III) (Healy et al., 1998). In solution at
physiological pH, inorganic trivalent arsenic is As(OH)3 (Ramirez-Solis et al., 2004). The
monomethylated species, CH3As(OH)2, would be molecularly similar to but less polar than
As(OH)3. AQP9 is highly expressed in liver (Abedin et al., 2002), where it plays an essential
role in glycerol and urea transport (Carbrey et al., 2003). Because liver is a key site for the
metabolism of arsenic, we propose a model in which AQP9 catalyzes a key step in uptake of
As(OH)3 and efflux of CH3As(OH)2 (Fig. 3). As(OH)3 is taken up from the bloodstream by
hepatocytes via AQP9. Inside the hepatocyte, it is methylated and reduced to MAs(III), which
has a number of possible fates. It can be further methylated or glutathionylated. In mammals,
both As(GS)3 and methylAs(III) diglutathione (MAs(GS)2) are pumped into bile by multidrug
resistance–associated protein 2 (MRP2) or homologues (Kala et al., 2000). Internally generated
MAs(III) can also flow out of the cell down its concentration into the bloodstream. AQP9
expression in rat liver was induced up to 20-fold by fasting (Carbrey et al., 2003), suggesting
that uptake of As(III) and redistribution of MAs(III) may be nutritionally responsive. Once in
the bloodstream, MAs(III) can be redistributed into other tissues, including blood cells and
kidney, where it is excreted.

3 Aquaglyceroporins in human health
3.1 Metalloid transport and cancer chemotherapy

Paracelsus (1493–1541), sometimes called the father of toxicology, wrote “All things are
poison and nothing is without poison, only the dose permits something not to be poisonous.”
Although, arsenic has been classified as a potent human carcinogen and co-carcinogen, it is
also used as a drug. Arsenic trioxide (As2O3) is now being used as a treatment for acute
promyelocytic leukemia (APL). APL is characterized by the t(15;17)(q22;q21) chromosome
translocation that fuses the promyelocytic leukemia gene (PML) with the retinoic acid receptor
α gene (RARα) (Brown et al., 1997). The resulting fusion gene, PML-RARα, encodes a chimeric
protein that causes an arrest of maturation at the promyelocyte stage of myeloid-cell
development (Soignet et al., 1998). Although the precise mechanism of action of arsenic
trioxide in APL chemotherapy is not clear, it is suggested that, at low concentrations, As2O3
(0.1–0.5 µM), induces differentiation of malignant promyelocytes through inactivation of the
PML-RARα fusion protein, while at high concentrations (0.5–2.0 µM), As2O3 triggers
apoptosis of the promyelocytes and other cancer cells through several different mechanisms
(Dilda and Hogg, 2007). The metalloid also induces proliferation arrest in a number of cancer
cells, and is currently being tested for the treatment of hematological malignancies and solid
tumors, which are mostly refractory to current therapies (Dilda and Hogg, 2007; Verstovsek
et al., 2006). To appreciate 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.

Overexpression of AQP3, in addition to AQP7 and AQP9, has been shown to render human
leukemia cells hypersensitive to the metalloids as a result of higher steady state levels of
accumulation (Mukhopadhyay et al., unpublished data and (Bhattacharjee et al., 2004)).
Sensitivity to As2O3 has been found to be directly proportional to AQP9 expression in leukemia
cells of different lineages (Leung et al., 2007). The APL cell line NB4 showed the highest
expression level of AQP9 and is most sensitive to As2O3. In contrast, the chronic myeloid
leukemia cell line (K562) showed very 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 the metalloids (Bhattacharjee et al., 2004; Leung et al., 2007).
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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
(Bhattacharjee et al., 2004). Also, pretreatment of HL60 cells with all-trans retinoic acid
(ATRA) up-regulated AQP9 expression, leading to a significantly increased arsenic uptake
(Leung et al., 2007). This may explain the improved response from APL patients when treated
concomitantly with ATRA and As2O3 (Aribi et al., 2007; Zhou et al., 2007). Drug
hypersensitivity can therefore be correlated with increased expression of the drug uptake
system. The possibility of using pharmacological agents to increase AQP9 expression delivers
the promise of new therapies for the treatment of leukemia.

Is it possible for cancer cells to become arsenic resistant by down regulating aquaglyceroporin
expression? Lee et al (Lee et al., 2006) examined the expression of AQPs in an arsenic-resistant
cell line (R15), derived from a human lung adenocarcinoma cell line (CL3). R15 cells were
10-fold more resistant to As(OH)3 than the parental CL3 cells. 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. When AQP3 expression in CL3 cells was knocked down by RNA 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 both an increase
in accumulation of and sensitivity to As(OH)3. Therefore down-regulation of aquaglyceroporin
expression may lead to metalloid resistance phenotype.

Little is known about how signaling proteins and transcriptional regulators sense the presence
of metalloids and activate aquaglyceroporin channels in eukaryotes. It has been shown that
hyperosmotic stress induced by mannitol increased the expression of AQP4 and AQP9 in
cultured rat astrocytes, while a p38 MAPK inhibitor suppressed their expression (Arima et al.,
2003). This suggested that modulation of MAPK activity would affect the expression of AQPs.
Verma et al (Verma et al., 2002) have shown that As2O3 induces activation of the p38 mitogen-
activated protein kinase (MAPK) in leukemia cell lines. Pharmacological inhibition of p38
MAPK potentiated arsenic-dependent apoptosis, and suppression of growth of leukemia cell
lines, suggesting that this signaling cascade negatively regulates induction of antileukemic
responses by As2O3. A direct link has been established between the regulation of
aquaglyceroporins by MAPK and metalloid transport in S. cerevisiae (Thorsen et al., 2006).
S. cerevisiae Hog1p is a homologue of p38 MAPK. Cells impaired in Hog1p function are
metalloid hypersensitive, whereas cells with elevated Hog1p activity displayed improved
tolerance. Hog1p is phosphorylated in response to As(III) which remains primarily cytoplasmic
and does not mediate a major transcriptional response. Instead, hog1Δ strain show elevated
cellular arsenic levels due to increased As(III) influx, which is mediated by the
aquaglyceroporin, Fps1p. Moreover, Hog1p was also shown to affect Fps1p phosphorylation,
and this phosphorylation led to reduced uptake of As(III) and Sb(III). This suggests that down-
regulation of MAPK activity may be an effective way to sensitize cells, by increasing metalloid
influx, thereby inhibiting malignant cell growth.

3.2 Metalloid transport and antiprotozoal activity
Leishmaniasis is a parasitic protozoan disease of the genus Leishmania that is transmitted to
humans via the bite of sandflies. 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, while a total of 350
million people are at a risk of contracting the disease
(http://www.who.int/tdr/diseases/leish/). The Leishmania parasite exists in two forms: the
promastigote form resides within the insect vector while the amastigote form resides in
macrophages and other mononuclear phagocytes in the mammalian host. The twenty or so
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infective species and subspecies of parasite cause a range of symptoms from simple, self-
healing skin ulcers, to severe life-threatening symptoms. Furthermore, Leishmania/HIV co-
infection is currently emerging as an extremely serious new disease among persons who are
immunosuppressed, particularly in patients infected with human immunodeficiency virus
(Choi and Lerner, 2002; Silva et al., 2002). Treatment of leishmaniasis often requires a long
course of pentavalent antimonials such as sodium stibogluconate (Pentostam) or meglumine
antimonate (Glucantime). Clinical resistance to this treatment is becoming prevalent (Faraut-
Gambarelli et al., 1997; Jackson et al., 1990). In fact, more than 50% of visceral leishmaniasis
cases in North-East India are resistant to Pentostam (Sundar et al., 2000).

Despite being used for several decades, the mode of action of pentavalent antimonials is poorly
understood. The possibility of in vivo metabolic conversion of pentavalent [Sb(V)] to trivalent
[Sb(III)] was suggested more than 50 years ago (Goodwin, 1995). Several investigators have
shown that Sb(III) is more toxic than Sb(V) to either the promastigote or amastigote forms of
different Leishmania species (Mottram and Coombs, 1985; Roberts et al., 1995; Sereno and
Lemesre, 1997). It has been suggested that a putative metalloid reductase residing within the
macrophage catalyzes the conversion of Sb(V) to Sb(III) (Sereno et al., 1998). To exert its
antiparasitic action, the internally generated antimonite enters the parasite through an
aquaglyceroporin (Gourbal et al., 2004).

The Leishmania major genome encodes for five AQPs: LmAQP1, LmAQPα, LmAQPβ,
LmAQPγ and LmAQPδ. LmAQP1 shows strong similarity to bacterial AQPs, while the other
L. major aquaporins (LmAQP α–δ) are closer to plant AQPs. This is a peculiarity of LmAQPs
because other parasitic AQPs known to date are either bacteria- or plant-like, and not a mixed
population (Beitz, 2005). However, this should not be surprising since trypanosomatids such
as Leishmania, which are in the phylum Euglenozoa, have a number of plant-like genes and
probably had plastids that were lost when they diverged from true plants (Hannaert et al.,
2003). Only LmAQP1 has been studied in some details while the roles of the other LmAQPs
are yet to be established. LmAQP1 belongs to the intermediate class of water channels; its
water conduction capacity is 65% that of AQP1, which is a classical water channel.
Interestingly, in contrast to Plasmodium and Trypanosome AQPs that are inhibited by
mercurials, LmAQP1 water movement is not inhibited by HgCl2, thereby classifying LmAQP1
as a mercurial independent water channel. LmAQP1 also conducts glycerol, glyceraldehyde,
and dihydroxyacetone. In contrast, there is negligible urea conduction by LmAQP1, and this
property probably helps the parasite to survive the hostile environment of liver cells (Figarella
et al., 2007). LmAQP1 is localized 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. These properties help the parasite to face the osmotic challenges
during a swim towards the proboscis of the sandfly and transmission to the vertebrate host
(Figarella et al., 2007).

LmAQP1 was also shown to be a metalloid transporter. Transfection of LmAQP1 into three
different species of Leishmania: Leishmania tarentolae, Leishmania infantum, and L. major
produced hypersensitivity to both As(III) and Sb(III) in all three strains (Gourbal et al.,
2004). LmAQP1 expression in a variety of drug resistant parasites also restored metalloid
sensitivity in every strain independently of the mechanism of resistance. Transport experiments
indicated that this hypersensitivity was caused by an increased rate of uptake of Sb(III) or As
(III) in the promastigotes, consistent with increased amounts of the LmAQP1 channel. Upon
disruption of one of the two LmAQP1 alleles in L. major, the disrupted strain showed a 10-fold
increase in resistance to trivalent antimony, compared to the wild type. Also, overexpression
of LmAQP1 in either the promastigotes or amastigote forms of drug-resistant field isolates of
L. donovani from India results in marked hypersensitivity to Pentostam (Mukhopadhyay et al.,
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unpublished data). These results indicate that a major route of entry of trivalent antimony, the
activated form of Pentostam or Glucantime, into Leishmania is catalyzed by LmAQP1 (Fig.
2). Importantly, the results also demonstrate that loss of LmAQP1 can produce resistance and
that, increased expression of LmAQP1 in drug-resistant parasites can reverse resistance
(Gourbal et al., 2004). Downregulation of LmAQP1 leads to drug resistance. LmAQP1 mRNA
was shown to be significantly decreased in either the Sb(III) or As(III) resistant L. major and
L. tarentolae cells (Marquis et al., 2005). Similarly, Pentostam resistant field isolates of L.
donovani from Nepal showed downregulation of AQP1, leading to reduced uptake of
antimonite (Decuypere et al., 2005). It is therefore clearly evident that aquaglyceroporins play
a major role in Leishmania cellular physiology and drug resistance. Therefore, modulation of
expression of Leishmania aquaglyceroporin channels by pharmacological agents may be an
effective way of combating the drug-resistant form of the parasite.

Human African trypanosomiasis (HAT) or sleeping sickness is a parasitic disease caused by
protozoa of the genus Trypanosoma and transmitted by the tsetse fly. This disease constitutes
a serious public health threat in Africa, particularly in central Africa, where approximately 60
million persons are at risk for contracting the disease. The disease has reached epidemic
proportions in Sudan, Uganda, the Democratic Republic of Congo, and Angola, with a
prevalence of over 20% in some areas. HAT develops in two stages, the first involving the
hemolymphatic system, and the second, the neurological system. Left untreated, HAT is
invariably fatal. Stage 1 of the disease is usually treated with intravenous Pentamidine or
Suramin, but the later stage (stage 2) can only be treated with Melarsoprol, a trivalent
organoarsenical (Bouteille et al., 2003). Although Melarsoprol has been used against HAT
over many years, its mode of action is still largely unknown, and is proposed to be a non-
specific inhibitor of many different enzymes (Wang, 1995). Resistance to Melarsoprol therapy
have been reported and linked to diminished drug uptake (de Koning, 2001).

The role of aquaglyceroporins in metalloid transport in trypanosomes is currently being
investigated. Trypanosoma brucei, causative for HAT, contains three aquaglyceroporins,
TbAQP1-3, which show a 40–45% identity to the mammalian AQP3 and 9. For functional
characterization, all three proteins were heterologously expressed in yeast and Xenopus
oocytes. When expressed in the yeast fps1Δ mutant, each of the TbAQPs suppressed
hypoosmosensitivity and rendered cells to a hyper-osmosensitive phenotype, as expected for
unregulated glycerol channels. Under iso- and hyperosmotic conditions, these cells
constitutively released glycerol, consistent with a glycerol efflux function of TbAQP proteins.
TbAQP expression in Xenopus oocytes increased permeability for water, glycerol and,
dihydroxyacetone. Except for urea, TbAQPs were virtually impermeable to other polyols; only
TbAQP3 transported erythritol and ribitol (Uzcategui et al., 2004). The expression profile of
TbAQP transcripts suggests a distinct importance of the respective proteins throughout the life
cycle. TbAQP3 is the major AQP in the logarithmically growing slender blood stream form,
where as, TbAQP1 is heavily expressed in the stationary phase stumpy bloodstream form.
TbAQP2 is scarcely expressed in all three life stages examined and may be a candidate for
organelle localization. Each of the TbAQPs is able to transport either As(III) or Sb(III)
(Mukhopadhyay and Duszenko, unpublished data). However, their roles in Melarsoprol
transport, and whether down-regulation of TbAQPs leads to drug resistant parasites, remains
open questions.

4 Concluding remarks
Human exposure to inorganic arsenic occurs mainly through ingestion of drinking water
contaminated with naturally occurring arsenic. Chronic arsenic poisoning is becoming an
emerging epidemic in Asia where over 100 million people are exposed to underground water
with high concentration of arsenic (Wang et al., 2007). Epidemiological studies have shown
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that chronic arsenic poisoning through ingestion of arsenic-contaminated water is associated
with such effects as gastroenteritis, neurological manifestations, cardiovascular diseases,
diabetes and cancers (Abernathy et al., 2003; Wang et al., 2007). These effects are more severe
based on the concentration and duration of arsenic exposure. The interaction between genetic,
environment and nutritional factors may play an important role in arsenic-induced diseases in
human population.

Factors that modulate aquaglyceroporin expression in different tissues may play role in arsenic
toxicity. For example, expression of AQP9 is increased several-fold in liver by starvation and
in uncontrolled diabetes mellitus. AQP9 expression fluctuates depending on the nutritional
status of the subject and the circulating insulin levels (Carbrey et al., 2003). Thus, people
suffering from malnutrition and also exposed to arsenic from drinking water, are more at risk
of hepatic arsenic toxicity (Agre and Kozono, 2003). Butler et al (Butler et al., 2006) have
shown that AQP3, -7, and -9 are expressed in human cardiac cells. Therefore, factors that
influence increased AQP expression will lead to increased influx of arsenite into cardiac cells,
leading to serious cardiac problems. Several studies have indicated that AQP9 is under the
control of steroid hormones in rat epididymal cells (Pastor-Soler et al., 2002), cAMP in cultured
rat astrocytes (Yamamoto et al., 2002), and glucagon in porcine hepatic tissue (Caperna et al.,
2007). Factors that modulate the hormone status of individuals can therefore affect
aquaglyceroporin expression, and consequently influence arsenic transport and accompanying
toxicity in different organs and tissues. The relationship between aquaglyceroporin expression,
arsenic transport, and consequent pharmacological response is much in its infancy, and more
research is needed before we begin to fully appreciate their roles in human health and diseases.

Abbreviations
APL, Acute promyelocytic leukemia; AQP, Aquaglyceroporin; As2O3, Arsenic trioxide;
EXAFS, Extended X-ray absorption fine structure; GSH, Glutathione; HAT, Human African
trypanosomiasis; MAPK, Mitogen-activated protein kinase; MIP, Major intrinsic protein;
SAM, S-adenosylmethionine; XAS, X-ray absorption spectroscopy.
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Fig. 1. Metalloid transport in bacteria
In both E. coli and S. meliloti arsenate is brought into cells by the phosphate transporters. The
first step of detoxification involves reduction of arsenate to arsenite by either E. coli or S.
meliloti ArsC (Bhattacharjee and Rosen, 2007). Subsequent detoxification steps in E. coli
involves removal of the trivalent form of the metalloid from the cytosol by active extrusion
through the As(OH)3/H+ antiporter ArsB (Meng et al., 2004), while in S. meliloti, the AqpS
channel facilitates downhill transport of As(III) (Yang et al., 2005). Since arsenite can be taken
up directly by cells, using either GlpF in E. coli or AqpS in S. meliloti, the detoxification
mechanism functions when S. meliloti cells are exposed to arsenate.
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Fig. 2. Metalloid transport in eukaryotes
Arsenate (As(V)) is taken up by phosphate transporters (Bun-ya et al., 1996), and As(III) is
taken up by aquaglyceroporins (Fps1p in yeast (Wysocki et al., 2001) and Aqp7 and Aqp9 in
mammals (Liu et al., 2002)). In yeast, arsenate is reduced to arsenite by the Acr2p
(Mukhopadhyay et al., 2000). Glutathione and glutaredoxin serve as the source of reducing
potential (Mukhopadhyay et al., 2000). The proteins responsible for arsenate uptake and
reduction in mammals have not yet been identified. In yeast, Acr3p is a plasma membrane
arsenite efflux protein (Bobrowicz et al., 1997; Wysocki et al., 1997), and Ycf1p, which is a
member of the MRP family of the ABC superfamily of drug-resistance pumps, transports As
(GS)3 into the vacuole (Ghosh et al., 1999). In mammals, Mrp isoforms pump As(GS)3 out of
cells (Cole et al., 1994; Zaman et al., 1995). In leishmania, Sb(V) is taken up by macrophages,
and a portion is reduced to Sb(III), which is then transported into the amastigote by the
leishmania aquaglyceroporin LmAQP1 (Gourbal et al., 2004). The other portion of the Sb(V)
is taken into the amastigote and reduced to Sb(III) by LmACR2 (Zhou et al., 2004) and perhaps
other enzymes such as TDR1 (Denton et al., 2004).
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Fig. 3. Proposed pathways of metalloid transport in liver
Arsenite in the form of As(OH)3 flows down a concentration gradient from blood into
hepatocytes through AQP9, which is the major aquaglyceroporin in liver (Carbrey et al.
2003). In the cytosol of the hepatocyte, As(OH)3 can be either glutathionylated to As(GS)3 or
methylated to MAs(V), which is reduced to MAs(III). As(GS)3 is pumped into bile by MRP2
(Liu et al. 2001), and perhaps by other members of the ABC superfamily of ATPases.
Alternatively, As(OH)3 can be methylated and reduced to CH3As(OH)2, which then flows
down its concentration gradient via AQP9 into blood.
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